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Abstract: -Paper describes active damping possibility of mechanical system with two not ideally stiffly con-
nected masses. This type of problem can by often see at speed or position servo systems with electromechanic
actuators — electrical engines. There controlled values are usually measured directly on actuator and not or
loading mass. This is a reason why the control precision depends on elimination of load mass to the actuator
torque influence in control system. At many motion control tasks, the problem of oscillations existence in mul-
tidimensional system with limited motion control and imperfect or complicated state quantities measurement
possibility exists. Paper also describes active damping simple possibility of these type systems and by two-di-
mensional system physical model shows active damping possibility also with indirect state quantities measure-
ment option
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1 Introduction state accuracy, and when actuators functions in
_ ~ some generalized coordinates only.

Frequent problem at mechanical system motion As such system example can be cameras porter,

precision with speed or position control by actuator |aser scanning system porter created from no ideally

formed by electric or hydraulic engines is conse- gtiff podies, weapons porter system with uncon-

quence of fact that controlled value sensing is made trglled projectiles, but also manipulator with no

commonly on motor, which causes that mechanical jqeg|ly stiff arms for exact assembly application, not
part, which is our interest subject, is controlled indi- {5 mention, for invasive medicine application.

rectly.

This problem is presented significantly in. mo- 2 First Problem Eormulation
ment when between actuator mass (electric ma-
chine) and load mass isn't ideally rigid connection.
It's in some detail common problem of any trans-
missivity arrangement containing e.g. the play, but
especially significantly such system behavior
demonstrates in case of e.g. harmonics gearbox
utilization.

This article deals first of all with one simple so-
lution of mentioned problem and forms some sim- ~—
plified starting point for next part, which solves
mentioned problem by means of full active damping
with incomplete observer.

In second part the paper goal is to introduce
some pieces of knowledge relevant to active damp-
ing of mechanical systems with more degree of
freedom with limited action interventions' possibili-
ties and limited or complicated quantities measure-
ment possibility. This problem often occurs at dif- .~ . ) .
ferent mechanical systems motion control types n its matgrlal, then motlo_ngl equations system de-
serving as optical (surveillance) or other systems scrlblng this arrangement is: _
porter, which depend on effector systems positional 1102+ (B + B[4 ~ Lo, + Ky ~KId, = Moy 1)

L, + (b, + b, ~ b, +kp, ~kp, =0

Fig.1 Two rotating masses system with no rigid
mechanic interconnection by linear spring.

If we suppose linear (ideal) torsion spring between
both masses with stiffneksand with linear friction
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where

b,,b,are viscous friction coefficients in mass,
and m bearings,

b is viscous friction coefficient in spring material.

If we think over linear cascade regulator ac-
cording to Fig. 2, (position P - regulator and speed
Pl-regulator), then it can be derive for Laplace pic-
tures vector

1)

P + 49’ m )

Fig. 2 Masse jJJcascade position control
029 [ 308+ (bor b) s+ k][ékmlikwEkpB+k—Tkapj (2)

o) - o0
—>§ 0.0 - 0,0

| Two masses
systen with
spring

|:¢1(5)}: | )
tifs)]  detA | (g, k)[ékmEkpwElg)B+TmEka
where
i'Eg"'(kmDSm"' b+ bl)|3;2+
detA = Kk Kk O
+[kml:kpw|:kp+:+ kjE-HTmI]kp

Eﬁ JO8+( b b)Ost @— ¢ [{bs+k)

For concrete parameters
.3 10 kgn = B10 kgrh ;b= 01Nms/rad
o= 02N s/rad k= 1500Nm/rad; k,, =15Nm/1V;

b= 3Nnmi sirad k, =5;k,, =4, T=107s, we
obtain
o:(3= 3381@‘-'( v Kz s

o,( = H657450"

(+s)2p-4 -49787 (i 808fI[ s ( 49787+ i 8089)]
10487910 + s 300 -§- 49227 L 8104p] s (- 49327~ ((BLMY)
(s 2p( s 90506
D( + H{(20 s 30oBr s uo4arslq —§- 4027 O 810 s (- 49327- iBLMY)

So, it reads:

35810
3561 +1 332810 0| * 837310°(3)

35810 _
+s 19437810)({ s 300481)
1

" +1 33289 DH 1 837310° (3]

¢,( b= 36574510

ils)= [

gomsod * 11041023]
35p10 1 332800 s 1 837A0)fs-§ 49327 [ 8104p] s (- 49227 iB104Y)
f+ 1100107 13)
+ 1 332800( s 1 837310)fs-§ 49327 0 8104 s(- 49327 iB1049)|

= 60347105Et

Consequently, for concrete parameters we obtain
the transient and frequency characteristiey() -

Fig. 3 and Fig. 4.

¢, (t)[deg]

t[s]

Fig. 3 ¢,(s) transient characteristic
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f[Hz]

v e2

Fig. 4 ¢1(s) frequency characteristic

On Fig. 5 the transient characteristic f(s) is

seen and on Fig.6 is seen its frequency characteris-
tic.

¢,(t)[deg]
tls]
Fig. 5 ¢, (s) transient characteristic
| Mod ¢, ()]
4 f[Hz]

s

Fig. 6 ¢,(s) frequency characteristic

While angleq)l(s) is quickly achieving its refer-
ence value without oscillations, angg(s)  os-
cillates through spring and massidfluence.

3 Problem Power Interactions physical
Model

Further we present simulation of rotational masses
speed control problem globally, whereas at using of

problem physical model we'll study nonlinear spring
whose dependenc@=f(A¢) is on Fig.7.
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Qspring(t) [Nm]

1

A¢(t) rad]

g W W £3 3 L3 W

Fig. 7 Nonlinear spring characteristics

Speed controller we think with saturation, so
with limitation to range:10.

On Fig.8 the power interactions model of ana-
lysed system in system Dynast for mechatronics
systems simulation and analysis is presented, in-
cluding nonlinear spring and controlled by P-I reg-
ulator with limitation (antiwind-up).
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Fig.8 Analysed system power interactions physical
model.
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Fig.9 Block diagram of non-damped speed control

system

On Fig.9 is block-diagram this non-damped
speed control system.
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Complete system simulation acknowledges
problem of linear variant analysis. Because infor-
mation about motion (angular velocity) is measured
on the first mass, second mass, connected over
spring, oscillates with damping.

3.1. Simple active Damping Principle

Try to solve introduced problem of magsoscilla-
tion connected over spring on the basis of empiric
procedure:

First of all pose question, what's mentioned be-
haviour reason! Is evident, that maksoscillations
and by interaction over spring also mdsgscilla-
tions causes just madg which is in torque interac-
tion with the rest of system over torsional spring.

Are we able to reconstruct somehow these ef-
fects, that we could damp them subsequently? Is
evident, that on masg; functions partly outer
torque Qex (reduced by friction in first masses
bearings) and this torque we have under control. We
are able to determine it from regulator output u

And further functions on this mass tlie mass
over spring. So total dynamic acting force on mass
Jq is

Qext_bm")l_Qreact_J2

But this torque has to be in every instant in bal-

ance with mass;Jnertial torque. So:

J djd% = Qexe — b, _Qreact_Jz
Assume, that we know how estimate moment of
inertia J size.
Designate this estimation (measurement,
logue specification));. Never mind further reads
that we know how ,to determine" rotational acceler-

ationd®s . Designate it€. Then in every instant
dt

reads:

cata-

Qreact_\]2 zQext_blj'ol_Jllj (3)

By introduction of correction proportional to this
reaction to the speed reference value, the active
oscillations damping of second mass can be acquire.
Then both masses will behave approximately in the

same way.
0 -b.o,
P - d
i =D

[4) @,
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Fig.10 Response on first mass speed requested valug:gntrol system

jump n . = 70@ours/min
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Fig.11 Theoretical block diagram of damped speed
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One question remains. How perforng
reconstruction in real industrial environment?

3.2. Acceleration Reconstruction in industrial
Conditions

Because in real conditions is direct derivation signal
generation problematicperform its following re-
construction:

X +
'

Fig.12 Derivation reconstruction

-k y

——

* fOra 5

From Fig.12 follows
x(5)=2 4~k B9+ X6l =

= M9=-kif- X9+ X, (5]} =k ()

1+—s
g
So, for this arrangement reads
x(t) g8 »
- .l 1
1+—s
£

Fig.13 Block of derivation reconstruction

and we obtain derivations witH' brder filter.

Signal with noise

Fig.14 Result of signal with noise derivation

On Fig.14 is see that signal with random signal
noise is not simple to differentiate! And how signal
with noise mathematical derivation would look?

3.3. Application of simple active Damping

On Fig.15 the power interactions multiport model of

analysed system is presented, where the active

damping is introduced by means of masacceler-
ation reconstruction.
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Fig.15. Analysed system power interactions with
acceleration reconstruction and active damping

On Fig.16 is response of system with active
damping to identical mask requested speed jump
like in Fig. 10.

Fig.16. Response on first mass position requested
value jump ? . = 70@urs/min  wijth active damping

Is evident, that whereas in the event of
undamped motion, the mads speed required (and
sensing on it) evokes ma3soscillations, in second
case masg; ,will wait" on massJ, and so it is pos-
sible to adjust it also at scanning on actuator (en-
gine) mass.

The first part paper shows and gives reasons for
one from simple motion control problem solution
with scanning on actuator and forms that way start-
ing point to second part of those motion control way
of solution.

4 Active Damping with State Regulator

4.1. Description of system with one direc-
tional motion and its active damping princi-

ple

For linear system from Fig.17, where fori{® is
created by actuator according to Fig.18 reads:

Volume 12, 2017



WSEAS TRANSACTIONS on SYSTEMS and CONTROL

Fig. 17 Principle éf system with motion in one di-
rection.

X, + + Yo P Uy System two ‘L(? :M:)
Fig. 18 Mass&1 cascade position control.
Uy
)=k &v{l&,ﬂ(mz - m)—llZOOD/M} =
— kf kav
—kf I:Ikpvl:ka(MZ_kf I:Ikpvl:kp D(M_W M

and for state model reads:

k(M +m 1 1
Vm ~Vm | |0 = (MDm) +200MEIk,kaV Muklukpvukp Vm ~Vm
A Xm=Xm | _|1 0 0 0 Xm ~Xw |,
@ 0 ﬁ _ZO%JM « Hpr _ﬁm'w‘”m" o
Xu 0 0 0 Xm (4)
1
ok T,
+H o 0 X3
o i Ko K
0

d=[0o o001

If massm is ,extended" td.m in the positive di-

rection and reference valug =0, then after mass
m releasing, the regulators in cascade will ensure

almost massM perfect still stand. Mass after

releasing practically oscillates without damping.

Mentioned on Fig.19 is seeing.

Xm (t) |

Fig. 19 The mass mndamped oscillation and mass

M stabilization after releasing of extended mass
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Xmz
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Fig. 20 System (4) response on masseguired
position jump x; =5 m

On Fig. 20 is response of both mass seen at

required mas$1 position jump5m. Again is seen
the perfect masseM behaviour and massas
undamped oscillations.

For M= 400kg;m=1000kg; k= 210°N/m; and

k = 210 N/1V; k, = 3 k,, =3 we obtain the sys-

tem poles
S 37498+ [R0DI
S= -37498- [R0W9
s=- 00183 (14064

S=- (00183~ (14064
If we'll require to obtain the new required poles

by help of designed complete state regulator

$= 50;5 =50
s =-15+i05
s, =-15-i5
then is possible to create this complete state regula-
tor as
"=[ . ©10444.008333 M11667 - 0879 (5)

(see Fig.20).

%0 -u)

Two masses %) - %00
system )

with spring X0

Fig. 21 Complete state regulator

Control structure from Fig.21 will ensure the

system behaviour for the same massextending,,
to Imaccording to Fig.22.
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S 50+ 30@i; § = 50~ 3000

X (®) s=-H (15 s =-1-i015

il we can obtain the observer equation

x(t)= A (1) + bru(t) + h dfy(t) - 9(t)]

1 1
mim 200w < Eev i e
0 0

X(t)+ 0 Xy, (0)+

: 0
K 1 1 X 1
w oo X o =y O i O o e O
0 0 1 0 0
40287 (6)

Fig. 22 Complete state regulator damping influence. and we will use only part of reconstructed state
quantities from it, so the structure from Fig. 24.
On Fig 25 is seen that active damping with non-
measurable variables reconstruction by linear
observer give the same result as state controller with
full measurable state variables (compare Fig. 23 and
Fig. 25).

It is evident that masM controlled then way
suppresses massascillations now.

Fig.23 shows such system response on rivass
desired position jumpw =5 m

Two masses

A
i

spring

=N
L

|

Fig. 24 Active damping with linear observer of m
and M masses

Fig. 23 Response on requiredpdsition jump with
m andM masses oscillations’ active damping

4.2. Linear observer utilisation for active
damping of one dimensional system

Measurement of masgn position and speed
(eventually) presents indeed problem in general.
Because for selected parameters is

Xaa(t)

N

XM(1D- Xm (€)

¢’ 0 0 0 1
Q.- c'm | |0 0 1 0 —
P7l: |7] o s00 50000 62500
M 500 265110 21999937518 312510°
th en "D 07 05
0 0 0 1 Fig. 25 Response on requiredpdsition jump with
dera,=del ¢  ° 1 O | e0000¢0 m andM masses oscillations’ active damping with
0 500 50000 6250 observer utilization

500 2510 29999375118 3A251¢°
and the system (4) is observable.
We can design complete linear observer system
with select observer matrix eigenvalues
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4.3 Active damping of masses motion system
in plane

Study ordering from Fig. 26 and Fig 27, so the sys-
tem with planar motion without friction, normal to
gravitation direction, whereas external ma4sis
controlled by e.g. electrohydraulic translational
positional servo system producing forf{®. This
mass can move only inaxis direction.

Fig. 26 Ordering of two masses system with four
degree of freedom

\
®,
Sk
Y h Fp
.—n—f( 2 k il €| IR RS
| M 7 m— A - X
WV
4 A
/ a, @,

R

Fig. 27 Two masses system with four degree of
freedom scheme

Inside of this material ,frame" is mass ,hung"
on two linear springs without dissipative damping,
whose axes are, in quiescent state (ndsandm
centres of gravity are in identical point, point [0, 0],
angle¢= 0) displaced in a parallel way from coordi-
nates axes. Mass) positive rotation direction is
counter-clockwise.

Create physical simulation model of given or-
dering by means of simulation system for multiport
simulation physical models DYNAST [6]:
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Stiff body with two
kinematic pairs
% placed arbitrarily on
it. Mass m, moment

Linear spring model in two
- dimensional space with
Cartesian coordinates.
of inertia J.
B

qdchy\kuulnmmwm A Odehya ryehiosti

Fig. 28 Multiport physical model of system from
Fig.27

LJExtend" at first the inner mass to 0.3 min
positive xaxis direction, require by frame Btiving
servo to remained this frame quiescent and release
mass min time t = 0.

On Fig. 29 and Fig. 30 is result of this
experiment. Is see, that inner mass oscillates
undamped after releasing, whereas the oscillations
energy subsequently ,overflows" fromaxis to the
y axis and inner mass ,spins” (angle

It's seen that the outéd mass fast movement to
required position produces not only masscilla-
tions inx axis, but also ity axis. In addition, thanks
to asymmetric springs bearing, at this masgaw-
ing oscillation happens and successively mechanical
energy "flows" between axes.

M

Fig. 29 The mass mndamped two dimensional
oscillations and mass Mtabilization after releasing
of extended mass m

Volume 12, 2017



WSEAS TRANSACTIONS on SYSTEMS and CONTROL

re of m mass trajectory
its releasing

Fig. 30 Centre of mass undampednajectory in
plane for mass Mtabilization after releasing of
extended mass

Fig.31 shows system undamped response
mass M required position jump in timd =0s
Xpmz=3m.

Alﬂ“‘“ e \ll' il V ‘!] 'JI g'l‘ Wil v !‘.‘merl,”wv.“'
HHV”“‘”’ I l KRR

xm(t)
Xm_1(t)

Yo 1(t) o)

“”H“”H(I“L“ il ilx“t“xlnh
ikl “ || " “wm]u’w['w N

FRCRCEC
= = ] = ]

Fig. 31 Undamped system from Fig .26 and Fig.27

behaviour for require mass jump of position
If cuboid side size of mass is equal2a,, then
motional equations of described system are

= I - @ cap+ asip- X )+( %~ & sing + bcosp —x, )| =1 (t
Tw K e . cast asio- x)+( % a sinp+ beosp - xM) 0
My fk 1y na s acop+ j( y+ g cosp+ bsing)]=0 (7)
JBMEE Al *= o)l sib- cop)-(x - x)( bsinp - acose) }:0
+( 1w Ja asip- @ cod)- y(a sinp - boso)

where
Xy is coordinate of Mmass

X1, Yt are centre ofn mass coordinates
¢ is angle ofm mass body with regard to global

axis.
Simplify this nonlinear system thinkingy small,

SO

co®=1sinp=¢

and use cascade position controller with two

proportional regulators
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With regard of this both material bodies linear
description and their possible motion control way
with complete linear observer, simplify problem and
use only xaxis for active damping.

It's withal whole rows of real motional systems
possibility, when we have available not only
measurement at limited points, but also limited
operational intervention.

Employ piece of knowledge from previous one-
dimensional case. Design complete state regulator
for control and active damping ix axis and
subsequently propose linear observerxer, —x,

andv.,, - v,,, reconstruction. It means, we suppose
that we are able to measure magsposition and
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speed inx axis and differences,, —x, and
V1ym ~ Vym We will obtain from observer.

Require the same makkjump as in Fig. 31, but
with above mentioned active dumping with state
regulator and observer iaxis. On Fig. 32 is seen
that system mechanical behaviour is damped. Not
perfectly, because we dumped only part of energy.

/ Xx(t)

Yu ()

Fig. 32 Behaviour of system from Fig. 26 and
Fig. 27 damped in one axisMt position desired
jump

5 Conclusion

Paper shows controlled mechanical systems’ active
damping simple possibilities, applicable in case
those state variables measurement is made on
actuator and the action interventions are available
only in one axis. Designed one-dimensional
complete state regulator is able- thanks ,energy
overflow" of unsymmetrical embedded springs- to
damp significantly also oscillations of mass, which
it is impossible to influence directly by action
guantities.

This is frequent problem at mechanical system
motion precision with speed or position control by
actuator formed by electric or hydraulic engines and
it is consequence of fact that controlled value
sensing is made commonly on motor, which causes
that mechanical part, which is our interest subject, is
controlled indirectly.

This problem is presented significantly in mo-
ment when between actuator mass (electric ma-
chine) and load mass isn't ideally rigid connection.
It's in some detail common problem of any trans-
missivity arrangement containing e.g. the play, but
especially significantly such system behavior
demonstrates in case of e.g. harmonics gearbox
utilization.

This article forms some simplified starting point
for next part, which solves mentioned problem by
means of full active damping with incomplete
observer.
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In second part some pieces of knowledge
relevant to active damping are introduced. There are
the knowledge relevant to active damping of
mechanical systems with more degree of freedom
with limited action interventions' possibilities and
limited or complicated quantities measurement
possibility.

This problem often occurs at different
mechanical systems motion control types serving as
optical (surveillance) or other systems porter, which
depend on effector systems positional state
accuracy, and when actuators functions in some
generalized coordinates only.

As such system example can be cameras porter,
laser scanning system porter created from no ideally
stiff bodies, weapons porter system with uncon-
trolled projectiles, but also manipulator with no
ideally stiff arms for exact assembly application, not
to mention, for invasive medicine application
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