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Abstract. The aim of this paper is to understand the influence of radial and axi aral n

the revolute joints on the overall performance of a circuit breaker. A circuit er nism
is made of seven links, seven revolute joints with clearance in both radial rection,
he Mo
the

four unilateral contacts with friction, and it has forty-two degrees of free reau-Jean
nonsmooth contact dynamics (NSCD) numerical method is used to p ulations. The
numerical results are validated by careful comparisons with experj 1
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1 Introduction \

A miniature circuit breaker is a dgfiice tha tches and/or protects the lowest com-
mon distributed voltage in an rical system. It is designed to protect conductors
and insulation from damage rload and short circuit. Usually, the perfor-

'ompared to planar mechanisms, spatial mechanisms can
ted functions with the same number of links. Most of the
sed on the radial clearance in the planar and spatial revolute
joints, [ . However more recently the influence of the axial clearance in the
j as been studied in [15, 17].
e mechanisms in the Schneider Electric company use frictional con-
the compliant models cannot correctly model the sticking condition. In the
onslooth contact dynamic (NSCD) approach, the interaction of the colliding bod-
ies is modeled with multiple frictional unilateral constraints [12, 13]. The unilateral
onstraints are described by set-valued force laws in normal and tangential direc-
tions. The normal contact law is based on Signorini’s condition while the tangen-
tial contact law is based on Coulomb’s friction law. Careful comparisons between
numerical results obtained with the NSCD approach, and experimental data are re-
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ported in [14, 16], while the use of the NSCD approach for systems with clearances
is also advocated in [9, 5]. They demonstrate that the numerical schemes and the
model used in this article, though they can be improved, possess very good forecast
capabilities.

Our objective is to study the influence of initial conditions and the out-of-plane
motion, i.e. the polarization effect' in the three dimensional case. Another objec-
tive is to develop a time efficient virtual test bench using the INRIA open-source
simulation software SICONOSZ. Our aim is to understand the influence of clearance
in the revolute joints on the overall behavior of the C-60 miniature circuit breaker

where human safety must be guaranteed. To validate the simulation model, exper-
iments are carried-out on the prototype samples and the results are compared wi
the simulations.

. O

2 Formulation of the nonsmooth dynamical systemss:

2.1 Normal and tangential contact laws

Let us consider two non overlapping bodies (see Fig.
between two bodies is given by the closest points C,
at the potential contact point by (N, T1,T>).
distance between the two potential contacting poin

pogefitial contact point
d ocal frame is defined
gadp g is defined a the signed
and Cg. The contact force,

Body B

Body A

t local frame. Fig. 2: 3D Coulomb’s friction cone, sliding case.

! The polarization effect is created by two aspects: the presence of radial clearance in the revolute
joint and the forces acting on the parts.

Definition 1. Polarization is the contact position between the two parts under the influence of an
external force in an equilibrium stage.

2 http://siconos.gforge.inria.fr/
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denoted by r = (ry,7;) " € IR3. Due to the impenetrability assumption one has g > 0.
We also neglect adhesive effects so that ry > 0. If ry > O then we impose gy = 0,
and when gy > 0, the normal contact force must vanish, i.e. ry = 0 (no magnetic
or distance forces) [1, 3, 6]. These conditions yield a complementarity condition
denoted compactly as:

0<gln >0 (1)

The normal contact law at the velocity level is expressed as :
O0<uyln 20, if gu=0. 2)

The tangential contact law is the Coulomb friction that constrain the contact forc
in the the friction cone (see Fig. 2)

reK={reR,||nl| <ur}. ®

The scalar u > 0 is the coefficient of friction. In case of sliding the t ntia er;
acts in direction opposite to the relative tangential velocity u;. [
tial velocity u; is zero then the bodies stick to each other (rolhife without'slipping).
We introduce the modified relative velocity & := u+  ||u- ||\, th&the Coulomb fric-
tion can be equivalently expressed as a second—order r@o omplgmentarity condi-
tion [7, 4] if gy = 0:

K*'sulre “)

The cone K* = {v € R*|rTv > 0, Vr € K} is the ne of K.

2.2 Newton-Euler formulation of the equation of motion

€ bjected to m constraints, with m, holonomic
€% C IN, m; unilateral constraints g%(g) > 0, €
The Newton-Euler formulation of such a system is

(t.q,v)+H (@A +G' (q)r,
(q)v=0, acé

W= Gy, = N
r* =0, if g%(q) > 0,

) ocS
K%* >u%1 r* € K%, if g%(q) =0,
udt = —e%ud, if g%(q) =0and uy"~ <0,

where g is the vector of coordinates of the position and the orientation of the body, v
is the velocity, the operator T'(q) € IR7*° links the time derivatives of the coordinates
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to the velocities, M is the total inertia matrix, F(¢,q,v) € IR® collects all the forces
and torques applied to the body. The operators H € R™*" and G € R>"*" link
the local velocity variables in the joints, and at contacts respectively, to the velocity
vector of the bodies.

2.3 The numerical integration method

In this paper we use the event—capturing method based on the Moreau—Jean time-
stepping scheme [3, 12, 13], where the constraints are solved at the velocity level a

thereafter named the NSCD method. It is well-known that velocity level treatment

of constraints yields violations of constraints with the drift phenomenon. W, v

simulate mechanisms with small clearances, this is not tolerable sirse we g

keep the violation as small as possible with respect to the characteristic th O
clearances. To overcome this limitation of the standard Moreau—Ji ime- ing

scheme, we use the combined projection scheme as propose&

Miniature circuit breaker construction is sim;
miniature circuit breaker has no replacement parts.

3 The C-60 miniature circuit breaker mz S

ver very precise. In fact, a
t'1s not designed to be main-

tained. When a unit goes bad, Q si replaced. A typical miniature circuit

Handle

& ulIlllﬁ c2
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Mechanism sprin:
" pring

\T‘ Tripping bar

pping Force

Magnetic
trip unit

" ~Moving contact holder A\ Envelop

Tripping bar

Fixed contact Moving contact = Hook
= Moving contact

(a) 3D view. (b) Kinematic representation.

Fig. 3: C-60 circuit breaker mechanism - ON position.
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breaker mechanism is depicted in Fig. 3(a).
Mechanism working principle: All the mechanism parts are enclosed in-between
the case and cover parts. These parts are connected to each other through a rev-
olute joint or frictional contact. In the following section we will see the detailed
description of these joints and contacts. In the first step, the primary function of a
mechanism is usually formulated in terms of kinematical quantities (link geometry,
kinematic constraints, efc). Also the various geometrical relations resulting from the
kinematical analysis of the linkage mechanism are an essential ingredient for the dy-
namic analysis. The kinematical analysis of a miniature circuit breaker mechanism
(hereafter called the C-60 mechanism) is of great importance. The C-60 mechanism
consists of seven links, seven revolute joints with clearance in both radial and axi

direction and four frictional contacts (see Fig. 3(b)). It has 42 degrees of freedom.
The operating mechanism in the ON position is explained as follows: %

The close operation leads to ON position of the breaker. In closegp atiQm
Fig. 3(b)), the operating handle (A) is rotated clockwise which closes$ S

Cs and Cy4 through the revolute joints Ji,J5,J6, J3 and Jy. The frictibnal co s Cs
and C4 have a specific wedge shape profile, which enables the 1 een the
hook and tripping bar. After the activation of the contacts Csuld Cy otion has
been transferred to the moving contact through the plat revlute joints Jo and
J7, which ensure closing of the contact between the m and ghe fixed contact.
During close operation the handle spring (P;) and ghe Wi€chagism springs (P, and
P3) get charged, which will be used for the trip gperation of the breaker.

3.1 Revolute joint between%e e cover and the handle: J,

The revolute joint between the,
on the case and cover acts 2

e, the cover and the handle is J;. The protrusion
and the cavity on the handle acts as a bear-
eal revolute joint is replaced by a journal and
ends of the bearing (see Fig. 4) which acts as a

Bearing

Vi

Circular ring 2

Flange inside
surface

Semi - circular ring

Bearing Bottom
surface

Journal

Fig. 4: Revolute joint with clearance J;. Fig. 5: Modeling of plane—plane contact.

joint are modeled by introducing six degrees of freedom between the bearing and
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the journal. The relative motion between them is restricted by the internal surface
of the bearing and the flanges of the journal. The radial clearance can be varied
by changing the internal diameter of the bearing. The contact between the flange
and the bearing top/bottom surface is a plane-plane contact. In reality, a plane-plane
contact is impossible due to the presence of surface roughness and waviness. How-
ever the plane-plane contact can be completely described by three contact points.
Few limitations of the plane-plane contacts are: more simulation time is required
(numerically costly) as the contact detection is done on the entire area, and in return
it gives only one contact point between the plane-plane contact which is practically
not correct. The contact between the flange and the bearing face is modeled by con-
sidering the plane surface of the flange, while the plane surface of the bearing j
replaced by three semi-circular equidistant rings (see Fig. 5).

4 Experimental validation: Contact force versus dis N
ip€d with the

In this section we report comparisons between numerical regalts obt:

NSCD method, and experimental data obtained on physical PEototypes built by
Schneider Electric. The radial clearance in the revol @A ts 8 given as: J; =
0.085mm, J, = 0.05mm, J3/Js = 0.06mm,Js/Js =¢.048 and J7 = 0.055mm.
Referring to the arrow in Fig. 3, the comparisons ar§made€dy recording force and
displacement histories at the moving contact. ench consists of the fixture

C-60 breaker and the moving table which comprises a pair of linear
uide, see Fig. 6. The load cell is mounted on the moving table to measure
e and the bi-axial movement of the moving table is measured by two position
ensors. The contact force of the moving contact C7 (see Fig. 3(b)) is measured with
e help of load cell, and is recorded by the computer programme. We have followed
a similar methodology for the virtual testing (virtual test bench) of the C-60 product
using the simulation.
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(a) Experimental result. (b) Simulation result.

Fig. 7: Sample-1: Contact force versus Displacement.

1. In case of experimental test, the effect of polarization of the joﬂts is
imately less by 50% when compared to the total displacement of: MOVAIAE
contact. At the static equilibrium (at the end of forward motion he s e-1,
the recorded contact force is 15.28 N and the total displace; m, see
Fig. 7(a). The results of the experimental test are comp with numerical
simulation. In case of the numerical test the effect o tign is similar to
that of the experimental test, see Fig. 7(b). However
force in both the experiment and numerical tests

g surfaces of the parts
n. In reality the geometrical

parts (contact points between the p *In case of the numerical simulation, the
contact force at the static equi&u iPI296 N. The percentage relative error in
the contact force between the d numerical test is 2.08%.

2. The trajectory of the conta rce in case of forward motion is lagging behind

the backward motion o contact. This is due to the effects of fric-
tion (change in the dif of the frictional forces) in the joints. In case of the
numerical simulation, cient of friction between the plastic-plastic mate-
rials is co ="0.3, and between the steel-plastic materials y = 0.1
In case of expeli est the real values of the coefficient of friction are not

known. Thi ne of the reasons behind the slightly different behaviour of
the contact ¥@iceytfajectories between the experiment and virtual test.

This paper is devoted to the numerical simulation of the C-60 circuit breaker built by
chneider Electric, using the so-called Moreau-Jean NSCD event-capturing numer-
ical scheme. It relies on rigid body assumptions, with set-valued Coulomb’s friction,
and constant kinematic restitution coefficients. Emphasis is put on the modeling of
three dimensional revolute joints with axial and radial clearance. Moreover detailed
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comparisons with experimental date obtained at the Schneider Electric laboratory,
prove the very good prediction capabilities of the NSCD approach, for this type of
mechanisms.
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