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Stick-slip oscillations or couple-decouple oscillations?
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Abstract: This work analyzes the nonlinear dynamics of aetedmechanical system with dry-friction. The system is
composed of a cart, whose motion is excited by a DC motoraltisupled system, the mechanical and the electromag-
netic subsystems interact. The coupling between the matbthee cart is made by a mechanism called scotch yoke, so
that the motor rotational motion is transformed into horital cart motion over a rail. It is considered the existenée o
dry-friction friction between the cart and the rail. Due tioet friction, the resulting motion of the motor can be char-
acterized by two qualitatively different modes, the staukd slip-modes, with a non-smooth transition between them.
The focus of the work is to show that the sequence of stickslgndhodes can be seen as a sequence of coupled- and
decouple-modes between electrical and mechanical pattseadystem. Thus, for the system analyzed, stick-slip oscil
lations could be called as couple-decouple oscillationsother objective of the work is to find the stick- and slip-mod
parts of the trajectory for different values of the systemapzeters.
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INTRODUCTION

Electromechanical systems present an interesting batehaoacterized by the mutual influence between the elattric
and mechanical parts of the system (Dantas, Sampaio and Riddd, Dantas, Sampaio and Lima, 2016, Clerkin and
Sampaio, 2017 and Mag#hs et al., 2018) Each part of the system affects the behaivilbe other, i.e., they interact. The
coupling varies with the coupling conditions, it is not a ¢tional relation and depends on the initial conditions (&im
and Sampaio, 2015) The dynamics of the coupled system ia bigan initial value problem comprising a set of coupled
differential equations (Lima, Sampaio, and Hagedorn, 28i@Lima and Sampaio, 2018). The problem becomes even
more interesting if it is considered the existence of digtiion in the electromechanical system. The nonlineanityjled
by the friction can induce stick-slip oscillations on thetgm (Lima and Sampaio, 2017a and Lima and Sampaio, 2017b).
Depending on the values of the system parameters, the mspbthe system can be composed of a sequence alternating
stick and slip-modes.

DYNAMICS OF THE ELECTROMECHANIAL SYSTEM WITH DRY-FRICTION

The system analyzed in this paper is composed by a cart whosemis driven by a DC motor. The motor is coupled
to the cart through a pin that slides into a slot machined dexdgias plate that is part of the cart, as shown in Fig. 1. The
pin hole is drilled off-center on a disk fixed in the axis of tim@tor, so that the motor rotational motion is transformed
into horizontal cart motion over a rail. The dynamics of a DGtam is given by the following initial value problem (IVP).
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DC MotorI

Figure 1 — First Mechanical System.

Given a source voltage, find (a, ¢) such that, for alt > 0,
[e(t) +re(t) +kear(t) = v(t), (1)
Jm@ (t) +bma (t) —ke c(t) = —1(t) , )

with the initial conditions
a(@=a , a(@=ao , ¢(0)=co, ®)



wheret is the time,v is the source voltage, is the electric currenty is the angular speed of the motbis the electric
inductance,jy, is the motor moment of inertidyy, is the damping ratio in the transmission of the torque geadrhy
the motor to drive the coupled mechanical syst&gis the motor electromagnetic force constant arisl the electrical
resistance. The module of the available torque to the cdupkchanical system is The source voltage is considered to
be

V(t) = Vo +visin(ayt). 4)

The mass of the mechanical systenrmiand the horizontal cart displacement is represented kyis considered that
the cart is not allowed to move in the vertical direction. Doi¢he problem geometry, and notifid|| = d, the horizontal
motion of the cart and the angular displacememf the motor are related by the constraint

x(t) = d cos(a(t)). (5)

In the model of the coupling between the motor and the mechasystem, it is assumed that the motor shaft is rigid.
Thus, the available torque to the coupled mechanical systecan be written as

T(t) =d(t) x f(t), (6)

whered is the eccentricity of the pin of the motor arfds the coupling force between the DC motor and the cart. The
component ofl, which is perpendicular to the plane of the cart movemerslvigys zero and, the others horizontal and
vertical components can be calculated from the angulatatismentor of the motor. Assuming that there is no friction
between the pin and the slot machined on an acrylic plateyet®r f only has a horizontal component, calledwhich

is the horizontal force that the DC motor exerts in the canugl, the module of (t) is

1(t) = —f(t)dsina(t). @)

Since the cart is modeled as a particle, its movement in thedrdal direction satisfies the equation:

mx(t) = f(t)+ f (1), (8)

wheref; is the dry-friction force between the cart and the rail. Tiigal value problem to the coupled motor-cart system
with dry-friction is: givenv, find (a, c) satisfying

[E(t) +rc(t) + ket (t) = Vo +visin(wyt), 9)

at)[jm+ md (sin(a(t)))z] +oa(t)[bm+ md? sin(a(t))cos(a(t))] — kec(t) = —f(t)d sin(a(t)), (10)

for given initial conditions of electric current, angulgweed and position of the motor. The friction is modeled as
Coulomb, which is a simple model. The non-smooth behavidh@ry-friction force can induce in the system stick-slip
oscillations. Depending on the values of the system paemsighe response of the system can be composed of a sequence
alternating stick and slip-modes.

During the stick-mode, the cart does not move, so that thkearfiglisc is constant. The frictional force and the current
can vary. The stick mode occurs when= 0 and when the frictional force, which satisfies

ke c(t) = fr (1) d sin(a(t), (11)

is in the interval- fnax < fr < fmax Wherefnax= umg gis the gravitational acceleration apds the friction coefficient
between the cart and the rail. Equation (11) is obtainedideriag & = 0 andd = 0 in Eq. (10). Remark that during
the stick-mode, the frictional force varies and dependserangular position of the motor. There is a functional refat
between these two variables. Besides of this, the initielevaroblem that describes the dynamics of the coupled motor
cart system with dry-friction is reduced to just one diffetial equation given by

Ic+rc=vp+visin(wt), (12)

where the initial condition of the current is the value ofritthe beginning of the stick-mode. Observe that during the
stick-mode, the sum of the forces that act over the cart i3 @edoes not move). The horizontal coupling force between
the DC motor and the carf, is balanced by the dry-friction forcd;. This balance lasts until the frictional force, given
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in Eg. (11), reaches its maximum valug,ax During the stick-mode, the dynamics of the system is gaetionly by the
dynamics of the electrical circuit of the motor. Electriaad mechanical systems do not interact, the system is decbup
During the slip-mode, the dry-friction force is

fr(t) = —mau sgr(X(t)) = —mgu sgr{—a(t)d sin(a(t))). (13)

RESULTS

Defined a time interval for analysis, one of the variablesrefginterest in the analysis of systems with dry-friction
is the total time of stick as function of the friction coeféait. For the electromechanical system analyzed in this work
this variable presents an interesting behavior, as showigin Whenu is lower then (67, there is no stick, wheq is
greater then B4 the only mode is stick. For valuespibetween (67 and 284, both can exist. For computation, duration
ta was chosen as 30 seconds. For the integration, it was usédhitteonode45of the Matlab software, which applies the
Runge-Kutta 4th/5th-order method as time-integratioresahwith a varying time-step algorithm. The maximal step siz
is equal to 10* seconds, and the relative and absolute tolerance are eql@tt. The values of the parameters used in
all simulations weren= 5.0 kg,d = 0.01 m,vo = 4.0 V andv; = 4.0 V. The motor parameters are given in Table 1 and
the initial conditions of the system aog0) = 17/2 rad,a (0) = 0 rad/s and(0) = vo/r Amp.

Parameter | Value
| 1.880x 10 % H
im 1.210x 10 * Kg m?
bm 1.545x 10 % Nm/(rad/s)
r 0.307Q
ke 5.330x 102 V/(rad/s)

Table 1 — Values of the motor parameters used in simulations.
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Figure 2 — Total time of stick as function of the friction coefficient.
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