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1. Description of the cycling motion with spring accumulators and back-
ground

The cycling link moving between two points may be realized as a “spring pendulum”
where the inertia forces are fully compensated by the spring forces. The motion is self-
excited oscillation motion between two points. At the end points, the link is clamped by
a proper locking mechanism. This principle allows the use of very small driving force
theoretically equal to the friction force. The driving force is applied collinearly to the
velocity of the link.

The advantages obtained by this principle are the big velocities and the low energy
consumption.

A mechanical arm based on this principle [1] is patented first in Sweden by
Riderstrom, (1974). The theoretical basics of oscillators with continuously adding of
energy during the cycle are developed in Russia by Korendiasev, Bolotin, Tives and
Salamandra (1981) for electro-driven linksandin Akinfievand Krupenin [2]
for pneumatically driven manipulators. Thetheory andbasic constructions of pneumatically
driven manipulators with adding of the energy at the end of the cycle are developed in
1985 in Bulgaria (Stainov,Konstantinov, Tanev[3]).

2. Strategies of adding the energy

There are two strategies for adding the energy lost during the motion for obtaining self-
exciting oscillations between two points:

o Continuously adding energy during the cycle. A constant force equal to or
exceeding the friction force is added during the whole road of the link. It can be a small
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motor directly coupled to the link. To prevent overexcitement, the power of the motor
must be controlled. This is suitable for electro-driven links.

¢ Adding energy at the end of the cycle. At the end of the cycle, the clamp may
add the energy necessary for reaching the end position. This is appropriate for
pneumatically driven links.

3. Criteria and basic formulae for selection of the spring accumulator

The moving link with mass M, the two clamps and the two springs positioned at the end
points A and D are shown schematically in Fig. 1.

Thespring turns the moving link into an oscillator (spring-pendulum). Consider that
the link is permanently connected to the springs and the point B coincides with point D
in the figure (L, = 2L). The time for reaching the position is half the period of the
oscillationT.

Considering that the motion is self-excited oscillation and the lost energy is
compensated, the single degree of freedom oscillator with mass M and spring coefficient
¢ has a natural frequency k: L

k= VcM.
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Fig.1. Scheme of the manipulator link with spring accumulators and energy adding clamps. The pneumatic
cylinder required for performing the motion L of the link is shown underneath. L is length of the road;
M — mass of the moving links; F — maximal spring force; V- velocity of the inertial travel; L - length of
the spring road; 2b — width of the locking link

The period T depends on the mass M and on the spring force:
T = 2n/k.
From the above equations the spring coefficient is obtained:
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(1) c=—
The equation of the simple oscillations is
X(t) = L, cos kt
where L is the road of the link between points A and D.
The expression (1) allows for the calculation of the spring constant for a desired
period T and mass M in the case when the link is permanently connected to the spring.
When the link is not permanently in contact with the springs (L, > 2L), as shown

in Fig.1, the link between points B and C is moving under the inertia forces and the
Coulomb friction. The velocity at point B is:

) V__ =KL

The inertial motion of the link starts at t, = kn/2 and continues approximately
t,=(L,-2L)/V_ .

The half of the period is t = 2t, +t,.

The angular frequency for this case is

_ m+L -2L
Lt
yields the spring coefficient:
(3) c = kM.
The maximum spring force at points A and D is:
4) F.=cL
A scheme of the forces and energy losses during the motion is shown in Fig. 2.
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Fig.2. Determination of the force characteristics of the energy adding mechanism:
F — maximal spring force; F, — the spring force at point D,
The maximal value of the potential energy of the spring is
(5) E =(1/2)cL 2,
The lost energy is
(6) E, = mMgL,.
For the existence of self-excited oscillations E must be greater than E,. Hence,
for the spring coefficient from equations (5) and (6), the following is obtained:
(7 c> —Zyl\L/IZg L°
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The minimal admissible period T . (u) in relation to the coefficient of friction is
shownin Fig.3. The curve shows that this principle is better applicable for smaller periods
than for bigger velocities. Knowing the coefficient of friction and the parameters of the
oscillating system, equation (7) yields the minimal admissible spring coefficient.
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Fig. 3. The minimal admissible period T . ()

4. Basic requirements in the synthesis of the locking mechanism

The locking mechanism holds the movable link into a position, releases the spring force
at the beginning of the motion and clamps the link at the end position, adding the lost
energy into the spring. Depending on the control strategy, the locking mechanism may
add energy also during the acceleration of the link.
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Fig.4. Scheme of the velocity versus the position of the link. When the link reaches point C, the clamp
D is released, and pushes it into position.

The locking mechanism on the scheme in Fig.1 is driven by a small cylinder. In the
locked position, the locking link is under the maximal spring force F and the mechanism
must fixate the link even at zero air pressure. When the moving link reaches point C, the
pneumatic cylinder is powered and the locking mechanism grips the link. For reliability
of the motion, the force applied to the link at point D, must be at least equal to F..

If no energy is added, the link will stop at point D, before turning back. Hence, the
force applied by the locking mechanism at point D, must be greater than the spring force
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The clamping may occur between points C and D, and must cause minimal impact
forces by the accepted variation of the energy losses.

For minimizing the period of the cycle and the acceleration forces, the mechanism
should set a harmonic motion to the link at the end position (Fig. 4).

There are some cam and lever mechanisms suitable for this purpose. For the
calculation of the locking mechanism the force F, the length CD, and the velocity at the
clamping point B are required.

The surface of the triangle CD,E, is the maximal value of the potential energy
minus the lost energy:

CDzx cL?
2 2 MMk

and

cLz —2uMgL
(8) CD =\ ———".
C

The force F, is

(©) F,=cCD, = /¢°L* ~2ucl Mg,

5. Evaluation of the energy savings using the “spring pendulum”

The evaluation consists in comparison of the energy consumption for different periods
T, of a resonant module shown in Fig. 1 and one linear module of traditional design
performed by an single pneumatic cylinder as shown in Fig. 5.
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Fig. 5. A scheme of a traditional design of a pmeumatically driven linear module

The input data are:

2T =0.5,1, 1.5, 2 s is the periods of the cycle;

L = 1 mis the length of the road,

Q =90 kg is the mass of the link;

m = 0.05 is the coefficient of friction in the bearings;

| = 0.15 m is the length of the spring of the locking mechanism;
p = 6 bar is the air pressure.

The air consumption for one hour in I/h for both modules is given below:
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3600 3600

0.5 7.956x10% 4.28x103
1 9.945x13 1.118x103
1.5 2.947x103 541x981
2 1.243x103 359x518

The results in the left column Q_(T) are for the traditional design and the results
in the right column Q (T) — for the same system designed as a “spring pendulum”.

It is obvious that the transformation of the link into an oscillator with motorized
clamps gives great effect by increasing the frequency of oscillation. The result is
calculated for a locking mechanism of a guide-way type.

6. Comment

In conjunction with the advantages, the implementation of the “spring pendulum” has
some restrictions:

— The large acceleration at the beginning of the motion, due to the abrupt
implementation of the maximal spring force.

— The necessity for leveling of the systemin order to obtain equal potential energies
at the end points.

— The impossibility to stop the link between the end points at emergency.

The big driving force causes a big reaction force on the base. All elements between
the link and the earth are deformed under this force. The abrupt implementation of it
causes vibrations and energy losses.

7. Conclusion

The implementation of motorized spring-clamps instead of dampers turns the cyclic-
moving link into an oscillator. The reduction of the pressure air consumption, depending
on the coefficient of friction and on the period of the cycle may exceed 10 times.

The results published here are a new part of the investigations on self-excited
oscillations which have been done at CLMI for more than 15 years.
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3amemnienue neMrdepoB 3BeHA ¢ MTHEBMATUYECKOM 3aIBHKKON
MPY>KWHHBIMH aKKyMYJISITOPAMHA

T'enyo Cmatinoes

Lenmpanvuas nabopamopus mexamponuxu u npubopocmpoenus, 1113 Coghus

(Pe3wme)

Jiist nomyuenust ObICTPOro MUKIMUECKOTO IBUYKEHUS 3B€HA, BCJICICTBHE MOBHIILICHUH
WHEPIUOHHBIX CHII, TPEOYETCs 3HAUUTEIHHON MOIIIHOCTH JIBUTATEIS.

B nHeBMaTHUeCKOH 3aJBHKKE 3TO O3HA4aeT OOJNbIICH KOHCyMalluel C)XaToro
BO3/IyXa M PUMEH eHHE OONbIINX eMI(epOoB. Y3Ke U3BECTEH MPUHIIU “TIPY>KMHHOT'O
MasgTHUKA”, ¥ KOTOPOTO MHEPIIMOHHBIE CHUJIbI BIOJbHE CKOMIIEHCHPOBAHHBL. Psin
KOHCTPYKIIMH C €JIeKTPO- U MTHEBMO3aIBHKKHU pazpaboransl B llIBennu, Poccun n
Bonrapuu. Pe3ynpTaThl mOKa3pIBalOT, YTO 3TH KOHCTPYKLUHUH HaAEXKHbIE U
obecnieynBalOT 3HAYUTENLHOW (B HEKOTOPBIX Cilydasx Haapumaromieid 10 pas)
SKOHOMHUH CKaTOTro Bo3nayxa. llenmb HacTosilied CcTaTbH SIBISETCS OOCYXKICHHE
MPEIUMCTB ATOTO MPUHIUIA U OCHOB KOHCTPYHPOBAHUS M BBIYMCIEHUS 3BEHEB C

IHEBMAaTHYECKOU 3aIBUKKOH.
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