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Abstract - The objective of presented article is to show optimal solution of control problem observe systesthout
possibilities of practical use of air or liquid flov in vibration  rastrictions on phase coordinate (velocity).

engineering. Dynamics of vibration machine with costant air or For the system under study (see Fig. 1) the difiteat

liquid flow excitation is considered. In the first part vibration tion d ibi fi f king head i ]
motion of the machine working head under constantiaor liquid equation describing a motion of working head ISdews.

flow velocity excitation is investigated. The maindea is to find

out optimal control law for variation of additional surface area of mX=-cx—bx—u(t)- (V, + %)%, (2)
vibrating object within limits. The criterion of optimization is

time required to move working head of the machinerbm initial _ .

position to end position. For solution of the highspeed problem Wh_ereu(t) - A(t) K

the maximum principle is used. It is shown that ogtnal control M IS & Mass;

action corresponds to the case of bound values ofea limits. In X, X andx are an acceleration, velocity and displacement of

the second part of this research restrictions on pse coordinates the object;
are taken into account. Examples on synthesis of rea cis a stiffness coefficient of spring;is a damping coefficient;
mechatronic systems are given. V, is a constant velocity of wind flow;

Keywords - vibration machine, dynamics, motion, air flow A(t) Is_aIaW for area.varlf';ltlon;
excitation, optimal control, adaptive control, synhesis. u(_t) is a control actiork is a constant. _
It is necessary to determine the control actibs u(t) for

displacement of working head of the system (2) frtira
I. INTRODUCTION initial position x(to) to the end positiox(t;) during minimal

Dynamics of a vibration machine with one degree Otf'meK:T(hereK is a criterion), if ared\(t) has limits (1).

freedom and constant air floW, excitation is investigated

(see Fig. 1). II. SOLUTION OF OPTIMAL CONTROL PROBLEM

FOR SYSTEM WITH ONE DEGREE OF FREEDOM
For system excitation any time must be solved tigh-h

A
= 1% l Ay speed problem [1 - 9]:
i

SV N / Y
N i At K=[1dt. 3)
fo
H By assuming in 3f, =0; t, =T, we havelK =T .
Fig. 1. Dynamic model of system with a@) control Using substitutions X, = X; X =X,, equation (2)

transforms to the following form:
System consists of working head with massonnected by
springc and dampeb to stationary base. The main idea is toX; = Xo; MX%, =—CX—b x—u(t)- (Vg + X)2
find out optimal control law for variation of addihal area '
A(t) of vibrating massn within the following limits (1):

A< A < Ag, ®

In this case Hamiltonian takes the form (4) [1 = 3]

H =yo+y1X +‘//2i'<— Cxq —bxy —u(t) - (Vo + Xz)z)’ “4)
where Ajand Ay are a lower and an upper levels of m
additional surface area of working head; a time.

The criterion of optimization is tim&@ required to move
working headm from initial position to end position. First of
all to understand process of air (or fluid) exaitat and

whereH =y - X..

Parametey is determined by the following expression:
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I1l. SOLUTION OF OPTIMAL CONTROL PROBLEM FOR
Vo 0 SYSTEM WITH RESTRICTIONS ON PHASE
. COORDINATES
W=y X= X

1 Solution of optimization problem for the system Hwit
4 2 e i ; :
2 m [—ox, — by —u(t) - (Vo + %,)°] restrictions on phase coordinates for engineerarglee made
by using the maximum principle of Pontryagin togetkvith
variation of parameters in phase plane [11 —E8mples of

Scalar multiplication of two last vector functiops andX _— _ } . -
restrictions and optimal trajectories are showRig 4 — 7.

in any time (HamiltoniaH [3]) must be maximal [2 — 9]. To
have such maximum, control actiaft) must be within the
limits u(t) =u,; u(t) =u,, depending only from the sign
of function y, described by the expression (5) (see, for
example, [3 — 6]):

H = maxH,

ity (U (ot X)) =max

Therefore, if y, >0, the u(t) =u;, and if 5, <0, the
u(t)=u,, where yu=A-k and u,=A,-k, see (1).
Examples of very simple control action (with onedahree
switch points) are shown in Fig. 2 and 3. =(0)

Fig. 4. Restriction on motion velocity

I
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Fig. 2. Optimal control with one switch point [ ]
L -
X2 3
_l":'&_ X('T) H]
X[U:l Fig. 5. Optimal trajectory for the case of restdnt on velocity (phase
#] coordinate) [13]

A2

(1)

Fig. 3. Optimal control with three switch pointshenx, = 0

How to find switch points (e.gy, >0 or v, <0) here is
not observed [3 — 9]. But the main conclusion ofiropl
control law may be formulated as follows: valueanéaA in "
any time must be on bounds of interval (1A® = A; or A(t) L
= A, In real systems it allows to synthesize quasinogt
control actions (see, for example, [10 — 13]). Aiddially it is
necessary to mention that optimal control in tineendin u(t)
(like programming control) in real nonlinear systemithout
feed back often is unstable. Therefore in suchscaggroblem
of synthesis of new real control systems includsslfia step
of forming control like mixed function of phase edmates =07
and timeu(t) = u(xy, X,t) (see, for example, [10 — 13]).

Fig. 6. Scheme of restriction on displacement
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collision on obstacle [13] —
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IV. SYNTHESIS OF REAL CONTROL ACTION -
For realizing of optimal control actions (in gerlease)
system of one degree of freedom needs a feedbatknsy Fig. 10. Motion in a phase plane x,, X = V;) for the case of symmetrical
with two adapters: one — for displacement measunerapd ~Velocity restrictions
another — for velocity measurement. There is a lgiropse of
control existing with only one adapter when motiranges 2
directions, as shown in Fig. 3 [13]. It means titrol action
is similar to negative dry friction and switch ptarare along

zero velocity line. In that case equation of motfon large
velocity [\/0|2|>'<| and dry friction is as follows (6):

m-X=—-c-x—b-Xx—F -sign(x) +U (X), (6)
where -1
U0 = k- - 4 2 S0

2 . -
1- ( ) ’ 20.4 -034 -028 -021 -0.15 -0022-0025 0038

sign(Xx
[k Vo + %)% Ay —9 } "

Fig. 11. Motion in a phase plane for the case afbl®-sided restrictions on
displacement

) \WB

m - massg, b, F, k, V, — constants.

An attempt to find more, than one limit cycle, wasde
during the investigation of complicated system witinlinear
cubic elastic force and dry friction. Motion of shgystem is
described by the differential equation (7):

Examples of modelling are shown in Fig. 8 = 13

0.6 m-X=-c-x°—b-x—F -sign(X) —
Pa . .
2 . 1-sign(x
— s —[k-%wﬂ%-%ﬂ— ™
_ 1+ sign(X)
¥ : ] ket s7 4 20|
ta
. It is shown by the mathematical simulation, thatréhcan
Fig. 8. Ful control action (6a, = U (X) be more than one limit cycle in the system (7) unden-

in timet, domain (S| system) periodical excitation (e.g. constant velociy of air or water
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flow). Typical examples are presented in Fig. 1& 48. Both
cycles are separated by different initial condiioherefore
only one periodic cycle, corresponding to limitation motion
velocity or displacement (see Fig. 10 and 11), lsarused in
synthesis.

It is shown that adaptive systems are very staptalse air
excitation and damping forces depend on velocitythia
second power.

A0

-2 i} 2 4

Fig. 12. Motion in phase plane for left side liroycle
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Fig. 14. Schematic diagram of vibration machinenveir flow excitation and
adaptive control

12

Schematic diagram of the synthesized mechatrorstesy
with air flow excitation and adaptive control isosin in Fig.
14 [16]. Working head 1 of the vibration machineg$ig. 14)
is connected with stationary base through eladément 2.
Vibration excitation of the system is realized e taction
with air flow V on special screen, which consists of two parts:
stationary disk 3 and rotatable disk 4. Disk 4 Agmssibility
to rotate about axizand thanks to this it can change position
relative to disk 3. Rotation of disk 4 is realizeih the aid of
step motor 5 through gear transmission 6. Vibratiansducer
7 generates impulse control signal proportionahsvelocity
X of working head 1. Control signal through pulsemshg
unit 8 acts on step motor 5.

Variant of design of rotatable disk 4 is shown ig.R5.
Both disks 3 and 4 have identical holes 11, unifgrm
distributed along a circle.

Fig. 15. Variant of design of rotatable disk

Holes 11 in disks 3 and 4 may be fair or unfaird #ms is
dependent on the value of turning anglef disk 4. If holes
11 in both disks are fair, then effective frontafface area of
the screen is minimaf\,,. But if holes 11 are unfair, then
effective frontal surface area is maxin#gl,,. Therefore it is
possible to vary an effective frontal aka@f the screen over a
wide range.

Excitation forceP, which acts on working head of the
vibration machine, can be calculated by the formula

P=k-p-AV?2, 8)
wherek is coefficient depending on geometrical form af th
screeny is air density;V, = (V —X) is relative velocity of air
flow. The proposed control action ensures the makivalue
Anax Of the screen’s effective surface during workingadh
motion in air flowV direction, but the minimal valud, —
during working head motion in opposite directionaio flow.
In accordance with the equation (8) excitation €oR is
changed in the same way as awka And there is vary
important, that changing of forde from Py, to P.x @and on
the contrary is realized in time moments of momen&ops
of the working head (under the condition = 0). Thanks to
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this efficiency of vibration machine can be sufHicily
increased.

Operation of vibration devices with air flow exditam was
investigated experimentally inside wind tunnel &g tfirm
ARMFIELD (see Fig. 16).

Fig. 16. Wind tunnel of the firm ARMFIELD

Parameters of subsonic wind tunnel were the folowi
length 2,98 m; width 0,8 m; height 1,83 m. Varysueed
motor driven unit downstream the working sectiornpis
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continuous control of airspeed between 0 and 26. mfand vibration engineering. Address: 6 EzermalaeirRiga, LV-1006,

Experiments confirm the efficiency of airflow eation.

V. CONCLUSION

Air or water flow can be used for excitation of etfs
motion in vibration engineering. Control of objectsurface
area interacting with air flow makes it possible develop
very efficient mechatronic systems. Algorithm oh#esis of
strongly non-linear mechanical systems includesitemi of
optimization problem and allows designing of fundsually
new vibration devices. Adapters and controllers tnmesused
for practical realization of such systems. For thispose it is
possible to apply very simple control actions, vhicave
solutions with the use of sign functions.
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Janis Viba, Vitalijs Berespevits, Lauris Stls, Maris Eiduks, Edgars Kovals, Maarja Krisma. Vibromasinas ar gaisa piismas ierosmi un
ierobezojumiem uz fizu koordinatem dinamika

Raksta narkis ir paadit gaisa vai Kidruma plismas ierosmes praktisbielietojuma iesfjas vibrotehnik. Tiek analizta vibromanas ar konstantu gaisa vai
Sidruma ptismas ierosmi dinamika. Raksta pirmida velita ma#nas izpildorgna vibiacijas kustbas anakei gadjuma, kad gaisa vailkddruma ptismas
atrums ir konstants lielums. Pamatideja ir atraginoflo vadbas likumu, pc kura vajadatu varit izpildorgana darba virsmas laukumu dstrobeis.
Optimizacijas kriterijs ir laiks, kas nepiecieSams, lairpietotu maghas izpildorgnu no gkuma poxzcijas idz gatjam sfivoklim. Atrdarlibas prokdmas
risinaSanai izmantots maksimuma princips. #&s ki pie optinilas vadbas darba laukumanagienem robezertibas. Rtijumu otraji dda nemti era
ierobeZojumi uz#zu koordiratem. Aplikoti realo mehatronikas si&mnu sintzes pierari.

Snuc Bubda, Buranuii Bepecnesuu, Jlaypuc IllTtanc, Mapuc Jiinyke, Iarapc Kosaac, Maapea Kpyycmaa. JuHamMuka BHOPOMAIIHHBI ¢
BO030Y:K/IeHHEeM OT MOTOKA BO3AyXa U NPH OrPaHHYEHHSIX Ha (a30Bble KOOPIAHHATHI

Llenp crathn — 1Moka3aTh BO3MOXXHOCTH TPAKTHYECKOTO NMPHUMEHEHUs B BUOPOTEXHHUKE BBIHY)XKIAIOIIUX BO3ACHCTBUI, FeHEPUPYEMBIX TOTOKOM BO3JyXa HIIH
JKUJIKOCTH. AHAJIM3HUpPyeTcs JAMHAMMKA BHOPOMAIIHMHBI MPH BO30YXKICHUM OT MOCTOSHHOTO MOTOKA ra3a WM >KMAKOCTH. IlepBas 4acTb CTaThd MOCBSIICHA
aHaJIN3y BUOPAIMOHHOTO ABIDKCHHS HCIIOIHUTEIBHOIO OpraHa MAIlMHBL B CIIydae, KOIJa CKOPOCTh MOTOKA BO3MyXa MM XXHAKOCTH IOCTOSHHA. OCHOBHAs
UJIes 3aKIIF0YaeTCs B HAXOXKICHUH ONTHMAIBHOTO 3aKOHA YIPaBIICHHUS, 110 KOTOPOMY I11eJIeco00pa3HO N3MEHSATh pabodyro MIIOMalb HCIOIHHTEIBHOTO OpraHa
MamuHel. Kputepuii onTuMusanuy — BpeMsi, He0OXOAUMOE JUIs MEPEeMEIICHHS UCIOJIHUTEIBHOTO OpraHa M3 HadalbHOrO B KOHEYHOE monokeHue. [l
pemieHust poOIeMbl OBICTPOAEHCTBYS HCIONb30BAaH NPUHIMI MakcHMyMa. [loka3aHo, YTO Npu ONTHUMAaIbHOM YIpPaBICHHH padodas IUIONmafb AODKHA
NPYHUMATh TPAaHUYHBIC 3HAueHHsA. BO BTOPOI 4acTH HCCIENOBAHMH NPUHUMAIOTCS BO BHUMAaHHME BO3MOXHbBIC OTpaHHYCHHs Ha (pa3oBbIe KOOPIMHATHI.
PaccMoTpeHBI IpUMepbl CHHTE3a peabHbIX CHCTEM MEXaTPOHUKH.
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