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ELECTRICAL CONTACT BOUNCE AND THE CONTROL DYNAMICS OF SNAP-ACTION SWITCHES

By, J.W. McBride

ABSTRACT

Experimental and checoretical studies are made of a typical snap-action
rocker switch, to establish the wear mechanisms in the pivoting contact.
The rocker switch, used extensivey'in consumer goods, operates 1inm the
medium duty current range, (1 - 30 Amps). HRighspeed photographic studies
have shown that the main cause of wear 1is arcing, occurriqg during
separation and bounce at the pivot contacts. To reduce the bounce a
computer~based mathematical model of the system dynamics is developed and
optimised; this results in recommended design changes. These changes are
tested under tull current endurance conditions, and show significant

improvements in wear.

The model of the switch dynamics relates the mathematics of motion to the
bouncg occuring at the pivot contact, without the influence of current.
To show the effect of current and arcing, an automatic test system 1is
developed for the controiled testing of electrical contacts. The system
has the ability to evaluate arc energy, bounce times, and contact
reglstance. The results presented detail the influence of d.c current con
contact bounce time, and identify the .mportance of the subsequent bounce
time; which is defined ror a single make operation, as the total duration
of the bounces occurrizg after the first bounce. To compare the erosion
profiles of the switch and test system, the system is operated under full

load current endurance conditions, to evaluate wear. This comparison

shows tnat the wear in the veal switch contacts is greater, as result of

the additional contact movement of slip and rolling.
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Nomenclature

Because this thesis spans the areas of both mechanical and electrical
engineering, some of the nomenclature has had to be changed from that used

normally. The following nomenclature is used unless specified otherwise.

B = Data from fiilms, the blade displacement from the horizontal.

E = Arc energy.

E5= Strain energy stored .n contacts at ilmpact.

F = The spring force in the rocker switch, and Contact force.
F“:3Reaction forces used in the Static distribution.

G = Switch dimension.

H = Data from films, and radial position of the plunger c.g.

[ = current, Is= Supply current, I = minimum arc curreant, I,= arc current.
I,= Plunger inertia, 1b= IB = blade inertia, IQ= Rocker inertia.

K = The spring stiffness, and the bounce reduction time.

KEi = The angular kinetic enegy of the blade at main contact impact.
L = Lorenz Comnstant, and Inductance.

M = The Blade mass,

M = The contact mass, M1= The blade mass, without contacts.

N = The number of switching cycles, and plunger reaction on actuator.
R = The circult resistance.

Ric) = constriction resistance, R(f) = the film resistance.

R(t; = The cotal contact resistance.

S = Data from films,

T = Bounce time, T = electrical bounce, T’: mechanical bounce.

U = The contact volt drop, U,= softening, U = melting voltage.

V = Volts, V_= the minimum arc voltage, Vs= the supply voltage.
W = Youngs Modulus,



X = Main contact gap data, for the left hand contact.

Y = Main contact gap data, for the right hand contact.

Z = Pivot contact gap data, and displacement during bounce.
a = radius of contact spot, a’"= radius of "a” spot.

b = blade thickness,

¢ = acceleration,

e = The coefficient of restistution, and max compression of the spring.
f = transient force,

g = Rocker dimeusion,

h = Rocker dimension,

i = Transient current,

1 = Rocker dimension,

m = the plunger mass,

n = the number of bounces in a given méke operation.

p = Rocker dimension,

q = Temperature,

r = the radius of the plunger, and radius of spherical contact.
s = Rocker dimension,

t = time variable, ,

u = contact velocity,

u.= The velocity of the contact at impact.

u_= The combined contact velocity in impact.

v = Transient voltage,

X = The extension of the spring in the rocker switch,

y = A general variable,

z = Rocker dimension,

GREEK SYMBOLS USED

O = The actuator angle in che rocker switch,

P = The Blade angle,



Tl
'

" = The recoverabie strain ienergy at impact,
A. = The thermal conductivity,
7}£=?LThg‘c@gffi@iéqﬁ;df‘ftiét&dh‘

f = The resistivity,

Y= A ‘substitution term defined in appendix 5.
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CHAPTER 1

INTRODUCTION

The electrical contact and the act of switching an electric
current are fundamental to many branches of engineering and technology.
In addition, the hand operated switch constitutes the interface between
electrical systems and the operator. A simplistic definition of the
electrical contact 1s the interface between two conductors, while that of
the switch is, a device used for changing the state of this contact. The
range of devices covered by the two definitions 1is large, as 1s the
overall number of units in operation. They range from the silver or gold
contact pins of a micro-chip carrying micro-amps, to massive air blast
circult breakers used as isolators in power stations, intecrupting

Kilo-Amps.

The development of these dev;ces has advanced over two hundred
years and has been dependant on the use of materials with high electrical
and thermal conductivity, such as coppper, silver and platinum. However
in all this time the electrical contact interface has remained one of the
weakest links in terms of reliability; and a failure of a contact can in
some cases have catasgtrophic consequences. The weakness of the electrical
contact stems from the extreme operating conditions implicit with the
interface. Some of the major mechanisms leading to failure are, chemical
corrosion due to the environment, arc erosion due to material transfer in

the plasma developed between contacts at opening and closure, and

mechanical wear due to sliding, rolling and fretting motions. Often the



overall degradation can be a complex interaction of these processes, the

study

of which has necessitated an

interdisiplinary approach. To

understand these phenomena a large reasearch inititive has been required to

identify the mechanisims involved and to thus reduce the wear.

of the

The design of a particular contact system is primarily a fumction

expected current loading, whereas the assembly design is dependent

upon the nature of use.

electro

-mechanical contact

Table(l) presents some basic groups of

systems, suggesting the range of currents

applied and some of the major areas of use.

GROUP TYPE CURRENT RANGE BASIC AREAS OF USE
(Amps)
1 Heavy power switching | > 300 A H.V power supply,Industrial
2 Heavy duty switching 30 - 300 A Industrial
3 Medium duty switching 1 -3 A Consumer goods, Power
4 Light duty switching 0-1 A Keyboards, electronics
5 Permanent contacts Any {snnectors, Terminals
6 Silding contacts < 300 A Brushes, pick-ups

Table 1. Classification of electrical contacts, as a function of current

loading




This thesis concentrates on investigations made into rocker
switches used in the medium duty range. It is in this range that the
snap—-action has been used extensively to minimise the damage caused by the
electric arc. The range of devices covered in this group includes hand
operated switches often associated with domestic appliances and circuitry,
industrial relays controlled by external circuitry, and small contactors

similarly controlled.

The electrical contacts used require a combination of current
carrying capacity with a reasonable resistance to oxidation. Silver and
Silver alloys are widely used for this purpose as they have the advantages
of high conductivity and freedom from oxidation combined with a relatively
low cost. They can also be readily fabricated into a wide range of forms;
typically this can be a copper base button with a layer of silver for

protection.

In the medium duty range cost is of paramount importance because
of the materials used and the highly competitive international market.
This has lead to a major research effort to increase switch life and
reduce unit costs. The range of currents and voltages associated with the
medium duty switch have no special handling problems and the arcs
generated can be observed by eye and recorded with suitable measuring
equipment. One of the first reported observations of the electric arc was
made by Sir Humphrey Davy in 1813 [l]. Towards the end of the same
century Mrs Ayrton [2], contributed to the establishment of the arc

characteristic curves and more recently Ragnor Holm [3] published an

extensive work on a wide range of electrical contact phenomena.




1.1 Recent Developments in Consumer Switches, and Electro-Mechanical

Devices

Recent developments in the field of consumer switches have focused
on two primary areas. Firstly, the design of smaller devices with smaller
operating forces, has lead to the need for an increased accuracy in the
engineering. The second area has been in the reduction of silver content
without degrading the contacts. The motivations for this are the
reduction in wunit cost, and the reduced susceptibility to fluctuations in
the price of silver. Reductions have been achieved by replacing
traditional silver alloys by alternatives with lower precious metal
content, whilst maintaining the same level of performance for the
component [4], and by optimising the contact size for a particular current
rating; the switch ratings are therefore divided according to the
quantity of silver required |5]. The areas of development have also been
influenced by the increased 'interest in the dynamics and statics of the
mechanisms. This has been achieved by in depth photographic studies [6],

and to some extent by computer modelling.

In recent vyears the most significant developments to the
electro-mechanical relay have been the reduced size, improved reliability
and reduction in cost. The first two developments were initially brought
about by the competition resulting from the introduction of the solid state
relay (SSR), and all three have continued by the perceived threat of the
SSR. The success of the relay manufacturers has resulted in the rejection
of the belief that the SSR would make the relay obsolete. The
improvements made to the traditional relay have in the main been made by
improved mechanical engineering |[/], and to s$ome extent by improved

magnetic circuits.




The new area of Hybrid switching, the combination of power
electronics to switch the current, and contacts to provide isolation, has
yet to make any impact in the areas of medium duty switching. This is
primarily because of the added cost in producing and selling such devices.
However some devices have been developed to test the market requirements.
In a recent paper "Push Button Hybrid Switch"™ [8] it was established that
there exists an inverse relationship between the mechanical and electronic
designs. Making one relatively simple forces the other to become more

complex.

1.2 Future Trends in the Switch Market

In a recent survey by Frost and Sullivan [9], it was estimated
that the total European switch markets, (including keyboards but not
relays) was worth $1531.2 million in 1984. With an average predicted
growth of 6.38 per cent per annum over a six year period leads to a
predicted switch market of $2218.6 millionm in 1990. The snap action
lever/rocker switch at present accounts for 7 per cent of the market,
$105.9 million. This share is expected to fall to 6 per cent by 1990, but
because Af the overall increase this will account for $133.16 wmillion of
the overall market in 1990, an increase of 25.7 per cent on todays market.
Figure (l.l1) shows a breakdown of the market prediction for lever and

rocker switches in the context of the overall trends.







1.3 The Hand Operated Rocker Switch

The rocker switch is a hand operated switching device, utilised ;ﬂ
the medium current range, (1-30 amps). It 1s commonly wused in consumer
type goods, and for general purpose switching. The switch mechanism is of
the snap-action, see-saw type, a typical layout of which is shown in
figure (1.2). The snap action is partly used to make the moving blade
contact independant of the hand forces after the toggle position has been
reached. The simplicity of the mechanism and the small number of parts in
the assembly, eight in the case of figure(l.2), is a major factor in the
economical production of these switches, and facilitates simple changes to

achieve variations on the basic design.

The rocker switch has been in wuse for many years, though no
substantial research has been applied to the device, as a consequence the
basic design and that of the different variations has been left to
empirical methods. The result of this design approach has been some
disparity in the operating characteristics and failure modes of the
switches. Two recent papers have looked at the rocker switch, the first
“"Pivot contact behaviour in snap—action rocker swicches”, [l0], considered
some ¢of the benefits of the make—up device whilst the second was a result
of the research undertaken for this cthesis and is presented in

appendix(1l).

In common with most hand operated devices the rocker switch has
two areas of electrical contact, the main switch contacts and the
interface between the moving contact and support, called the pivot
interface. It is common for rocker switches to exhibit electro-
mechanical wear at both these lnterfaces. The main contacts are however
often well  protected by silver alloys which have been developed and

7






LSRR VIS

In operation current passes through?Fhe central‘pivét‘eto a. main
contact selected by ‘the rocker/actuator. The switch detailed in figure
fl;Z) shows a change: over configuratiom; and in ‘this <case the current
path .could be through either Qfﬁthewmaip*gontactLpairs;depending‘on the
rocker position. In figire i(l.4) .a range of rrocker switches are shown to
the same scale, demofistrating a range:r of  jpossible ‘mechanism
configurations: Each switch has been. sectioned €0 show ithe -internal

configuratious1of:pivots‘and mailn :contacts.







REFERENCES TO CHAPTER 1.

{l] H. Davy Elements of Chemical Philosopy (French Trans),

1813,ppl87-189.

[2] H. Ayrton The Electric Arc, The Electrician, London 1902.

13] R. Holm, Electric Contacts, Springer-Verlag, Berlin/Heidelberg, 1967.

(4] M. Label, J.P. Debauge, "Silver savings improve profits without

degrading.contacts”, Electrical Review, Vol 213 No 19, Nov 1983, pp 29.

{5] 5. Ono, "Consumer switches Keeping Pace with Technological

Developments”, J.E.E, Feb 1981, pp 36-38.

(6] P.J White, "Investigation of Parameters Affecting the Operating
characteristics of Toggle-Switches with Silver—-Cadmium—-Oxide Contacts”,

Ph.D Thesis, Plymouth Polytechnic, 1979.

[7] "Relays, Switches and Keyboards”, Product Focus in Electronic

Engineering, Aug 1985, pp 48-63.

(8] 8. Krstic, P.J Theisen, "Push Button Hybrid Switch”, in Proc. Holm

conference on Electrical Contacts, 1985, pp 201-205.

[9] Frost and Sullivan, "The Switch Market in West Europe™, E738, taken

from executive Summary, March 1985.

[10] D.J Mapps, P.J White, G Roberts. "Pivot contact behaviour in Low
Inertia Snmap-action switches", in IEEE Trans. CHMT. Vol CHMT-7,1984.

11



CHAPTER 2

ELECTRICAL CONTACT AND BACKGROUND TO INVESTIGATIONS

2.1 Introduction

This chapter details the existing theory of electrical contact
phenomena, and develops some of the ideas as a basis for the discussions
in the following chapters. Consideration is primarily given t¢ current
loadings in the medium duty range, however many of the phenomena discussed

are applicable to most applications where electrical contacts are used.

Many switch contacts remain in contact for a significant period of
their duty life, thus this review starts by considering the stationary
contact phenomena associated with transmi£ting a current across an
interface between two electrodes. When the contacts open, arcs are often
generated; this is refered to as the "Break"” operation. The closure of
the contacts is split into two sections; the impact of the contacts, and
the following contact bounce; both are considered in the "Make”

operation. The following sections are covered in this chapter:

2.2 Static contact Theory,

2.3 Electrical contact Phenomena during Break,
2.4 Eiectrical contact Phenomena at Make,

2.5 Contact Erosion and Contact Failure,

2.6 Switch Dynamics and the effect on Erosiom,
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2.7 The Nature of this Investigation.

The sections (2.5), and (2.6) are primarily concerned with the

effects of arc erosion on the reliability of electrical contact.

2.2 Static Contact Theory

When the nominally smooth surfaces of two contacts are placed in
contact one upon the other in apparant contact over a substantial area, it
is well known that actual contact only occurs at a swmall number of
microscopically small areas, known as asperities. This fact is
fundamental to the laws of friction, as deveioped by Coulomb in his 1781
book "Theory of machines”. [t is responsible for the independance of

surface area in the laws of frictiomn, |1].

The actual size of the eventual area of contact is a function of
the applied contact force, current loading in the case of electrical
contact, the surface condition, materials, and other variables. In 1981
J.P.B Williamson, [2], 1in describing the areas of contact described the
magnitudes of the asperities on a connector surface as “typlcally a
hundred micro~inches high (2.5 ym) and perhaps a few thousandths of a inch
across (50 pm). The individual areas of contact are rarely more than five
hundred microinches wide (12.5 pm) ". The actual area of pure metallic
contact is often only a few percent of the apparent area, because of
surface oxide films produced by the chemical reaction of the metal with
the atmesphere. Other molecular films can also form depending on the
environmental conditions; for example the nobie metal silver will react
with sulphur in the atmosphere to produce silver sulphide. Silver oxide
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forms only in the presence of ozone, [3]. The films produced are usually
insulating or semi-conducting and are often remarkably tough, leading to

the reduction in the actual area of metallic contact.

When an external force is applied to the areas of contact there
will at first be elastic deformation of the contact areas in the
asperities. An evaluation of this deformation was first developed in 1886
by Hertz, [4]; and lead to the classical Hertz equation relating real
contact area to the applied force, for a spherical contact applied to a

flat surface.

A
(Eq 2.1) a=l.lx(F.r(1 1)3
[ —— + —
2 WLow2

I

where, F The applied force,

a the radius of the contact spot,

r = the radius of the sperical contact,

1

Wl Youngs modulus of the flat surface,

W2

Youngs modulus of the sperical surface,

In a series of experiments using a nylon hemisphere and gl;ss
surface by Lincoln, ([5], it was demonstrated that the areas of contact
were proportional to the applied force to the power 1.5; in agreement
with Hertzian theory. In recent years the analysis has been extended to
include hemispherical specimens with superimposed spherical asperities,
[6]. In 1967 Greenwood and Tripp, [7], considered the application of the
Hertzian theories to the electrical contact, and identified that the
classical Hertzian solution was the high—load limit for a rough surface,

and that at low Loads significant differences are found.
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The elastic deformations considered in equation 2.1 are only
applicable up to certain contact pressures after which the local elastic
limit of the material is reached. At this stage the asperities will
deform irreversibly and plastically. The transition peoint has been
defined by Bowden and Tabor- to be (l.l x the elastic limit) of the softer

metal, (8].

2.2.1 Electrical Conduction Through the Area of Contact

When a potential difference is applied, the areas in electrical
contact are within the boundaries of the apparent mechanical contact.
Holm identified these areas of pure metallic contact as ~“a” spots, [9].
An example of this type of coatact is given in figure (2.1). At the “a”
spot the electtons may transfer from one atomic lattice into that of
another, in the opposite contact. In additiom to the “a” spots there are
areas of quasi-metallic contact, where the surface films are sufficiently
thin to be easily punctured by the electrons. This effect is known as the

tunnel effect or fritting. The remainder of the apparent area of contact

consists of non—conducting films.

In a recent publication J.P.B Williamson, 1981, [10]; proposed
that for connector contacts the apparent area of contact was punctured by
a large array of extremely small micro-spots. However in switch contacts
the phenomena is likely toe be simplified as a consequence of the
disruption of the surface films caused by arcs and metallic softening

during a "make" operation. Small tangential movements and the passage of

time could however affect the interface by the ingress of oxides, |l1].




2.2.2 Contact Resistance

With metallic contact occuring at only a small number of
asperities the current flowing through the junction is required to flow
through a constriction, this gives rise to a constriction resistance.
This is not a transition resistance but caused simply by the reduction in
current path. For a circular “a” spot between similar materials the

resistance can be given as:

Eq. (2.2) R(e) = /o / 2 a”

wherejo the resistivity of the material,

-

a

the radius of the “a” spot,

Additionally there can be a film resistance R(f) at the interface,
resulting from the fritting of the films, the total contact resistance

R(t) is then given by,

Eq. (2.3) R(t) = R(c) + R(f)

Contact resistance is of great importance to the reliability of
electrical contact, and is related to surface degradation and certain
failure modes, [12], {13]. It is also a well proven method for testing
surface cleanliness or measuring contamination in materials research. As
a result of the importance of this, much research has been focused on the
automatic and accurate measurement of contact resistance. In order to
standardise measuring procedures the ASTM have recently set up a new

standard, B667-80, [l4].

The methods used for surface film measurements are usually based
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upon the “Dry Circuit” measurement of contact resistance, that is a
contact whose electrical performance is totally dependant on mechanical
and chemical phenomena. The measurement of the dry-circuit resistance has
been considered in two recent papérs, under the context of
instrumentation, for monitoring the dry-circuit performance of electrical

contacts, (15]; and automated measurement, [l6].

2.2.3 The Influence of Force and Temperature on Contact Resistance

There are two important influences upon the dry circuit value of
contact resistance, the external contact force applied and the current
loading. Increasing the contact force deforms the material and leads to a
larger radius of the “a” spot, thus reducing the constriction resistance.
The current flowi;g through the constriction causes heat generation at or
near to the interface, depenrnding on the materials. The heating of the
contact spots can then lead to thermal softening or melting of the metals,
which in-turn reduces the ability of the material to locaily resist the
applied force, leading to an increase in the area of contact. In the case
of melting the increased area will lead to a cooling of the interface,
because of the reduced contact resistance, the cooling could then lead to
the freezing of the metal, resulting in the contacts welding. This case
is known as the static welding of electric contacts. The static welding
of contacts occurs in practice in the contacts of contactors and other
switching devices in series with a protective fuse which operates on fault
conditions, resulting in the passage of a pulse of high current, typically

of several thousand amps for a few milliseconds, {[17].
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The changes in contact resistance due to the applied force have
been studied extensivly, usually on crossed rods with cleaned contact
soffaces. Holm made measurements of the conductance for a range of contact
materials and applied forces, and clarified some of the difficulties with
this type of measurement, by giving consideration to the diversified
resigtance measurements of various other experimenters, [18]. The
experiments indicated that as the load decreases the resistance increases
in a fairly reproducible manner and follows a relation of the type;

-n
R=k . F, where k is a constant; [19].

For clean metal surfaces Holm showed that,

a

R=k. 1/ F, for plastic deformations, and

3

RR=k . L/ F, for elastic deformations, |20].

With current passing through the interface, heat is generated by
Joule heating, and a potential drop (U) can be measured across the
constriction. The heat dissipation results in a ~“super temperature” at
the contact interface for similar materials. The temperature is usually
evaluated from the potential drop by manipulaticn of the Wiedemann-Franz
relation, which relates the resistivity and thermal conductivity to

temperature. Thus;

-8 2
Eq. (Z.A)Jo . A=L . q, where L (Lorenz Constant) =2.4x 10 ,(V/ K).
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For a monometallic junction, it can be shown that, [21], [22],

2 2 3
Eq. (2.5) qQ -gq =10 / 4 L , where q,= the bulk temperature.

This can be further simplified to,
Eq. (2.6) q =3200. U, at a room temperature of 22°C.

Thus as the current is increased through the junction the
potential drop (U) will increase until the softening voltage of the
material is reached (qs). Further increases in current still increases
(U) however to a different relation because of the simultanecus changes in
contact area. As the current further increases, the potential drop will
cause the metal to melt; this is known as the melting voltage (Um ). In
Figure(2.2), (U s) and (U,) are shown as a function of the supply current
as reported by Sato, [23]. This figure shows the current and voltage
varying reversibly up to the point B, beyond B irreversible changes take
place, as the contact area reaches the softening temperature of the
material. At C the contact areas reach the melting temperature and
welding occurs between the contacts. At this condition equatiom (2.5) can

be rearranged to give;
2 2. X
Eq. (2.7) U=14LCq_-4q,) |
where q = the melting temperature of the material.
m

Sato compared éxperimental values of (Um)-for various materials,
to the temperature function, and the results showed good agreement with
the curve given by equation (2.7). 1In table (2.1) some of the values
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given by Holm, [24] and Sato are compared. Sato also identified that in
most metals and alloys the softening temperature is approimately 40
percent of the melting temperature. The well establised relation given by

equation (2.5), has been shown not to hold for junctions where the “a

gpots are very small, [25].

(Sato) (Holm)
U, U, u,. U
Ag 0.38 0.1 0.37 0.09
Agcdo 0.16 / / /
Sn 0.12 / 0.13 0.07
Ni 0.54 0.21 0.65 0.22
Cu 0.38 0.13 0.43 0.12
Au 0.38 0.09 0.43 0.08
Pd 0.56 0.25 0.57 /

Table 2.1 Experimental Values of Melting and Softening Voltage

2.2.4 The Measurement of Contact Resistance

The method used to measure contact resistance, should always be
defined since the resistance is a function of the current loading. 1In the
case of monitoring surface film phenomena the dry-circuit method is often
used so as not to damage the film. However for switch contacts,
measurment of resistance should be takén at a reasonable current loading.
The measurement of the volt-drop across the contacts, is usually achieved
by positioning the probes as close to the area of contact as possible.
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This is known as the “"four wire” method. The resistance is then obtained
from a knowledge of the supply current, by Ohms Law. The resistance
obtained will include an element due to the bulk resistance, which can
often be considerably larger than the actual contact resistance. In
laboratory experiments the bulk resistance can be cancelled by the use of
the "true four wire"” or “"crossed rods” method. Much of the early work on
material phenomena such as the effects of contact pressure were studied

using this method, [26],[27].

In the measurement of contact volt-drop in real switch contacts it
is particularly important to specify the current, supply voltage and
contact forces, in order that valid comparisons can be made with the data
produced by other researchers. To simplify this the ASTM have set up
further standards for the measuring of contact resistance in static
contacts (i.e comnectors), [28], and for arcing contacts, [29]. The
latter standard however is concerned mainly with the comfiguration of the
measuring instruments, to reduce errors caused by ground loops, and
thermocouple potentials in d.c measurements. The former details the
importance of the current loading and identifies three levels; 1) dry

circuit, 2) standard test current, and 3) rated curreat.

Two further methods have been developed for wuse with real
contacts, so as to isolate the bulk compeonent inherent in the four wire
method. Both depend on the different thermal behavior of the metallic

contact spots and the bulk material.

The Pulse method, allows very short current pulses to pass through
the contacts. The current 1is increased after each pulse until the
softening voltage is reached. At this point using the known value of (Us)

for the material used, the true contact resistance will be given, by
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With this method no use is made of the contact volt drop, and the

accuracy only depends on the accurate measuement of the current, [30].

The second method, known as the non-linear method 1s based wupon
the voltage-current property of metallie conduction. This property is
nonlinear for metals, high current causing more heating, and the resulting
temperature rigse increasing the resistivity. Under a.c excitation a
measurable d.c voltage 1s generated across the test contact which 1s a
direct function of the constriction resistance part of the overall
measured resistance, ({31j. It is then possible to measure the resistance
accurately using the standard four wire method. Little practical work has
been reported using this method, however a new device has recenty come on
to the market based on the principle and is reported in "Measuring the

true contact resistance”, [32].

2.3 Electrical Contact Phenomena during the Break Operation

When the force holding two contacts together is decreased towards
zero the areas of contact are gradually reduced causing an increase in the
constriction resistance. With sufficient current passing through the
interface, there will be a point at which the 1increased resistance
produces a volt drop equal cto the softening voltage and eventually the
melting voltage of the contact material. The molten metal is then drawn
into a molten metal bridge between the moving contacts. Extensive
research has been focused on the events occuring up to this point. If in
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general the voltage across the contacts 1s too small to result in
significant arcing, a mechanism of fine transfer predominates. This fine
transfer is caused by the molten metal bridge, and often results in a pip.
and crater formation, on the contacts. Fine transfer 1s commonly found on
the electrical ignition systems for internal combustion engines, and 1in
telephone relays and is often the limiting factor in their life. In 1972
Hopkins and Jones looked at the voltage and current transients associated
with the bridge, ([33]; and a summary of the phenomena associated with the
molten metal bridge was given by Llewellyn—Jones in 1957, (34]. Recent
work has focused on newer type contact materials for example, Rhodium, and
Rhodium-Tin alloys, which exhibit long life time characteristics, wunder

the fine transefer conditions and freedom of tarnish films, [35].

As the bridge is extended by the opening contacts the moltem metal
will approach boiling point, with sufficient circuit voltage present.
High—-speed photographic studies by Price and Llewellyn—-Jones, [36], have
shown the bridge breaking explosively and that metal vapour and droplets

are present between the opening coantacts.

2.3.]1 The Electric Arc and Arc Initiation

The electric arc is a form of gas discharge characterised by a
volt drop at the cathode of the order of the excitation potential of the
elecrode vapour, {(typically of the order of 10 volts), (37]; and in which
the current flowing can have any value almost without 1limit, above a
minimum which may be 30 milliamps or less at atmospheric pressure. The
temperature which exists in the gas column is generally about 15,000° to
20,000°C; and at this temperature the gas atoms are substantially
ionised, in a plasma state and conductive.
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A vast amount of research has been undertaken in the study of arc
phenomena, primarily because of the large number of applications. In two
recent reviews by A.E Guile in 1471, [38], and 1984, [39], respectively
238 and 616 references were gilven. The latter of the two reviews

attempted to cover the literature since 1970 alone.

In the context of the switch or relay the arc 1s of prime
importance because it is the phenomena by which a significant amount of
erosion, and heating occurs, having a direct affect on the stationary

contact phenomena, and contact reliability.

At the moment of bridge rupture there will exist between the
contacts a potential difference, across a gap comparable to the mean free
path of the electrons at the surface of the contact. If the pressure of
the vapour is not too high, electrons crossing the gap from the cathode to
the anode will make few ionising collisiouns and will therefore dissipate
their energy in the form of heat at the anode. This type of discharge is

generally referred to as a “short arc”, [40].

As the gap increases further, the electrons will make more
ionising collisons with the metallic vapour resulting from the bridge
rupture. The ionised material will then be attracted to the cathode,
creating the cathode fall region. As the arc coantinues to lengthen a

corresponding anode fall, and arc column develops.
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2.3.2 The Full Arc, Current and Voltage Characteristics

As a conductor the arc has a strikingly different characteristic
to the normal circuit constants, i.e resistance, capacitance, and
inductance. With a constant length its volt drop decreases with
increasing current, as a result of the increased conductivity of the arc

due to its increased temperature.

The normal characteristic of a full arc is shown in figure (2.3},
expressed as a function of b;th timé and diétance through the arc at a
particular instant in time, for a d.c circuit. Figure (2.3a) shows how
the voltage across a fully drawn arc is split into the three regions of
the anode fall, cathode fall, and column voitage. It also shows that most
of the volt drop occurs close to the contact surfaces. The column volt
drop results in the visible glow of the arc. Figure (2.3b) shows how the
voltage and current of the arc are affected by the opening contacts. As
the gap increases with time the volt drop across the arc increases thus
reducing the c¢ircuit current. The initial step in the voltage

characterigtic is known as the minimum arc voltage.

2.3.2,1 The Minimum Arc Current and Voltage

The minimum voltage ;nd current are both functions of the cathode
material and the contact shape, [4l]. The minimum arc current (I_,) is
found to be additionally dependant upon the relative humidity, [42]. The
arc voltage can approach the minimum value (V_,) when the arc uses only
negligible voltage for maintaining the plasma. The minimum voltage is
then thought of as being the sum of the anode and cathode falls. Dickson
and Von Engel, 1966, [43], made a study of these voltages by considering
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the closure of two contacts with an arc already drawn between them. This
action was found to cause a separation of the fall voltages, enabling the

measurement for different materials.

2.3.2.2 The Arc Characteristics

In the case of a d.c circuit the arc can only be extinguished by
lengthening until the arc requires a greater voltage than is available in
the circuit. In figure (2.4) the voltage and current characteristic are
shown for silver contacts. The minimum voltage and current represent
asymptotes to the zero arc length line. As the arc length is 1increased
the particular curve will change. Holm produced a set of comstant arc
length curves for varying current and voltage, and suggested that these
curves could be wused for different contact materials simply by shifting
the curves with respect to the asymptotes of (V) and (I,), which could be
taken from standard tables, for a particular material. He published a
table of values for (V ) and (I, ), [44]. More recently, M. Sato, [45],
produced equations defining the arc voltage and current in terms of d.c
circuit parameters for a constant opening velocity. These equations were
obtained from measurements of the oscilloscope recordings of voltage and
current similar to those shown in figure (2.3b). Using silver contacts in
air breaking a resistive load an equation was deduced giving the arc
length (f) at extinction in terms of the supply voltage (V. ) and the
current immediately prior to ignition. Thus;

£
Yy .1

1
“a
3

Eq- (2.9) £ = k ¢ V-V -V /I).1

o

where K is a constant = 1.5 x 10 , for an arc in mm.

¢ = extinguishing arc length,
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V;, IJ= circuit conditions at opening.

Equation (2.9), has been rearranged by some workers to give the

arc length as a function of arc voltage, [46].

2.3.2.3 The Arc Energy

The substantial heating effects of the arc along with the mass
transfer associated with the ion movement, can be expressed in terms of

the arc energy dissipation (E), defined as follows.

Eq. (2.10) E = v.l dt

where (v) and (i), are the voltage and current transients of the arc, over
the time period of the arc, (t). With reference to figure (2.3b), the arc
energy can be obtained by evaluating the areas under the curve produced by

multiplying the instantaneous values of voltage and current.

The arc energy can be expressed as a function of the supply and
for the general d.c conditions with some circuit inductance. Holm, [47]
defines the energy in terms of the supply voltage by the equation.

t

2
Eq. (2.11) E = O.S.L.I_s + ( Vs - R. {5) I; dt

where ¢ the duration of the arc,
R = load resistance,

L = Inductance of circuit,
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This equation is made up of the energy drawn from the supply and
the energy dissipated 1n the arc by any stray inductance present in the

circuit.

2.3.3 Circuit Conditions

The arc characteristics discussed in the previous sections apply
directly to a d.c circuit, thus the arc curves can be used to determine
the necessary contact gap needed to break the circuit current, [48]. With
reference to figure (2.4); with a supply voltagg of 40 volts (d.c) and a
closed circuit current of 2.5 amps, the line drawn between A and E will
give the expected arc voltages, and identify the contact gap at which the
arc will be extinguished. At the onset of contact motion, B gives the
minimum arc voltage of the particular contact material. As the contact
gap increases the arc voltage will increase; at C with a gap of (0.05mm)
the voltage drop across the arc will be approximately 15 volts. As the
gap increases the arc voltage increases, until D at which point the
circuit can no longer maintéin the arc. For the condition shown the
contact gap at rupture would be approximately 0.23mm, and the arc voltage
and current, 27.5 volts and 0.8 amps respectively. This suggests that to
break the given d.c supply a contact gap in excess of (0.23mm) would be

required.

With large supply currents, arc extinguishing devices are used to
produce a high arc voltage as quickly as possible, for example blow out
coills create magnetic fields which move the arc to guide plates away from

the contacts, thus extending the arc, and cooling the plasma, (49].

In the interruption of a.c¢ currents, the a.c zero that occurs
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twice every cycle, can be used to extinguish the arc naturally, since the
zero current, or zero voltage will not sustain an arc. Under the
conditions associated with the medium duty range, re—-striking of the arc
is usually prevented. There are two modes under which restrike can occur,
the first is by the breakdown of air, which can occur at voltages as low
as 300 Volts. The second mode is by thermal re-ignition. When the arcing
process has ceased, there still remains between the gap a conductive
plasma which consists of electrous, ions and metal atoms that require a
finite length of time to dissipate. Until the plasma decays, the ability
of the gap to withstand a high voltage is diminished. 1In a recent paper
C.G Chen, ([50], <considered some of the mechanisms of restrike on Silver
Cadmium—Oxide contacts, and demonstrated the importance of metal oxide
components, and the effective ionization energy of the metal in the gap.
The restriking of an extinguished arc is also effected by the surface
conditions of the contacts, [51]. A practical application of the restike

phenomena is in arc welding with an alternating current.

The hybrid switch or relay discussed briefly in the introduction
makes full wuse of the a.c zero by synchronisation with the instant at
which the contacts separate. In the case of the hybrid switch the
synchronisation is achieved by the electronic monitoring of the zero
crossing. In a recent paper by P.J White et al, [52], the magnetic
circuit associated with the current path in a small snap—action switch,
has been used to synchronise the opening with the a.c zero, by making use
of the contact forces created by the careful design of the magnetic
circuit. It was observed that a reduction of up to 40 percent in the

total arc energy dissipation was possible using this method.
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2.4 Electrical Contact Phenomena at Switch Closure

An essential part of this thesis is the study of the eveats that
occur during contact bounce. The erosion observed between the pivot and
the blade in a rocker switch is identified in the initial investigations
in Chapter 4 to be primarily caused by small amplitude vibrations

between the two contacts.

In the general case, when two solid objects collide there is
lnevitably a rebound, which in the case of electrical contacts, if the
circuit conditions permit, results in the generation ¢f arcs. With arcing
occurﬂng during the contact bounce, each bounce becomes a very fast break
and make operation , during which the arc is not usually extinguished,
unless an a.c zero occurs. The events occurrhlg during the impact of
electrical contacts thus reflect some of the events at the opening of the
contacts. Often there are a number of bounces following the initial
impact 6% the contacts which with asscociated arcing can lead to severe
erésion of the contacts. In most circuits the current rise at impact is
delayed by the effect of the circuit inductance, thus reducing the energy
dissipated by the arc and thus the arc erosion. On switching a capacitive
circuit however a high inrush of current can occur, which reduces as the
capacitor reaches full charge. Other devices can also give a high inrush,
for example metal filament lamps, and electric motors. The high in rush
of current can be disastrous for the switching contacts since currents as
high as ten times the normal circuit current can pass through the

interface during the bounce and arcing stages, [53].
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2.4.1 Arc Ignition Prior to Impact

The normal separation distance of the switch contacts will
satisfactorily resist the flow of current under normal conditiomns, however
the contact gap can breakdown without the normal initiation stage of a
electric arc, as detailed in section (2.3). The electrical breakdown of a
gas between electrodes is described by Paschen”s Law, which expresses the
breakdown potential as a function of the product of electrode gap and gas
pressure. Classically thls shows that the minimum voltage at “which
breakdown can occur to be in the region of 300 volts, [54]. However for
small gaps of the order of (lxld_gm), breakdown and arc ignition have been
observed with voltages as small as 50 volts, [53]). Further to this at the
instant of contact impact the asperities will evaporate and allow a very
short period in which arcing could occur before the contacts close

completely.

2.4.2 Mechanical Impact and Bounce

To understand the events occuring in the electrical contact
interface during impact it is important that an understanding is given of
pure mechanical impact, to which there is a long history and substantial

experimental data.

Mechanical impact is a general area applicable to many areas of
mechanics. The study of impact between colliding solid bodies received
its first theoretical treatment in 1867, by St. Venant, who suggested
that the total period of collision was determined by the time taken for an
elastic compression wave to move through the solid and be reflected back.
Experimental results show this theory not to be perfectly true and the
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evidence suggests that for small bodies the collision process is dependant
upon the deformations occuring in the area of contact. Consequently for
small bodies of the order of a few centimeters in Iength the problem of
the compressive wave can be ignored, [56]. The physical explanation of
impact and rebound can then be applied to the events occuring at the

points of contact.

Using these assumptions, the events occuring during impact were
dealt with by Bowden and Tabor , [57], who separated the -impact process

into four main stages.

(1) The elastic deformation in the areas of contact, as given by the Hertz

equation (2.1).

(2) The partial plastic deformation when the local pressure exceeds 1l.lx

the yield point of the materials.

(3) Full plasticity until the whole of the incident kinetic energy at

impact is consumed by the collision.

(4) Release of the elastic stresses resulting in the rebound.

A full analysis of the four phases involved in the collision
process is complicated and difficult. Early research into this area
studied the quasi-static behaviour of contacts, Goldsmith 58], and Tabour
[59], and concluded that extrapolation of the results te the dynamic
impact process could be carried out on the basis that the difference
between the dynamic and static yield stress and static and dynamic energy
dissipation are often within 25-50 percent for a number of common metals.
These early tests encouraged the belief that a useful if only qualitative
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insight into bounce could be gained by quasi-static load tests, [60].

Experimental investigations in the field of 1mpact have been
performed for a variety of purposes. Many have been conducted with the
object of assesing the validity of a proposed theory or the accuracy of an
assumed model of material behaviour, for example proving the Hertz law of
contact or the study of visco-elastic wave propagation. Other efforts
have been directed towards the collection of empirical information in the

areas of cratering and penetration, [61].

In the impact process of electrical contacts one contact would
normally be staticnmary, and would be impacted by a moving contact. The
kinetic energy of the moving contact is then absorbed at the interface, or
in the support structure. During the release stage the moving contact is
given back a degree of the energy, which results in a separation. With a
spring acting on the moving contact the contacts will again impact wuntil

all of the incident kinetic energy of the first impact is dissipated.
The application of current to the interface during the impact and

the following bounces, adds a further dimension of difficulty to the

mechanical considerations.

2.4.3 Impact and Bounce Applied to Electrical Contacts

The damage caused by the erosion of the contacts during the make
operation has caused a number of researchers to consider the events

occuring during the impact and rebound stages of electrical contacts.

In 1965 A.Erk and H.Finke published two papers (in CGerman) on the
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events occuring at the impact of electrical contacts, |62], [63]. The
first paper focused on a test apparatus designed to study the mechanical
evenfs of electrical contact bounce. With this test system they monitored
the magnitude of the bounces in terms of displacement; with an aperture
based optical system. Simultaneously they monitored the voltages across
the contacts. The supply used was a 4.5 Volt d.c battery with a closed
circuit current of 0.45 milliamps, such that no arcs would be generated
between the contacts. The electrical transients thus gave a measure of
the separation and impact tlimes. Using this system they monitored how the
bounce of new copper contacts was affected by their test system, for
example by changing the static contact force. They identified that
contrary to the expected reduction in each bounce in a particular wmake
operation due to damping, the amplitude and duration of some of the

bounces could be greater than the first bounce.

Using the same test system they went on to consider the affects on
contact bounce of heavy a.c currents in the range 100-1400 Amps with a

supply of 380 Volts, 50 HZ.

They considered 25 contact materials in this JInvestigation, and
concluded that with all of the materials the duration of the first bounce
was independent of the wmagnitude of the supply current. However the total
number of bounces was reduced by increasing the current. The durations of
the subsequent bounces, that is those occuring after the first bounce,
were reduced by the increase of current. Their data however shows no
fixed relation with current, in the magnitude of the reduction of the
subsequent bounces, only an overall reduction. Some of these results are
reproduced in figure (2.5) for fine silver and AgCdO, contacts. The times
of the second bounce are shown in the case of pure silver contacts to
increase from 1.3ms at 100 amps to 1l.8ms at 180 amps; after which a
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reduction is observed with increasing current. The duration of the first
and second impact times were shown for the materials to increase with
increasing current. No reference was given in this Qork to the gonditions
of the contacts used, however as mean values were taken from samples of
20/30 values it can be assumed that some surface degradation had occured

during their tests. No full explanation was offered on these results.

As an extension of this work and to give analytical understanding
to the events, a simple mathematical model was developed to represent the
contact mechanics, based upon a system of masses, springs and dampers,
representing the elasticity of the contact surfaces. Consideration was
given to the coefficient of restitution (e) and the conservation of linear
momentum. With reference to figures (2.6), (2.7), and the full definition
of restitution given by Meriam, [64], and Goldsmith, [65]; the following

definitions can be made.

tl
j[ F . dt
magnitude of the restoration impulse t, r
e = =
magnitude of the deformation impulse to
[ w
0 d

where t = U is the instant of impact,
t,= the instant of separation,

t,,occurs when both contact interfaces have the same velocity,

Now F = the rate of change of momentum during restoration, thus

t
"FPadt=(M (-u )=M (=u ))
r 1 11 10
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then N = M (u =-u )

and for the deformation impulse, =M ( u - u)
1 10 0

(u =u )/ (u =u )
0 11 10 0

then, Eq.(2.12) e

The conservation of momentum gives, Eq. (2.13),

M u +M .u =M .u +M .u = (M +M ).u

1 10 2 20 1 11 2 21 1 2 0
where u = the velocity of the top contact after impact,
11
u = the velocity of the bottom contact after impact,
21
u = the velocity of the top contact before impact,
10
u = the velocity of the bottom contact before impact,
20

Or in general,

u = the velocity of the top contact after the n”th bounce,
ln

u = the velocity of the bottom contact after the n"th bounce,
2n

Then for two particles or contacts, using Eq.(2.12)

substituting for the common velocity u s from Eq. (2.13);

21 11 relative velocity of seperation

{u -u ) relative velocity of approach

or in the general case, for the n”th bounce,
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(u -u )
2(n+l) 1(n+l)

Eq.(2.14) e =
(u “u )
in 2n

Often the coefficent of restitution is considered a material
constant, and as such can be used to produce some useful relations for the
rundown of bounce. However in reality the concept of restitution is used
because of its attractive simplicity, and it would be more conceptually
satisfactory to summarize results in terms of energy dissipation. The
coefficient of restitution has been shown tc be a function of impact
velocity, and to some extent 1s affected by surface hardening, due to

impact, [66], [67], |68].

Using the above formulations, and by simplification of the
mechanical system Erk and Finke were showed that little correlation was
achieved between the events measured in their test system and the expected
mathematical model of the interface. The reason given for this was that
after the first contact impact and rebound the contact supports vibrate at
a high frequencylthué complicating the subsequent bounce mechanics. This
also explains the observation that some of the subsequent bounces could be
larger in amplitude than the preceeding ones. Because of the complexity
an analogve computer was used to study the mechanical system. Usiﬁg this
method good agreement was achieved with the experimental results. Erk and
Finke concluded that in the mechanical system small variations in the
speed of the first impact would yield considerable changes in the events
after the first impact and bounce. Thus a full analytical understanding
of both the first impact and the first bounce with load current would be
extremely complex as a consequence of both the mechanical vibrations and

the effects of arcing.
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In their second paper, Erk and Finke, using an adapted version of
their test apparatus, looked at some heating effects occuring during the
impact process. They also considered the effects of dynamic welding and
the variations in arc voltage characteristics for a range of contact
materials. The supply used was 380 Volt, 50 Hz, with the current range
between 100 and 2 KAmps. The current was pulsed through the contacts for
only a short period of time, typically 50 ms. The contact surfaces were
machined afcer each operation, and the force necessary to break the

resulting welds were measured.

They iaentified that the heat generated by arcing was a function
of the arc energy dissipation (E), and that during the contact bounce the
arc voltage remains roughly constant for a given material, within the
range 10-20 Volts. Measurements were made of the arc voltage, which
correspond to the minimum arc voltage (V_ ) for a range of different
materials. The value of (V"\) for a particular material is therefore
important at make since it will be a constant in the arc energy equation,
as given by Eq. (2.10). The arc energy at make is considered in-section
(2.4.4). From their observations Silver Cadmium Oxide, (AgCd0), (90/10),

came out with the lowest value. Some of the other results were,

AgCdO (90/10) = 10 Volts; AgNi/ZrH (60/37/3) = 15 Volts; Ag = 16.1

Volts; W (Tungsten) = 20 Volts;

It should be noted that these values are not absolute, and Holm
has published different values, eg. Ag = 12 Volts, and W = 15 Volts, in

air at room temperature, [69].

In conclusion to their work Erk and Finke postulated that assuming

no arcs occur before the first impact, that few effects occur during the
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first impact, and that no noteworthy heating effects occur before the
first bounce. During the arc of the first bounce melten metal would be
produced at the contact interface, thus effecting the subsequent impacts.
Algo during the subsequent impacts the molten metal interfaces could
solidify causing dynamic welding of the contacts. It was shown that the
materials with the lowest minimum voltage would take the highest current

before melting occurs.

In 1967 P.Barkan, [70], considered again the events occuring in
the mechanical impact of electrical contacts, he looked at some of the
fundamental energy exchange processes involved, and presented the results
of a range of experimental and analytical studies. He initially
considered the Quasi-Static behavior of contacts, and showed that the
energy absorbed in deforming wvirgin surfaces is irrecoverable to an
extremely high degree. However it was emphasised that this would only be
true until the surfaces are sufficiently deformed; after which
work—hardening changes the deformation and energy dissipation
characteristics. The reasons given were as follows, (1) The radius of
curvature of the surface.tends to grow with successive 1loadings reducing
the peak stress for a given load, and (2) the work-hardening of the
materials increases the yield stress so that a higher proportion of the

energy is stored within the elastic stress range.

In the dynamic studies presented he emphasised the importance of
designing a test system where the energy content of the stress waves
within the contact and its support are reduced to negligible proportions
compared to the strain energy stored at the interface. This required a
period of impact long compared to the time required to propagate stress
waves through the body. This was achieved by the use of free moving

spring—loaded contacts. The contact bounce transients were monitored
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between the impacting contacts, using a 6 Volt, 3 milliamp d.c circuit.

Using this system it was possible to simplify the analytical

description of the impact process in terms of the dissipation of energy.

For conservation of energy, at the instant when both contact

surfaces have the same velocity \u ),
Eq. (2.15) KE;+ KE1= Es+ l(Eu_°

where,E5= The strain energy stored at the suface when u = u,

This equation can be simplified for the case where one contact is

initially stationary to give an evaluation of the strain energy. Thus;

I

- 2
Es=(l+MI/M,) . (M'. u )/ 2

and,

Eq. (2.16) ”Z . E,=E,, the energy dissipated, and‘7==1 - e

where ’Z= the % of recoverable strain energy.

The value for (e) can be determined from the bounce times as shown
in the following analysis. Thus Barkan was able to study the bounce
characteristics in terms of strain energy and (7).

With reference to figures (2.6) and (2.7), the mechanics of bounce without

the passage of current can be described as follows.
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Assuming negligible gravitatiomal effects, and a constant applied force,

u = F /M
11

Where u
11
F = the applied spring force,

the deceleration cf the moving contact after first rebound.

M

the contact mass assembly,
For a Linear deceleration the duration of the first bounce is given by,

T = t=-t =2 .u . M [ F esassescsseses Eg. (2.17)
1 2 1 11

20 21

therefore , u = e ., u and, u = e . u

where n = the number of the bounce.

then in (2.17).

T = 2 .u .2 .M/ F ceeesassssesss Bq. (2.18)
1 10 )
n
and, T = 2.u .e .M/ F ciessssesseses Eq. (2.19)
n 10

where T = the duration of the n”th bounce.
n

From which the total duration of bounce can be given by,

n
5;1 T = T=2(M/F)eu e/ (1l=-e) tieassrrassssaBEq. (2.20)
—'1 n 10

oQ

n
By the use of the relation, E{: e =e /(1 -¢e)
n-1

The maximum amplitude of the first bounce \ Z ; is given by,
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2
Z = u .T.e/2 = (F.T )/ (8M)
1 10 1 1
and from (2.18),
2 2
z = u -e . M/’kz IF) 4 5 & 08 B s 8 sa s qu (2'21)
1 10
For the n,th bounce,
2 2n
Z = u .28 . M/ (2 .F) ressassessenne Eq. (2.22)
n 10
Substituting for M/F from {2.19), then
n

zZ = T . u . e [ 4 tesecsannsssss Eq. 42.23)
n n 10

Using these equations it is possible to relate the amplitude of a
specific bounce to the duration of the bounce. For a given impact
velocity and assuming "e” to be a material constant there exists a unique
relation between the time of bounce and the maximum displacement. These

equations do not however allow for the vibrations in the fixed contact or

the presence of a current or an arc between the contacts.

In the second part of Barkan”s paper, an analysis was made for the
complete suppression of bounce in elementary contacts, by consideration of
the stiffness of the fixed contact support, but concluded the need for an
additional means of dissipating the 1incident kinetic energy. Some of
these methods are discussed in section (2.4.5). The paper was well
recieved at the time, however because of the omittance of the effects of
current some discussions were added by observers; R.E Voshall of
Westinghouse, picked up on the effects of load currents and suggested that
Barkans results would only apply to the low vecltage, low current
situation, since at high currents and voltages pre-impact breakdown would
occur, and during the transient stages the magnetic repulsion forces
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produced by the current loops would tend to separate the contacts. He
also identified that the work-hardening effects, would not apply because
the presence of arcing would produce localised heating and melting of the
contact surfaces which would change the metallurgical properties of the
region near the surface. He concluded that the presence of current should

be considered to make the analysis more general.

In his relpy Barken emphasised that if bounce is reduced without
current, then on the application of current there will still be a
reduction. He went on to identify three principle effects of current upon

bounce behaviour. These were as follows

(l). The advent of pre-strike would increase the mechanical energy
dissipation because of the associated softening of the surface, however
the position ef the pre-strike arc 1is unlikely to interfere with the
actual areas of contact at the first impact. Hence the no-current

consideration is still the most important.

(2). The magnetic effects at high current would tend to cause separation
before expected, to monitor these effects it was suggested that a dynamic

force transducer could be used.

(3). During the first bounce the presence of an arc between the slightly
separated contacts could effect the bounce because of the vapour pressure

of the eroding contact materials.

In 1980 B.Sandler et al, [71], considered some of the mechanics of
contact bounce in the application of electromagnetic relays, with the aim
of reducing erosion, welding and electrical noise. To study the contact
bounce the authors considered the bounce displacement characteristics and
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electrical separation times. After a review of a range of methods a laser
based contact displacement system was developed based upon the same system
used by Erk and Finke. Using this system the authors were able to relate
displacements to the bounce transients under both signal current and load
current conditions, (between 50 and 150 Amps d.c). Their measurements
were however complicated by a bridge type moving contact and the
agsociated dynamics of the relay coil system. They were able to conclude
under signal current conditions that the duration of the bounces were
proportinal to the corresponding displacement. In the case of the load
current application they concluded in the same fashion as Erk and Finke,
this time for d.c currents, that the current magnitude affects the length
of the transient process. They also considered the surface changes as a
result of the arcing but only identified that the contact dynamics reaches

a stable characteristic after 150-200 contact “switchings"”, and that worn
contacts behave differently when un—-loaded. These later results were in

general only applicable to the relay system used.

In a more recent paper, (1984) A.A Slonim, [72], preduced an
analytical study of the non-linear bounce implicit with the complex system
dynamics of the «closing relay. A pood experimental and analytical
relationship was obtained although only the mechanical system was
considered, and as such the results of the application of current would

require further modifications to the mathematical model.

In 1985 B.Miedzinski, [73], considered the importance of the
surface degradation on contact bounce in reed switches used to switch a.c
and d.c inductive loads of 0-3 Amps, by taking into account the bounce

variations under operation. He concluded that reed switch bounce was not

only a function of surface hardening but alsc the contact topography.
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2.4.4 Summary of Electrical Contact Bounce

To summarize the observations and results of other workers, the
effects of current on mechanical bounce, assuming the circuit voltage and

current is sufficient to cause arcing, then:

(1) A reduction in the mechanical bounce characteristics will inevitably

lead to a reduction in the electrical bounce and therefore reduce the wear

due to arcing,

(2) There is a relationship between the duration of bounce and the maximum

amplitude.

(3) The first bounce time is independant of current.

(4) Impact times, including the first impact time increase with current.

(5) There is an overall reduction in the number of bounces due to the

passage of load current.

(6) There are complex interactions affecting the bounces after the first.

(7) To reiterate one of Barkans conclusions on this subject,: "a detailed

study of the interaction between high current phenomena and bounce would

constitute a valuable subject for further papers”. Barkan did not make

this further step.
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2.4.5 Arc  Energy during Make and the Significance of the Contact

Separation Time

This section is an extension of existing theory, and 1is used to
justify the importance of bounce time, such that the need of measuring the

bounce displacement is reduced, in the experimental work.

In addition to the evaluation of bounce time, this thesis
considers the influence of current on contact bounce. To demonstrate
these effects figure (2.8), shows a typical mechanical bounce with a
gignal current, and a load or electrical bounce characteristic, for the
same conditions at impact. From this figure the bounce times <can be

identified, as follows,

n

T, and T = Z{}t -t )
e m (2n+l) 2n

1

where n, is the time at where the contacts separate, or impact

and T ,T are the total electrical and mechanical bounce times.
e m
It was observed by Erk and Finke that during the make operation
the arc voltage remains roughly constant, and equal to the minimum arc
voltage. With reference to figure (2.4), with small contact gaps ( <
0.lmm) the arc voltage holds close to the minimum arc voltage. Thus the

statement can be made more general and related to the bounce displacement.
1f (Vm) can be assumed constant, then for a d.c resistive load,

the arc energy equation (2.10) can be simplified to give,

Eq. (2.24) E=Vv. I.T

where I = the arc current which is also ccunstant,

a
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and T = the total duration of the bounces with arcing,
e

Then over N cycles of make only operations,
N
Eq. (2.25) E=V .1 zz T

where E = the total energy dissipated over N operations.
N
Hence the energy dissipated by the arc after first impact is
proportional to the total duration of bounces for d.c conditioms.. For a.c
condition the situation 1is complicated by the possibility of the arc

extingishing due to zero current during a bounce.

Substituting for the arc current in terms of the steady state
circuit current and voltage, gives
N
Eq. (2.26) E=V.I(1—V/V12T
N m s m s 1 e
From which it can be concluded that if the contact separation time
is measured, then this is an accurate method for monitoring the bounce
phenomena in electrical contacts. Additionally by the use of equation
(2.26) an evaluation of the arc energy dissipation can be achieved. The

validity of the assumption of the minimum arc voltage remaining constant

is considered experimentally in Chapter 5.

2.4.6 The Mechanical Suppression of Contact Bounce

The initial investigations into the support structure of fixed
contacts, as undertaken by Barken, suggested that, the maximum percentage

of incident kinetic energy transmitted into and retained within the
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support structure could be optimised. If a means were provided for the
rapid dissipation of this trapped energy, minimisation of contact Dbounce
could be achieved. This lead L.Reiter, [74], to consider bounce with both
contact members being coupled to additiomal light masses. This allows for
a complete transmission of the initial kinetic energy into the mass

absorbers.

Using a simplified model of the impact process, Reiter showed that
it was possible to optimise the energy dissipation at impaect, and thus
increase the bounce suppression. This method proved successful and lead
to a series of tests on switch contacts which showed significant

reductions in wear.

The general application of these methods are however often not
economically acceptable, because of the increased cost. This is
particularly true in the medium duty range, where costs and the number of

parts are designed to a minimum.

A further method of reducing the bounce would be to reduce the

incident kinetic energy to a minimum, for a particular mechanism.

2.5 Contact Erosion and Contact Failure

In the following section the range of contact phenomena covered so
far will be reconsidered in the context of contact erosion. Contact
reliability is related to the weatr processes at the contact surface,
consideration is therefore given to ways of monitoring the wear and how

the wear relates to failure.
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The failure modes of electrical contacts are many and depend on
the circuit and environmental conditions. Since the major problem with
electrical contacts is their short and to some extent unpredictable life,
a vast amount of research has been focused on this area. In this section,

consideration will be given to switch contacts in the medium duty range.

2.5.1 Wear in Non-Arcing Contacts

The wear of sliding contacts is of major importance to electrical
pickups of all types, for example carbon brushes in electric motors.
However the interface considered in this thesis is only subjected to
sliding in the sense of small amplitude slip motions. This is true of
most types of switching contacts in this range, which are often subjected
to a designed slip to provided clean contact surfaces after the make

operation, [75].

In 1980 M.Antler, |76], detailed the erosion processes in metallic
sliding contacts. In this paper a range of wear mechanisms were
considered as applied to sliding contact, namely adhesion, abrasion,
brittle fracture, fretting and delamination processes. The majority of
these mechanisms are generally applicable to sliding contacts, however the
fretting wotion could be applicable to both connectors and switch
contacts. In this paper fretting was defined as small amplitude
oscillatory motions, which because of the limited motions, caused debris
to accumulate between the contacts rather than emerging free. The wear
debris from the base metals will contain products of the reaction with the
environment, such as oXides and in this case the process is commonly
termed fretting corrosion. It was observed that the oxide debris can
cause substantial increases in contact resistance, and some experimental
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results were presented to show how the increase was associated to the

wearing through of noble metal plating.

2.5.2 Corrosion Mechanisms as Applied to Electrical Contacts

The mechanisms of corrosion are varied and often complex in their
interactions, since more than one mechanism can be occuring at any

instant.

Two different metals in contact will often react in such a way
that the more base metal (i.e the metal more anodic in the electrochemical
series, [77])) will corrode. In the case of the silver/ copper interface
produced by plating shown in figure (5.7) any removal of the silver plate

could lead to the anodic corrosion of the copper producing copper oxide.

Increases in the interface temperature as a result of Joule
heating at the asperities can also increase the corrosion rate. In 1368
J.C Kosco, [78], considered the effect of the interface temperature rise
due to contact resistance on the oxidation of electrical contact
materials. The experimental evidence presented suggested that the
temperature rise characterisics of various contact materials could be
correlated to their oxidatiom behavior. The circult breaker contacts
considered were tested at cthe standard U.L (Underwriter Laboratories)
endurance test, at the rated .loading, with arcing present during the
cycling. From the results it was concluded that the bulk electrical
resistivity was of minor impertance in determining the temperature rise
characteristics, instead the surface resistivity which was strongly

related to oxidation behavior was the dominant factor.
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2.5.3 Mass Transfer in Switching Contacts due to Arc Erosion

Much work has been applied to the study of mass transfer and the
associated phenomena during arcing, however some of the basic processes
are not yet fully understood, because of the complex interactions of the
various mechanisms. Some of the factors affecting the transfer are the
materials, the environment, and circuit conditions. Holm, [79]
distinguished four main types of erosion, or material transfer in
switching contacts. 1) Mechanical degradation, usually small and
insignificant in contacts subject to arcing. 2) Bridge material transfer
or fine transfer. This type of erosion ias not generally significant to
contacts in the medium duty range, where full arc development usually
occurs. 3) and 4) Material transfer due to arcing, with respect to the
direction of transfer; the anode dominated arc, with erosion at the
anode, and the cathode dominated arc with the cathode showing the most
erosion. It was also identified that the transition from anode to cathode
dominated arcs, appeared when the contact gap length passed a critical
value. The mechanisms responsible for the arc erosion are not the subject
of investigation in this thesis, however it is important to consider the

influence of the erosion on the reliability of contact.

2.5.4 The Measurement of Contact Erosion

The actual measurement of contact erosion is difficult im that
although the erosion can be measured and identified in terms of change of
mass, the quantities of mass are often small, particularly in the wmedium
duty range. Additionally the mass changes do not necessarily rélate to
the contact failure modes, since the measure gives no indication of the
distribution of mass In and around the eroded areas. A solution to the
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problem of mass distribution was approached im 1979 by J.Wolf, [60], and
P.J White, ([8l], wusing a method of measuring the electrode erosion based
on the use of a scanning surface analyser. With this method it was
possible to monitor the surface degradation in terms of volume changes
from a fixed datum line, usually the contact shape when wunused. The
method was used in 1980 by P.J White and D.J Mapps to show that there is a
d.c current (8 Amps at 40 volts), where there is no net transfer between
the anode and cathode contacts. It was also shown that for break arcs,
the direction and the amount of material transfer was a function of the
power dissipation occuring in the anode and cathode fall regions, [82].
These results support the statement of H.W. Turner and C. Turner, who
suggested that the amount of material removed was not directly
proportional to the arc energy dissipation but only that part of the

energy close to the contact surface, (83].

2.5.4,]1 Erosion as a function of Mass Change

It has been traditional in the evaluation of erosiomn to consider
the amount of erosion as a function of mass change. To establish some
relation between circiut conditions and erosion Carballeria et al, in
1982, (84], and 1984, [85], considered empirical relationships between the

weight loss and the current intensity at make and break in the form,

M = f ( I(make) , I(break) ) : where M = the mass loss,

They showed in their test system that the erosion at break, holds
a linear relation with the number of cycles,for a given contact material,
and a.c current. The materials considered were Fine Silver, AgCd0O (B88/12
sintered), (88/12 internal oxidised), and Silver Graphite (95/5). Using
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the least squares method they were able to determine empirical relations
for a range of contact materials. In the case of the make onrly cycles the
erosion rate was found to change with the number of cycles during the
test. The physical meaning of this non-linear relation was suggested to
be partly due to the "metallurgical evolution” of the contact surface,
however some surprise was expressed at the continuous evolution after

several thousand operatiens.

In 1982 a further paper on this subject was given by J.Muniesa,
[86], who considered the correlation between this type of accelerated life
test and real switch contacts. The equipment used was similar to that
used by Carballeira, however arc energy was also monitored. The
relationship between wear rate and the number of cycles again proved to be
linear for the a.c circuit conditions considered. The relationship
between the arc anergy dissipated and wear rate however showed that for a
given energy dissipation the wear at closing the contacts is up to ten
times greater than at opening in the field of energy considered, (0.1J -
100J). This observation, "can only be explained by totally different
erosion processes during the bounce and at opening”. Some suggested
mechanisms were local high pressure with explosions, and the effect of
molten metal being ejected during the bounce. Comparisons made with
theoretical relations between arc energy and mass changes, showed that the
wear rate is up to 100 times smaller than that predicted. This difference
was explained by large redepositing, with metal vapourizing and
redepositing away from the arc on the contact surface. It was concluded
that the empirical laws of erosion could not be applied to the general
case because of the dependance on the type of contact and the contact

shape.
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2.5.5 The Evaluation of Contact Failure

In the evaluation of failure, mass changes are often considered
because most contacts are plated with expen?ive noble metal, usually
silver based for the medium and higher curreat ranges. Since the change
of mass represents the degradation of the surface it is often related to
the eventual failure of the contacts. - The redepositing discussed by
Muniesa, however can cause some confusion since the mass could remain
constant and just redeposit around a crater. It 1s therefore suggested
that the volume method would lead to a more accurate assessment of contact

degradation. Some further failure modes are.

1) Failure due to Welding of the contacts. This phenomena is usually
associated with currents outside the medium duty range, and 1is commonly
split intce Dymamic and Static welding, [87]. It can be associated with
the degradation of the contacts, defined in terms of mass or volume

changes.

2) Mechanical Failure of the device. This is often ignored because of the
more significant electrical problems, however sound mechanical design is

important to overcome fatigue, or the dislocation of moving parts.

3) Overheating. The problem of overheating is generally not a problem of
total failure, but is more often associated to the failure of switches to
satisfy international standards. For example B.S 3955, [88], requires
that after the endurance testing of the switch contacts the switch should
be temperature rise tested at (l.lx) the rated current and the terminals
should show equilibriumtemperatures of less than (50°C). A switch failing
this test would fail to be approved, with the associated economic
repercussions. Thus the contact resistance changes associated with the
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arc erosion are of major importance, since the temperature rise is a
function of the increase in contact resistance, [8%9]. Therefore the
dependance of the arc erosion on the mass changes can be of significance
because of the exposure of the base material usually copper, and the

associated increase in contact resistance.

Additional aspects of the contact erosion phenomena have been
considered by H.W Turner and C. Turner, [90], for example, concentration
of burning in one area resulting in non-uniform damage, or distortion of

the contact surface.

2.5.6 The Monitoring of C(ontact Resistance as a Function of Contact

Erosion

It has been reported that the temperature rise problem associated
with the failure of devices to meet standards, results from the increase
in contact resistance. The monitoring of the resistance therefore
constitutes a 'further means of menitoring the surface degradation. Such
‘methods have been used extensively in preference to the more difficult

task of monitoring mass or volume changes.

2.6 Switch Dyna mics and Contact Erosion

The study of switch dynamics is not an area of pure research, and
is an area that is traditionally the realm of the manufacturing company”s
design engineers. The methods wused in the consideration of switch
dynamics are in the main based upon empirical relations, and when
confronted with optimisation requirements, these often fail to be of use.
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The recent developments in the availibility of computer time and software,

could however have an important impact in this area.

The importance of switch dynamics to the reliability of che
interface is often disregarded, however the contact motions play a
significant role in the duration of arcing. The opening characteristics
of electrical contacts can play an important role in the eventual erosion
of the contact surface, since the arc length is controlled by the contact
gap, and therefore velocity. On  ‘impact the dynamics is simflarly
important as identified in section 2.4.5, since the incident kinetic
energy is a function of the incident velocity squared, and to some extent

controls the magnitude of the bounce duration in a given system.

There have been relatively few paperé in this area, however with
the possibilty of complex mathematical models being solvable by the use of
numerical methcds and in particular finite difference methoeds, substantial
advances could be made in optimising opening and closing velocities. As
with most apparently simple devices, the rocker switch inm operation
exibits a complex interaction of moving parts. As a forward to the work
undertaken in this thesis, D.J Mapps, et al, {91], considered the
interaction of the hand operated actuator, in the switch dynamics of the
moving contact, and suggested some theoretical relations between the
relative motions and the switch geometry. This analysis assumed that the

moving bliade contact was of zero mass, and inertia.

The dynamics of relay contacts have been considered in detail by
A.A Slonim, ([92], who considered the theoretical analysis of bounce
mechanics much in the same way as Erk and Finke, however the eighth order
nounlinear differential equations used to describe the contact motion were
here simplified to an approximate system of fourth order linear equations.
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Using this method a good comparision was obtained with the experimental

results of contact displacements.

2.7 The Nature of this Investigation

This investigation originates from the need to reduce erosion
between the blade and pivet in snap action rocker switches. In the
initial investigation presented in chapter 4, the study of the switch
dynamics identifies that the main cause of the pivot erosion is the
transient separations or bounce. occurring at the interface. To reduce this
separation, and simultaneously improve the overall life of the rocker
switch, a model of the switch dynamics is presented in chapter 4, with the
aim of reducing the kinetic energy in the system at main contact impact.
The kinetic energy can then be related to the pivot bounce and pivot
erosion. This relationship is by definition a mechanical relation in that
the application of current to the bounce would change the bounce as

identified in this chapter.

To monitor the effects of current on bounce a fully automated test system

1s presented in chapter 3, with the results presented in chapter 5.
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CHAPTER 3

EXPRIMENTAL APPARATUS AND TEST METHODS

This chapter describes the equipment and methods used in obtaining the
experimental results presented in this thesis. It also includes the
design and develop ment of the experimental apparatus used and focuses on
a computer based automatic test system designed to monitor a range of

electrical contact phenomena in switching contacts.

3.1 High Speed Photography

High speed photography has been used for many years 1in the study of
electrical contact phenomena. This photographic method enables the switch
designer or researcher to study the details of switch dynamics and
electric arc behavior, characterised by typical operation times of a few
milliseconds. From the films produced, details of displacement against
time can be obtained, enabling an analyticai study of the events
photographed [1]. The high-speed camera wused in this research is a
rotating prism camera, manufactured by John Hadland \U.K); it is shown in
figure (3.1) with the associated test apparatus. The camera wuses 16 mm
double perforated film. The camera mechanism shown in figure (3.2) is
based on a rotating prism, shutter assembly. The fan shutter controls the
film exposure while the rotating prism directs the image'on to the moving
film. Using this equipment, speeds of up to 11,000 frames/second can be
achieved using a full 16 mm frame, and up to 44,000 frames/second using
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quarter frame ([2]. To achieve 11,000 frames/second takes approximately
1.69 seconds and 75 metres of film, and once achieved generates Il
pictures/miilisecond. In this work for the sake of economy, 30 metre
lengths of f£film have been used, enabling speeds of wup to 8,000
frames/second, in 1.04 seconds, as shown in figure (3.3). For the purpose
of an accurate analysis of the films the camera automatically imprints a
small light pulse on the edge of the film every millisecond. These points
then act as reference points when the film is studied. With film
durations of approximately one second, synchronisation is required with
the event being filmed. This c;n be achieved by setting an internal event
relay to trigger at a given length of film, thus allowing a solenoid to

activate the required event.

The high speed of the film, and the associated short exposure time
requires that sufficient light is available to create an image. This is
achieved by the use of four 250 Watt projector bulbs in series, each bulb
being complete with a parabolic reflector. The bulbs are mounted so that

the light could be adjusted for maximum effect.

3.1.1 The Methods used in the Study of Rocker Switch Dynamics

To study the events occuring during the switching action of a rocker
switch, the switch was first sectioned, revealing the mechanism, as shown
in figure (l1.4). The camera picture was framed around the mechanism using
a selected lens, typically a standard >0mm lens with a series of extension
tubes. TFor the purpose of an in depth study of the switch dynamics, the

camera was operated at the maximum speed for the length of film used, thus
enabling only single operations of the switch to be captured on a given

film. The associated solenoid and switch arrangments are shown in figures
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(3.4) and (3.5) The event synchronisation was typically set for L8 meters
of elapsed film, thus closing the internal relay and activating a solenoid

which in turn operates the rocker switch.

On development the films were analysed frame by frame to give data on the
displacement characteristics. To facilitate the measuring of this data a
small mark was used on the plunger as reference point; from this piont
the displacements (H), and (S) shown in figure (3.6) could be taken. In
addition the displacements X), (¥), (Z), and (B) were taken. Using a
computer programme detailed in Appendix 2, the measured dimensions are
converted to give the spring extension (x), the plunger displacement angle
¢{, and blade or moving contact displacement angle,/g . The vaiuve of 2

relates to any separation occuring at the pivot interface.

3.1.2 The Method for the study of the Test Apparatus Dynamics

The photographic studies of the automatic test system were based on the
method above, however 1n this case the solenoid system is part of the
apparatus. In this case the camera actuation and event synchronisation
were controlled from a computer Iinterfaced to the test system. The study
of the contact bounce displacements, undertaken on the apparatus,
necessitated the use of a macro lens with extension tubes. To monitor the
displacements as accurately as possible, a back lighting method was used

80 as to silhouette the contacts against the background.
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3.2 The Monitoring of Switching Transients

In addition to the visual observations and measurements made with the high
speed camera, voltage, and current transients occuring during _make and
break operations c¢an be used. The transients were captured on a Data Lab
1080 transient recorder ,referred to in this thesis as a DL1080,. The
transient recorder enables the transients which cccur during switching to
be digitised and stored. After capture the translents are presented for
continuous display by CRO; or.alternatively they can be used for analogve
readout to an X,Y plotter, digital storage on an internal cassette
recorder or digital output to an eXternal processor. The DL10BO is a
nulti-purpose dual channel recorder with a major feature that enables full
remote sensing and/or control of all the instrument parameters; via a
serial, parallel or General Purpose Interface Bus (GP-IB). The number of
samples stored per cannel 1is 4096; changing the sample length thus
changes both the sweep time and the maximum and minimum frequencies that
may be stored. The DL1080 allows a maximum sAﬁpling rate of 20 MHz, which
corresponds to a minimum sample lengfh of 0.05 )ps. The amplitude
resolution 18 one part in 256 ,[3]. Every function of the DL1080 may be
sensed and controlled by a computer via the various interfaces, this
allows the assembly of powerful computer controlled instrument
configurations in which fully interactive control is possible. The DL1080
also allows for full memory access, thus both storage channels may be
transfered and processed externally. These advanced facilities have
enabled a fast and accurate autcmatic test station to be developed,
measuring a number of electrical contact phenomena, including arc energy
and contact resistance. Figure (3.1) shows the DL1080 with the computer

and associated test apparatus.

The computer used as a controller, processor and storage medium was a
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Research Machines 380Z, refered to as an (R.M.L), [4]. This computer is
an 8 bit processor based upon the Z80 chip. The computer has a range of

input/output ports and facilitates a range of interface methods.

3.2.1 The DL1080 and GP-IB Interface

The DL1080 is used in three configurations in this work. These are as

follows

(1) - As a monitor of electrical transients in switches, in particular the
rocker switch. In this configuration the DLL0O80O 1s used as a storage
device, and uses a standard oscilloscope as a monitor for displaying the

digitised traces.

(2) - As a monitor of electrical transients in switches, controlled by an
external processor. In this mode, the processor arms the recorder and
waits for the transients; these could be either manual or solenoid
activated. On triggeriﬁg the traces are again monitored by ocsilloscope
and subsequently transferred to the processor memory for evaluation after

storage.

(3)- As a monitor of electrical transients in an automatic test system.
In this mode, the DL1080 has the same role as in (2), however, the whole
experimental system is externally controlled by the processor and £fully

auntomated.

The interfacing of the processor and DL1080 is achieved by the use of the
GP-1B interface. This bussing system allows a variety of electronic
measuring and test instruments, which may well be from diverse
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manufacturers, to be connected in parallel by means of standard ready made
cables and coonected to a controller. The GP-IB follows the standard
LEEE-488 bus [5], which is based on a L6 line bus, capable of connecting
up to 15 devices. The software controlling the bus is presented in

appendix (3) and is based on a previous project, [6].

3.2.2 The Circuit for Monitoring Switch [ransients in a Rocker Switch

The monitoring of the electrical transients in the rocker switch 1s made
difficult by the requirement to investigate both the main contact and
pivot contact behavior. In order to separate these electrical events, the
clircuit shown in figure (3.7) was used. This shows a c¢ircuict for
monitoring the no arc condition on switching. A further circuit was used
to monitor the characteristics with arcing. The connection to the moving
blade contact maintains a measurable voltage across.the contact gaps. On
the condition where both are open circuit, a measurable voltage of (i
volt) is recorded. In this configuration both channels of the DL1080 are

used to monitor the pivot and wain contact switching voltages.

Using the circuit in figure 3.7) it is possible to determine switching
times to support the times observed and recorded with the photographic
technique. Figure (3.8) shows a typical transient response for a Rocker
switch. At A, the main contacts open without an arc, to the open circuit
potential. At B, the opposite main contacts close, thus defining the
change~over time. There follows a pericd up to E in which the main
contacts bounce. The bettom trace shows the corresponding pivet contact

disturbance which is further discussed in chapter 4.
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3.3 Switch Testing Methods

Testing plays a significant role in the design and development of switch
gear, and all manufactured devices must be designed and perform to the
relevant standards [7]. To test the performance, prescribed test
conditions are given in the relavent standard. For the rocker switch, the
applicable standard in the U.K. is BS.3955: part 3. Under this
specification, a switch should be tested at its maximum loading over a
number of cycles, typically 10,000. Under section 17.1.4 the test
conditions are given as "The speed of movement of the actuating means
" ghall be a linear velocity of 25 +/- 2.5 mm/second”, (8)j. This is achieved
in practice by cam operated rods which activate the rocker as shown in
figure (3.9). The actuating rod is reversed by springs attached to the
frame, thus maintaining contact with the cams and switching the rocker
back to its original state. I[nitial experiments on this type of apparatus
showed that the time taken for the rocker switch to complete its operation
was considerably greater than the time taken when switched by hand. Table
(3.1), shows some of these results for new switches of the same type _by
the comparison of the changeover times. The range of values given on the
standard test rig are a consequence of the position of the switch with
respect to the activator, [9]. To overcome this time difference and
recreate accurately the manual function, two further test methods have

been developed.






c/o Time

(ms)
Switch, A 14.71
Switch, B 11.48
Switch, C 11.99
Hand operation 2.5

Table (3.1}, A comparison of the mean changeover times (c/o).

METHOD L. To enable an accurate representation ¢f hand activation for a
single operation, the rocker éwitch-was mounted in a frame and activated
by a controlled solenoid, as shown in figure (3.4). This method both
recreates hand activation times for a given switch, and allows for
synchronisation with high-speed film recording. The force and speed of
activation is controlled by the current supplied to the solenoid. Figure
(3.10), shows the variation between supplied current and changeover time
for a particular rocker switch and also shows the band applicable to hand
activation. It clearly shows that the changeover time or BM time (the
Break /Make time as it is refered to in this thesis) is directly affected
by the speed at which the rocker is activated. This method is used for

single operation studies of the mechanism.

Method 2. To enable an accurate recreation of hand activation for
endurance testing, a system has been designed based on pneumatic control
of the activating rods. This work was undertaken in a separate project

[10].
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3.4 An Autcmatic Test Station to study Electrical Contact Phenomena

The availabilty of powerful low cost micro-computers has made possible the
development of dedicated automated test stations. This has lead to a

number of developments in the field of electrical contacts research.

3.4.1 A Review of Automated Test Systems and the Evaluation of Arc Energy

Automated test systems for the study of eliectrical contacts typically
facilitate studies of erosion and surface changes with respect to the
numbers of cycles completed. In this way it is possible to identify the

number of cycles to failure, and study the failure mechanisms.

The methods of computer controlled monitoring of electrical contacts are
varied, and depend on the application. With commercial testing the
interest is usually in the behaviour of a particular device. In a recent
paper F.G. Sheeler, et al [l1], developed a computer based test system to
diagnose a “nonadjustable, low profile"” relay, some of the parameters
measured were coil resistance, current parameters, contact bounce times,
and contact resistance. The test system achieved the initial aims of
providing, flexibility, failure analysis, and reliable operation. In the
study of fundamentals, Carballeira et.al, [12], [13], [14], utilised
automatic test equipment to develop empirical relations between erosion
(as a function of mass changes,) and circuit conditions. This particular

work has provided useful information on the materials used in electrical

contacts.




3.4.2 The Design and Operation of an Automatic test System

To monitor electrical contact phenomena over a large number of cycles,
including the evaluation of arc energy, anautomatic test system has been

developed based on the (EML) micro—computer, and the DL1080.

3.4.2.1 Design Philosophy

To optimise the versatility and flexibility of the test equipment it was

designed to satisfy the following operating constraints.

(1) To have the capability to test any contacts under controlled

conditions within the medium duty current range.

(2) To be adjustable in speed of operation (closure and opening) and

reliable in maintaining that characteristic over a large number of cycles.

(3) To monitor and store current and voltage characteristic during contact

operation.

(4j To enable the easy removal of contacts for a study of erosion and

wear.

(5) To allow for adjustment of the static contact force.

(6) To allow for the control of a range of voltage supplies and current
loadings, such that make only or break only operations can be monitored.
There must also be a requirement for automated switching between two or

more supplies.
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In association with these requirments the monitoring system should allow

for the measurement of the following parameters :

A - Arc energy (E) Section 3.4.4
B = Time tramnsients (T) " 3.4.5
C - Static contact force (F) " 3.4.6
D - Transient contact force (f) * 3.4.7
E - Contact resistance (R) " 3.4.8
F - The number of cycles (N) " 3.4.9
G - Displacement characteristics. " 3.4.10

The system developed to monitor these parameters, is shown schematically

in figure (3.11).

3.4.2.2 Design of the test Apparatus

The apparatus developed to satisfy the design requirements is shown in
figure (3.12). 1t comprises a perspex moving arm, in which is mounted the
moving test contact. The arm pivots on a pair of fine ball races mounted
in the vertical aluminium support. The movement of the arm is controlled
by the solenoid mounted on the backing plate. The degree to which the
contacts are opened is controlled by the micrometer barrel mounted in a
bracket on the backing plate . The static contact force and speed of
closure is controlled by the adjustable spring mounted adjacent to the
micrometer. The degree of force applied by the spring is controlled by
the adjustment of the barrel in which the spring is mounted. The complete
assembly of the micrometer and spring may be moved laterally for a range
of operating conditions, however for all of the results presgnted in this
thesis the distance was fixed as 85 mm from the arm pivot point. The
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static contact is mounted in an insulated medium and supported on the load
cell, used for the monitoring of the contact force. In the study of
contact bouce phenomena, small amplitude vibrations could be encouraged by

the use of a spring loaded weight mounted on the end of the contact arm.

3.4.2.3 Contact Support Design

For each particular contact pair a different perspex arm and fixed contact
support structure is required. Both the arm and support are easilly
removed from the rig, the arm by the removal of the bearing spindle and
the support by separation from the static load cell. In the course of

this work, two supports were designed.

Rivet Contact Support: For a study of main contact behaviour, the rivet

contacts tested are mounted in brass supports and held by -small grub
screws. The main power connections are made to the brass by means of
bolted terminals shown in figures (3.12) and (3.13). The top brass
support is clamped into the perspex arm and the bottom supéort is held
secure in an insulating perspex seat. For - the purpose of contact
resistance monitoring a flexible wire is soldered to the base of the rivet

contacts and threaded through the brass supports.

Pivot Coantact Support: The particular contacts used in this suport are

similar to those used in the basic switch design studied in chapter 4.
They are used to study the effect of bounce on erosion. For this purpose,
the pivot is mounted in the perspex arm at an angle corresponding to the
angle used in the actual switch. It will be noted that this is a reversal
of the arrangment used in the actual switch where the pivot is the fixed
part. However because it is the relative movement which is required to be
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simulated it is assumed that this difference would not affect the study.
The blade (i.e the normally moving contact) is held by a brass ring to
which the power connection is made. Figure (3.14) shows the pivot and
blade with the assuvciatedcoonections, in the open circuit configuration,
while figure 3.15) shows the various components used in the support. The
brass ring holds down the blade on to a perspex flange, insulating the
apparatus. In between the perspex and aluminium support which fits into
the static 1load cell, lies a Kistler quartz washer for the monitoring of
transient forces. To monitor the contact resistance: changes, two wires

are goldered to the contact materials.

3.4.2.4 The Design of the Electrical Hardware

The control of the solenoid and power supplies uses the input and output
facilities of the RML computer. These (buffered P.I1.0"s, Periferal Inmput
Qutput Ports) ports send 5 volt “on” or 0 volt “off” signals from the
computer and are software controlled. The signals sent from the ports
were used to switch transistors, thus enabling solenoid and relay control
from the computer. Figure (3.16) shows the port and associated circuitry.
The power requirements are controlled by 3 relays, one a change over for
switching between supplies, and the other two for switching the load. The
use of two relays in parallel, with parailel conections between the

switching contacts, enabled currents of up to 40 amps d.c to be switched.

The meonitoring of the voltage and current transients occuring during the
switching action makes wuse of the circuit shown ir figure (3.17). The
DL108B0 has a maximum input voltage on each channel of 20 volts. The full
switch voltage was therefore reduced by the use of the voltage divider
network. The calibration curve for the network is shown in figure (3.18;.
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The voltage factor obtained from the slope of this line is, 0.125 (for an
unclipped waveform), and is takem into comsideration when determining the
measured voltage values. The back to back zener diodes are used to clip
high input voltages and protect the DL1080. The switch current is
detected as a potential drop across a (0.lL ) ) resistor, provided with a

suitable heat sink.

3.4.2.5 Description of a typical cycle

The control cycle used depends on the experiment required but the basic
operation cycle of the apparatus is maintained. The solenoid mounted on
the back plate, when activated lifts the arm to the nylon stop as shown in
figure (3.14). The position of the stop being preset by the micrometer
barrel. On closure, the solenocid releases the arm under the influence of
gravity and the applied spring force. After the bouwnce transients are over
the contacts come to rest with a static contact force supplied by the

spring.

3.4.3 Data Transfer from the DL1080 to the Processor

The storage of data in the DL1080 is facilitated by the representation of
the transients as a series of 4096 data values. Each value has a
magnitude between 0 and 256, which 1is proportional to the voltage
measurement. The transfer of this data along the IEEE bus has been
achieved by the transfer of the numerical values as string variables.
Each channel of data 1is then stored in an array in the processor. To
speed up this operation only one value in four has been sampled thus
leading to a array of 1024 data values and a transfer time of approximatly
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40 seconds for both channels. To convert these values to real voltage and
time samples, requires the accessing of the front pannel settings of the
DL1080G. The froant pannel settings are software controlled from the
central processor when the system is used in the automated mode. These

settings are stored in a disk file and accessed by the processor.

3.4.4 The Evaluation of Arc Energy

The evaluation of arc energy is based upon the numerical integration of
both the current and voltage traces of the arc characteristic. This is
achieved by the transfer of both traces from the DL1080 to the computer.
Once stored the arrays representing the traces are processed to give the
arc energy dissipation. This calculation is based on the multiplicacion of
the two scaled waveforms and the integration with time. Thus the energy

(E) can be defined as,

ioly

E=Zi.v St

1

where i,v are the current and voltage samples, andf{t is the sample length,

typically (B‘Ps).

This method of measuring arc energy has the benifit of increased accuracy

over existing methods, for example using a multiplier circuit, [15],

96



3.4.5 The Evaluation of Switching Times

With a given voltage or current characteristic stored in the mwmicro
computer it 1s possible to evaluate the times of a given event by
processing the array representing the trace. This evaluation is detailed

in section (3.5}, as the particular method used depends on the experiment.

3.4.6 Static Contact force measurement

The measurement of the static contact force is made by a load cell. The
lcad cell used for this purpose was a Sensotec Model 4l. When a load is
applied it produces a resistance change in strain gauges wired into four
active arms of a Wheatstone Bridge, [l6]. The transducer utilises two
stabilising diaphragms, welded to the sensing member; it then senses the
deflection between the outer rim bolt holes fixed to the apparatus and the
threaded inner hub supportiﬁg the fixed contact. The changes are
monitored on a Vishay—Eilis-ZO, digital strain indicator which is

calibrated to read the contact force directly in Newtons (17].

3.4.7 The Transient Contact force

The transient forces occuring at impact are of a high frequency and thus
are not suitable to be monitored by the ioad cell. These impact forces
are monitored by a Kistler quartz load washer, type 9001, {18]. This type
of transducer has a high rigidity and correspondingly high resonant
frequency, thus allowing it to be fitted without altering the elastic
behaviour significantly. The transducer produces a charge proportional to
the force applied and has a rise time of about one microsecond. The
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charge is applied to a Vibro-meter charge amplifier which produces a

voltage signal representing the transient, [19].

The mounting of the transducer in the contact support 1s of critical
importance. The supporting surfaces for the load washer are finely
machined, level and rigid. The washer is pre—loaded by the bolt inside
the aluminium housing, so that impact forces applied to the washer produce

the correct stress distribution.

3.4.8 Contact resistance

The measurement of contact resistance changes, due to wear and arc
erosion, is based upon the pulsed d.c current method discussed in Chapter
2. The resistance is obtained by measuring the contact volt drop across
the contacts by the use of the four wire method. The probe connections

are positioned as close to the contact interface as possible.

To simplify the measuring of contact resistance, and to make it applicable
to automated testing, where it is not the only parameter being sensed.
The method chosen was to pulse a large current through the contacts for
approximately 100ms. The supply used in the measure of resistance was a
24 volt battery, thus reducing the likelyhood of ground loops. To check
the accuracy of the method polarities were reversed to check for
thermecouple potentials but none were monitored. The use of the DL1080O as
the sensing device required that the volt drop should be significantly
above the minimum voltage level of (0.309 mV) and well below the softening
voltage of the materials. For the contacts tested in Chapter 5 typical

meagsured values of 10 mV where taken using current pulses of 16 amps.
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3.4.9 The Number of Cycles

The number of cycles used in the tests are defined at the start of a
particular experiment. Once the required number of cycles have been

complected the processor stops the experiment.

3.4.10 The Measurment of Displacement Characteristics

The monitoring of the displacement characteristics is split in two
distinct requirements, to monitor impact phenomena, and to monitor contact
separation characteristics. It has been argued that with small amplitude
bounce, the bounce times are sufficient to describe che characteristic;
however the displacements can be important. The monitoring of electrical
contact displacements could be achieved by a number of possible
techniques. The wuse of standard displacement traﬁsducers has not been
made extensive in this field because most would have a direct effect on
the motions monitored. This is a particular problem with switch contacts
becauge of the low inertias involved. Capacitive and inductive type
transducers could be wused but these commonly exhibit non—linear
characteristics and require careful application. Common methods used with
electrical contacts have been the 1light source, aperture, and light
sensitive cell, method used by Erk and Finke, [20]. This method was
further advanced by K. Mano using a laser source, [21}; and B. Sandler,

et al, used the same method to monitor relay contact bounce, [22].

In this thesis the high-speed photographic method has proved useful in the
monitoring of real switching actions, and is used here to monitor both
closure and impact/bounce characteristics. With a carfully designed test

system satisfying the requirement of repeatable operations it is possible
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to study a few carefully chosen operations and then correlate from these,
to obtain the systems full operational characteristics. The details of

this analysis are given in Chapter 5.

3.5 Experimental Procedures and the Controlling Software for the automatic

test system

The investigations conducted on the test system fall into two groups:

EXPERIMENT 1 - A study of electrical contact bounce phenomena and the

influence of load current on the bounce dynamics under d.c conditioms.

EXPERIMENT 2 - A study of erosion and contact resistance changes of

contacts at closure, under endurance conditions at 240 volts a.c, 50 HZ.

In these experiments, both rivet contacts and pivot contacts have been

investigated.

3.5.1 Experiment |

In this section, details are given of the software used to control the
test system and the experimental cycle. The data processing methods are

discussed in the following section.

To study the effect of load current on bounce requires that the system is
used in the multi-supply mode. When test contacts are closed with no

current passing between them the ensuing bounce and impact events are a
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sole factor of the mechanical system, e.g the velocity of impact, surface
conditions and contact supports. On the passage of a current through the
same interface under the same conditions a different characteristic is

observed.

The passage of the load current and the associated arcing causes major
changes at the surface of the contacts, thus the following impacts will
constitute a different set of initial conditions. To study the effect of
current on contact bounce the test system was alternated between

mechanical operations and electrical or load current operations.

To monitor the events occuring in mechanical impact and bounce a s8ignal
current supply was used; and is shown in figure (3.19), as supply (a).
The corresponding load current supply is shown as supply (b). The
switching between the supplies was undertaken by the change—over relay

shown schematically in figure (3.11).

The sequence of events used in this experiment is shown in the flow chart
in figure (3.21); and the associated software is given in appendix (4).
At the initilisation stage, all of the test variables are defined, these
include the number of operations, the nuwmber of additional operations
(operations in which data is not transfered to the processor), and the
nature of the multiple test mode. Once running, the system will continue

until the requested number of cycles have been collected and processed.

In the case of contact or test system failure, safety checks have been

included in the software.
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3.5.2 Data Processing for Experimemt 1

Examples of the transients processed in this experiment are shown in
figure (2.8). For the purpose of the experiment only the voltage
characteristics were of interest, however both the current and voltage
traces were transfered to the computer, so that the arc energy evaluation
could be maintained. The top trace in figure (2.8) is representative of a
typical mechanical bounce characteristic, and shows the open circuit
voltage of 2 volts. After impact the contacts remain in contact until the
first separation, at which point the voltage reads open circuit. The
figure shows three bounces. To determine the bounce times a fixed voltage
level, or slice level is used (as shown in the figure), and the data
processed to determine if the voltage levels are above or below this line.
The flow diagram of the algorithm used, is shown in figure (3.22). The

asgociated programme is given in the subroutine 13000 in appendix 4.
From the evaluation of the slice points it is a simple operation to obtain
the total bounce times, as defired in section (2.4.4), as the mechanical

bounce time (Tm), and the electrical bounce time (T,).

In addition to these times individual bounce and impact times can be

identified, as follows;

First bounce time = t (mbl), or t (ebl) = Ly~ to

First impact time = t (mil), or t (eil) = Loty
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3.5.3 Experiment 2

To study the influence of a.c current on contact resistance changes 1in
electrical contacts at make, the test system was modified to allow for
probes positioned closer to the area of contact. The a.c circuit used for
this experiment is shown in figure (3.19¢c). In this case the load 1s
isolated from the supply by a transformer allowing earthing in the circuit
The switching between the a.c and d.c supply used for the contact
reslstance measurement follows the same method used 1in experiment 1.
However in this case there 1is an additional requirement to move the
position of the measurement probes. The changing of the probe position
requires the use of a further relay, controlled from the processor, and

the circuit is shown in figure (3.20).

The sequence of events controlling this experiment is detailed in figure
(3.23). The additional operation mode was used in this experiment to
allow for accelerated testing to 10,000 cycles. Typically one operation
in fifty 1is transfered for processing, speeding up the cycle time

‘considerably.

3.3.4 Data Processing of Experiment 2

The data processing to obtain the arc energy and bounce times in the a.c
mode is much more complex than the method used in experiment 1, with d.c
supplies. This complexity arises by the possibility of the a.c voltage
going through zero during a bounce, and the subsequent reversal of the
polarities. To overcome this difficulty both the current and voltage
traces need to be processed and cross referenced. The algorithim used to
process the data is shown in figure \3.24); and the associated software
is presented in appendix 4.
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CHAPTER 4

A COMPUTER BASED OPTIMISATION OF ROCKER SWITCH DYNAMICS TO REDUCE PIVOT

BOUNCE

4.1 Introduction

In chapter one an introduction is given to the failure problems
asgociated with the rocker switch. This chapter details the methods by
which an understanding has been made of the rocker switch dynamics, and
details a mathematical model of the system. The model comprises a series
of non—-linear differential equations, which describe the switch movement
up to the instant of main contact impact. Some of the parameters given at
the instant of impact are velocity, kinetic energy, and displacement. The
equations are solved by a finite difference routine on a main frame
computer. Computer modelling in this sense alliows for design optimisation
by the variation of parameters, and this in turn opens the way for

computer-aided design.

The design optimisation studies of the rocker switch are discussed
in this chapter in two contexts. The improvement of a standard
manufactured switch, and the overall design of the basic mechanism. The
former case involves fewer variables, and has been studied in detail.
Design modifications are suggested and are tested to evaluate the improved

performance under load current, and signal current conditions.
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4.2 Initial Investigation of Rocker Switch Dynamics

The initial investigation was undertaken to give an understanding
of the erosion processes occurring ,at' the pivot interface of a rocker
switch. The method used in this investigation, was to monitor, (i) the
switch action using high—speed photography, and (ii) the switch transients
using a 4 mA test current, {described in section 3.2.2). The aims of this

investigation were;

l), To determine the cause of contact erosion.
2), To monitor the dynamics of a rocker switch.
3), To identify and evaluate the influence of hand operation on the

device performance.

The switch considered in this investigation is shown in figure
(L.4a). This switch uses a changeover configuration, which enables the
monitoring of BM times (the time taken for the blade to changeover), using

the circuit shown in figure {3.7).

4.2.1 The Results of the Initial Investigation

A typilcal example of the processed results otained using the
high-speed film technique is shown in figure (4.1). It shows the closing
of the right hand contact, labelled, as identified in figure (3.6), as Y.
The impact of the main contacts occurs at, Y=0. After the impact there
are two bounces; the first giving a displacement of (0.06mm), and the
second of (0.lmm). Simultaneous with the Y contact closing, the X contact
shows an increasing displacement which continues after the impact of Y.
During the period of contact bounce at Y, the X contact moves beyond 1its
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equilibrium or static positon, as indicated by the horizontal dotted iine
in the figure. The continuing motion of X is a result of the blade
inertia, and results in a separation at the central pivot. The pivot
separation is given by Z in the figure, and shows the maximum displacement
to be, (0.3 mm). This was however a servere operation for the purpose of
demonstrating the separation at Z, and a more typical value is less than

(0.1 mm).

The high-speed photographic method used causes some inaccuracy in
determining the actual times of impact. The reasons for this are two
fold; firatly the film is taken of the whole mechanism, as shown by the
single frame taken from the film in figure (4.2). The events at the
contacts thus give a low photographic resolution, and additionally,
shadows are cast by the impacting contacts which results in inaccuracy in
the low magnitude displacement measurements. Secondly the frames of the
films are instantaneous pictures of the event, making it difficult to
identify the instant of impact. This can be overcome by the interpolation

of the characteristic.

The data obtained from the film allows for a range of displacement
and velocity characteristics to be obtained. For example spring
extension, actuator angle, blade angle, and velocity of impact. In figure
(4.3) two examples of the variation of the actuator angle, OC , with time
are shown. This figure also shows the period of blade motion relative to
the motion of the actuator. It shows the actuator, and plunger moving
from the stationary position on the left contact, (where X=0, and the
actuator angle ™ is negative); to the central position, (where ol =
0), and then accelerating to the right stop position. The films show that
contact slip occurs between the blade and pivot only after the changeover
and bounce period has finished. This is simultaneous with the plunger
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moving down the blade, and does not affect the bounce.

To increase the accuracy of the photographic method and obtain
further details of the contact bounce the signal current transients
occurting during the changeover were monitored wusing the ciréuit and
method detailed in section (3.2.2). Figure (3.8) shows a typical
characteristic obtained. This shows that the voltage step at (A) clearly
defines a separation point of the contacts. Similarly the instant of
impact is given at (B). The evaluation of the times associated with these
points leads to an accurate measure of the blade changeover time, defined
as the (BM) time. A comparisoun of the changeover time can be made with
the times given in the photographic method. Similarly the main contact
and pivot contact bounce times can be evaluated. The figure shows that
the bounces are interrelated in a complex fashion, due to the interaction
between the simultaneously bouncing pivot and main contact. The pivot
bounce is often described by one major separation, as identified with the
photographic method, however the signal current transients of figure
(3.8), show a number of additional smaller bounces. When the one volt

level is monitored both contacts are temporarily open circuit.

With a load current passing through the mechanism, arcing can be
observed at both the main and pivot contacts. In the changeover
configuration the current is being switched between the outer contacts as
shown in figure (4.4). At the opening of the main contacts arcing would
be expected under normal circuit conditions (240 V, 16 A, a.c), thus 1if
the arec is drawn out to the fully open contacts and the pivot and making
main contact are separated in bounce, arcing can occur at all three

interfaces. This has been observed, with a load current of 16 Amps a.c.
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4.2.2 A Comparison between Film and Electrical BM times

In table (4.1), the results of the BM times for three films and

simultaneous signal current transients are presented.

Film Number 23 24 25

Recorder BM time (ms)| 4.49 3.99 3.5

Film BM time (ms) 3.55 3.23 2.6

Difference (ms) 0.94 0.74 0.9
Table 4.1

The difference in the BM times suggests a difference between the
two measuring systems. The time given by the DL1080 (the tramsient
recorder), must be a true reflection of the lost contact, therefore the

error occurs in the photographic method.

At the onset of actuator motion the plunger will move up the
blade, reducing the force at the main contacts, and causing an increase in
the constriction resistance. When the plunger is over the pivot, the
force will drop to zero, and the blade will start to rotate slowly. It is
this initial slow separation of the blade and small contact displacement,
that causes the difficulty in defining the exact moment of separation on
film. 1In figure (4.1) the slow opening of the contact can be observed
when the X contact starts moving. At impact the blade acceleration
results in an increase in the blade velocity which enables a much clearer
definition of the point of impact. It can therefore be concluded that
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with respect to time, the signal current testing of the contacts enables a

more accurate evaluation of the contact events.

4.2,3 The Variation of BM time with Applied Force

The solencid test rig described in section (3.3) was used to
establish how the applied force affects the switching time of the device,
with the switching time defined by the BM time. The results of this are
shown in figure (3.10), for both single and double pole switches. The
double pole configuration consists of two blades 1in the same nylon
moulding, acting simultaneously, and two plungers mounted within the same
rocker. The double pole assembly requires more force to activate the
mechanism, because two spings need to be overcome: this is demonstrated
by the higher current applied to the device for a given BM time. The
figure also shows how a reduction in BM time occurs with an increase in

the applied force.

4.2.4 Observations on Rocker Switch Dynamics

Two major obgevations were made in this investigation on the

switch dynamics.

(l). Previous studies made of rocker switch dynamics have
genetrally assumed the geometry shown in figure (4.5a). In this case the
radius line of the plunger is shown to continue to the pilvot point, thus
causing the blade to rotate as the actuator angle changes. It has been
shown that this condition will hold for a blade with a small moment of
inertia, [1]; however the study of the high—speed films shows the true
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geometry to be that of figure (4.5b). The geometry shown in this figure
implies that the blade inertia has some affect on the switch dynamics.
This geometry gives added complexity to the mathematical wodelling
process, since both the actuator and blade displacements depend upon the

interaction and friction force between the plunger and blade.

(2). The separation and bounce identified between the blade and
pivot will generate arcs when switching load current. This arcing 1s
therefore the main cause of the erosion at this interfacé. In addition
the pivot bounce increases with increasing severity of the hand operation.
This follows because the increased acceleration of the blade produces a

higher impact velocity, and therefore kinetic emnergy.

Data supplied by' the switch manufacturer supports the latter
observation. A selection of standard switches tested under the standard
endurance test, [2], have shown that although all switches undergo the
same cycling there is some wvariation in the erosion of the pivot
interface. In some cases the protective silver inlay remains intact.
Thus assuming the same mechanical ‘wear conditioms of roliling and sliding
as the blade moves about the pivot, the difference in erosion can oniy
result from differences in arcing. A reductiom in arcing as a result of

reduced bounce will therefore give less wear.

4.2.5 Summary of additional Observations

To summarise the results of the initial investigation; the

following conclusions were drawn on the mechanism considered.

(1) The break of the contacts is defined by the electrical break and not
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the photographic. There is typically a 0.9 ms difference, for the type of

switch considered.

(2) During the blade rotation the pivot interface experiences a rolling

electrical contact.

(3) In normal use bounce occurs at the pilvot Interface just after main

contact impact.

(4) Moving contact slip occurs as the plunger moves down the blade, after

the changeoVer and bounce period.

(5) An increase in applied force increases the duration of the pivot

bounce and reduces the BM time.

The observations considered in this section apply to one
particular mechanism, however the general observations of the dynamics
will apply to any switch using the configuration of a pivot, blade, and

actuator.

4.3 The Mathematical Analysis of Rocker Switch Dynamics

To reduce the pivot bounce, a model of the dynamics 18 proposed
which predicts impact conditions, for a given set of initial conditions.
In addition it 1is necessary that any changes made to the system based upon
this analysis, should comply with the static force conditions of good

electrical contact.
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4.3.1 The Static Force Distribution in a Rocker Switch

The distribution of forces in the static equilibrium position are
shown in figure (4.6). This shows the plunger sitting at an angle 1in a
stationary actuator. The angle, % , is small, and for the purpose of
this analysis can be assumed zero. Thus for equilibrium along the centre

line of the actuator,

F

Eq.{(4.1), or F =
3 cos (X +8)

where F = the force on the blade due to the stationary actuator assembly.
3
1f the plunger sits in the well of the blade, as shown in figure (4.7),

this relation is simplified, to;

The distribution of the reaction force between the main contact,
and pivot contact can be similarly established, with reference to figure
(4.7), and assuming that the plunger sits in the well of the blade. The

equilibrium conditions give;

Eq.(4.2), F +F cosﬂ = F cos X
2 1
FsinX+F sinf =F
1 4
and, by moments F .¢q -F.¢ + F.2 =0
2 2 4 4

where, g are the moment arms,

With the small value of Q“,assume F.{ =0:then, F =F . Q/? : and
4 4 2 2

In equation (4.2), this gives the pivot force (Fi), as,

Eq. (4.3) F = F ( cos k- (2y 22)) / cos B
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4.3.2 The Formulatiou of the System Dynamics

Having identified the nature of the mechanism”s movement, 1t is
clear that some relation exlsts between the pivot bounce and the velocity
of the mechanism. In equation (2.20) the velocity of impact has been seen
to be related to the total duration of bounce. In terms of energy the
bounce is dependant upon the kinetic energy of impact and the dissipation
at the interface. The aim of this section is therefore to mathematically
evaluate the conditions at main contact impact for the mechanisn

considered in the initial investigation.

The formulation of the dynamics begins with a statement of the
factors to be counsidered. Classically, oanly very simple models of most
phenomena were considered since the sclution had to be achleved by hand,
however as the power of computers and numerical methods have developed,
increasingly complicated models have become tractable. The basic system
by which this type of problem is approached is described by the flow chart
in figure (4.8). The solution to the mathematical model is compared in
some validation process, for example a comparison to experimental results.
If the result of the validation is unsatisfactory then. some

modification is required.

The initial problem is to construct the mathematical model as a
compromise between the factors that have a bearing on the validity; while
keeping the model sufficiently simple that it is solvable using the tools
and time at hand. For example, in the problem at hand gravitational
affects are neglected. It may be possible that gravity does have an
affect, so a statement of the assumptions 1s made such that when cthe model
is validated against experimental results the main sources of error can be
identified in the case of an unsatisfactory solution.
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4.3.2.1 Mathematics of motion

The notation and sign conventions used in this analysis is shown
in figure (4.9). The various stages of motion are based on the
observations made in section (4.2). The sequence of events occurring
during switching are as follows, with the actuator moving from left to

right.

(1). As the rocker is actuated the rotation causes the plunger to move up

the blade, contracting the spring.

(2). At s =0, X, and B , are negative (i.e. the right hand side of
the blade is above the horizontal as shown in figure (1.2). At this point
the contact force at the main contacts will go to zero and the blade will

slowly start to rotate.

(3). As the actuator angle passes through zero to positive, the blade
will accelerate causing the blade angle to pass through zero to positive.
This is the situation shown schematically in figure (4.9), which also

defines the angular velocity terms.
(4). At main contact impact, O , and, /3 , are positive.

(5). Bounce occurs at the pivot and main contacts, as the actuator

assembly moves down the blade.

The mathematics of the switch motion is based upon the conditions
occurring at (3). However the 1nitial conditions of the system at the
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onset of motion are important, and need defining.

The following assumptions are made with the aim of making the

model tractable, so that the solution can be obtained by computation.

(1). At all times the plunger is in contact with the blade.

(11). There 1is no external force applied to the system. This agsumption
is made since it would be too difficult to accurately evaluate the applied
force as a function of time. Therefore, as an initial assumption the
motion is caused by the release of potential energy from the compressed
spring. This is a major assumption since the applied force clearly has an

important effect.

(iii). Gravitational forces are negligible.

(iv). The blade is stiff and as such, 1s not subject to bending or

vibration.

(v). There is no slip between the pivot and blade during blade rotation.
To justify this assumption mathematically, the following assumption is

also made.

(vi). The pivot is a knife edge, a frictionless bearing, and lies on the

centre line of the switch.

(vii) The moment of inertia of the rocker and plunger assembly is not a
function of time. In the real case because of the curvilinear motion
executed by the plunger, the total moment of inertia of the actuator
assembly will increase with the spring extension (x).
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(viii) To satisfy assumption (vii), the mass of the plunger is taken as

2ero.

Using these assumptions, a series of dynamic equations are
produced, defined as, equation set (1), and based upon the free body
diagrams shown in figure (4.10). Equations (4.4), and (4.5) are of the

form (torque = inertia x angular acceleration), [3].

Equation Set 1

Forces on the blade, in figure {4.10a).

(4.4) R.s +}11 .R. b = Ib. ,B

Forces on the rocker assembly, in figure {4.10b).

(4.5) R.G.sin( o+ p) - p R ( Gcos(k+B) +r ) =1. ol
1 P

The resolution of forces in the directicn of the apring force,

with a simplification of the plunger friction.

(4.6) F -}12. N =K ( G -G ) =R ( cos (et+pB) +}11sin (at+p8))
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where G (l-e-r=-=0b+h)

1 = the free length of the spring,

e = the maximum compression of the spring at o¢{ = 0,

I = The moment of inertia of the blade about the pivot.
b

I = The moment of inertia of the actuator assembly.

P

From (4.6), the reaction R can be obtained, and simplified with

the further assumption thatsz.N is small compared to F.

K(G,-6)

(4.7) R =
cos(o +p) +}x,sin(c(+ﬂ)

By substituting R into (4.4) and (4.5) gives equation set 2,

.- K(G,-G).( s+ pd)
(4.8) B - s

Ib' (co's(o(+F) +}1'sin(o(+P)

(4.9) v K (G,- G ) Gsin(or+p) - p,G cos((+p) - p,1)

IP. (cos(ol+p) + psin (of+8))
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The geometric constraint impos ed by assumption (i), can be used

to define both the dimensions G and s, thus

hecos B - (r+bd )
(4.10) G =
ws(d+ﬁ)
hein = (r+b).sin (o+p)
(4.11) 8 =

ms(d+p)

Thus both ¢ and s, are functions of o{, and /3 .

Therefore equations (4.10), and (4.11) can be substituted into (4.8) end

(4.9), to give,

.12y B =f£( «, B)

(4.13) ol

£,0 &, p)

This is defined here as equation set(2).
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Thus the motion can be represented by two simultaneous second
order, nonlinear ordinary differential equations in time. To solve this
set to give, o, x and, Jﬁ , 8s functions of time it is necessary to use

a finite difference method in the form of a software package.

The package used is the routine D02 BBF, [4], produced by the
Nottingham University Algorithm Group, (NAG). This routine integrates a
system of first order ordinary differential equations over a range, with
suitable initial values, wusing the Runge, Kutta, Merson method, [5], and

returns the solution at points specified.

In order to wutilise this routine the equation set must be
presented in the form, of a series of first order differential equations,

as shown;

(4.19). Y=PF (T, Y, Y, Y ,000000000e.Y) i=1,2,3,...N
i i 1 2 3 N
where N = the number of simultaneous equations.
F = A function,
i
Y. = The derivatives of o( , /B , and x,
T = Time,

Y = The variables, (X, p » and x.
i
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4.%.2.2 Modification of Bquation (Set 2), to Satisfy the Numerical Method

The firat step transfers the system of second order equations to a
first order system. This is achieved by introducing new variables, shown

as equations (4.15) and (4.16), in equation (set 3).

EQUATION (SET 3).

B = y1 (4.15)
ck = YZ (4.16)
51 = f,(, B) (4.17)
§2= £ (et,8) (4.18)
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For application to the numerical method, equation set (3) is
written in the form dictated, this new set can be identified in the
programme, subroutine (FCN), in appendix (5). The details of notation are

also given in the appendix. This set models the switch motion shown in

figure (4.9).

4.4 The Numerical Solution of the Mathematical Model

The programing language used in this computer model 1is double
precision FORTRAN 77, this compiled language is used on a PRIME main frame
computer. The software routine used to solve the differental equations is

stored in the main frame library and called at the compiling stage.

In order to verify the software two programmes have been produced,
the first "VERT" models the simplified situastion detailed in Verifcation
1. The second programme "DYNAMICS" models the conditions of a real switch
operation, under the influence of an applied force external to the system.
This application 1is important and is considered in full detail in

Verification 2; this programme is given in appendix (5).
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4.4.1 Computational Method and the General Programme Structure

The structure of the method is specified by the NAG routine and
consists of a main programme which is used to define initial conditions
and call 3 subroutines, FCN, OUT, and DO2 BBF. The mnature of these
routines are now considered as they apply to this problem. Figure (4.11)
shows the structure of the programme, and defines some of the 1mportant
steps. The structure of DU2 BBF is only assumed since the routine is

copyright controlled.

In the following discuasion, Y, is used to identify the parameters

evaluated by the numerical method.

With reference to figure (4.11); after the switch parameters and
initial conditions have been defined, the programme reaches the CALL

statement. This opens the NAG subroutine.

The NAG routine then calls the OUT subroutine to print the initial
values, the return statement in OUT, brings the routine back to NAG.
However because more than just the Y terms are required at each step, OUT

initially calls FCN to evaluate these. These values are then returned by

use of a COMMON statement to OUT and thus printed.

The NAG routine evaluates the next values of Y, by calling FCN and
evaluating the functions F(l1-4). When the new values of Y, are deemed
satisfactory, they are transfered to OUT to be printed, OUT then calls FCN

to evaluate the additional terms, of A, /B , ete.
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Subroutine FCN

The algorithim which 18 represented in the subroutine FCN 1is
important to the satisfactory working of the model, since it is at this
stage that all decisions must be taken regarding model errors. A

discussion of some of the more typical errors follows.

(1) A problem with the numerical method was in the estimation of
new values of, Y, since some of the values would lie outside the geometry
defined by equation (4.16). In simple terms a value of, ¢ and, X, can
be given where, x, 1is too large. In this case, g, becomes less than,
(r+b). 1In these circumstances the programme fails, thus the routine traps
the error and sets, (g= r+b), which 1s equivalent to (s=0). With (s8=0) a
special block i1s required to stop computational problems with the zero

value.

(2) A further problem occurs when, s, becomes negative. This
occurs when the blade rotates faster than the actuator. In this case the
spring tends to reduce the blade momentum, and causes the gystem of
equations to fail. To monitor this problem an addition term DIF is

evaluated and if DIFKO then the routine is stopped.
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4.5 Verification 1

For the purpose of this verification the initial conditions were

simlpified to the following requirements.

o = a small positive angle,
/3 = a small negative angle,

X = a function of of, and /6 ,

o= 0
A= 0
x= 0

To satisfy the verification an experiment was made to reproduce
the conditions with no applied force. The switch action was filmed and
the X, Y, Z, data trasfered to a, /3 , versus time characteristic. The
dimensions of the switch used were entered into the programme VERT. A

comparison could then be made for the purpose of verification.

4.5.1 Experimental Conditions

The switch used for this investigation was a standard production

type, with only one plunger and blade. The switch was sectioned to reveal

the contacts for filming.

To model the assumptions the moving contact was supported such
that, /5 = 0, and, ¢ , offset in the positive direction, such that on
releasing the support the spring would close the contacts. Figure (4.12)

shows the configuration used.
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The release of the blade support was syncronised with the
high-speed camera by the use of the event relay, and the resulting film

response is shown in filgure (4.13).

4.5.2 Resgsults from Verification 1

The film data shows the blade accelerating from a small negative
angle and impacting the main contacts at (BMAX = 0.20% radians), where
(BMAX) 18 the angle at impact. The values obtained in a detailed study of
the switch dimensions and inertias are presented in appendix (7), and
entered into the programme VERT, to produce the response shown as DATA 1.
It shows the computer prediction reaching the impact angle 1.2ms before
the film data. It is however important to note that the slopes at impact
are similar. The delay in the film data is assumed to be caused by the
release mechanism interfering with the natural blade response. To
overcome this difference the initial conditions used in the computer model

were adjusted to match the conditions shown on the film at, /3 = Q.

New Initial Conditions

At, }5 =0, o = a small positive angle,t = 0, o= 0, and /6 = 39.0
rad/sec.

Where, /8 , 1s the slope derived from the film characteristic at /3 =0,

This new set of initial conditions, assumes the actuator velocity
to be the same as in the initial set. This is resonable since the

actuator is slow to move under this condition. The initial value of, x,

L ]
and, x, can be evaluated, with reference to figure (4.14).
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Hence a small increase in the blade inertia from the experimentally
determined value of 41.0x16-Kgm, IB41, could bring the two characteristics
together. Similarly consideration of the coefficent of friction shows
that a reduction could have a similar effect. Consideration of the spring
stiffness shows that an increase in K, reduces the time to impact. A full

discussion of these variations are given in reference, [6].

4.5.4 Coneclusion of Verification 1

With the initial conditions adjusted to match the film data, the
computer prediction Llies within 0.15 ms of the film data at impact. This
difference can be made zero by reducing K (the spring stiffness),
increasing IB, or by changing any number of parameters. This is not
undertaken since the response is deemed accurate with consideration to the
assumptions made. 1In conclusion changes in the major parameters effect

the blade response in the expected manner.

The actuator response under these ideal conditions was shown on
the film to' move up the blade as the bhlade clesed, and this was also
demonstrated in the computer response. This condition occurs because of
the slow initial acceleration of the rocker assembly from zero, relative
to the high initial acceleration of the blade. In conclusion the
mathematical model has been proved under these ideal conditions. In the
verificetion 2, a real operation case is considered where the actuator

moves under hand forces as the switch is operated.
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4.6 Verification 2

The data presented in the initial ivestigation into rocker switch
dynamics Is used in this section as the basis for a further development of
the computer model to represent the events occurring during a real
switching action. This includes a consideration of the applied hand force
and the effect of switching a double pole configuration. The initial

conditions defined in the previous section must therefore be reconsidered.

4.6.1 The Real Switching Action

In theory the blade will start moving when, s = 0; and, & , |is
slightly negative. This can be seen to be the case in figure (4.3) where
the actuator angular velocity has been shown to accelerate under the
influence of the exterunal hand force. Because the period of blade motion
is small compared to the overall period of the actuator motion, it can be
assumed that over the period of blade motion the angular velocity of the

actuator is constant.

In the real switching action the actuator response, and blade
changeover time (BM) 1is a function of the applied force. Thus with the
switch activated quickly the actuators time for movement from static
position to static posgition is reduced, and the slope during blade change

over increased.
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4.6.2 Accounting for the Applied Force

In the initial verification and model development, the applied
force was neglected because of the difficulty in predicting the magnitude,.
direction, and time variation of the impulsive hand force. To account for
this force advantage is taken of the consequence of the actuator velocity
é(, being constant. This is achieved by giving the rocker/actuator
assembly a large moment of inertia such that the initial value of, 6( y is
maintained. Figure (4.16) shows how the measured value of rocker inertia,
4.52x16ngmt IR-7, decelerates the actuator under the initidl conditions
used in the previous verification; in this case with, ¢ C;f = 35.76
rad/sec). The eventual backwards movement is shown by the velocity going
negative at 1.4 ms. With the value of, IR, increased by a factor of ten,
IR-6, the velocity response of the actuator is improved, and almost
constant. A further increase by a factor of tem, IR-5, shows a constant
value can be maintained. For the purpose of this verification the rocker
assembly inertia was held at IR=4.52x162Kgmz, IR-2; ; factor of, 105, on
the real, IR. This vastly increased value of, IR, has the sole effect of

maintaining a constant actuator angular velocity, during the blade

changeover.

4.6.3 Initial Conditions

In the first verification the initial conditions were simplified
and adjusted to match the experimental data. In this case they must be
defined such that the computer programme can evaluate the problem, under
the general conditions of operation where, s, and, O, must pass through
zero values. The zero values can result in programme failure, thus a full
series of traps have been implimented within the software, to evaluate the

146









equations under these conditions. A full analysis of various initial
conditions gave the most computationally satisfactory te be Condition 1,
in figure (4.18). The other five conditions show the range of initial

conditions considered.

The other parameters used in this verification were takem in the

same way as in the previous verification, and are unique to the particular

switch studied. The values used are presented in appendix (%5).

4.6.4 Double Pole Switching

The majority of switches manufactured are in the form of a double
pole switch. To account for this condition the spring stiffness, K, and

the blade inertia, IB, were doubled.

4,6.5 Results of Verification 2

The modifications discussed above are 1listed in the programme
DYNAMICS, and the verification is based on the data in FILM 25. The
resulting film and computer data are compared in figure (4.17). In this
figure the times have been synchronised for the instant of main contact
impact, thus cancelling the inaccuracies in the film data for the small
displacement characteristic at the onset of blade motion. This inaccuracy
is disscused in section (4.2.2), and for this film data a difference of
0.9 ms has been suggested. The figure shows that for the single pole
switch the computer prediction of the switching action accurately models
the film data, and more importantly the impact velocity of the blade 1{is
seen to be predicted.
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The case of the double pole action gives the same computer

response for the same switch and initial comnditions.

4.6.6 Conclusions

The assumption of increasing, IR, (the rocker assembly inertia) to
give the same effect as an applied force satisfies the condition of
maintaining, <5< » and the initial conditions used give a response
modelling the real switching action. The model 1is therefore considered
verified and is used in the next section to consider the variation of

parameters; in this way the major switch parameters are identified, and

the model extended to optimise the switch dynamics.

4.7 The Variation of Parameters for Design Improvement

To enable a full design analysis this section is split into four
ma jor sub-sectioms. The first conslders the variation of parameters on
the response of the switch considered in verification 2. This data is
then used to identify the wmajor switch parameters. The second stage
congiders the design criterion best sulted for the optimisation of the
rocker switch in general. The variation of parameters is then extended to
consider this criterion. The final stage is to consider the cptimisation
results. There are two approaches to the optimisation the first 1is a
design improvement based upon a given manufactured switch. The second is

an overall design approach for rocker switches.
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4.7.1 The General Variation of Parameters and the Blade Response

The four graphs shown 1In figure (4.19 a-d), show how small
variations in sgome of the parameters affect the response disscused in
verification 2. The film characteristic represented by the curve FILM25,
is the result of a computer generated curve fit. To enable the FILM25
curve to match the model curves from zero, a series of nine extra points
with intervals of (0.1 ms), have been added, thus accounting for the (0.9
ma) delay. The mismatching of the film and model curves over the initial
(0.9 ms), results as a consequence of the curve fitting method used. This
is relatively wunimportant since in this analysis it is the computer
simulation that is important. The curve labeled CASEl in figure (4.19a)
corresponds to the verification curve in the previous section. The
displacement of the film data arises because of the curve fitting exercise
but the veloecity at impact is still matched. In (4.19a) the assumed
coefficent of friction of 0.0l, is responsible for the characteristic CASE
1, by increasing this value to 0.1, as shown in CASE 2. The model shows
that the time to make is reduced and the velocity at impact, increased.
This is caused by the increased influence of the plunger upon the blade.
A further increase to 0.2 in figure (4.19b) shows a further reduction in
time to make. The influence on the blade of changing the rocker inertia
IR, is demonstrated in figure (4.19c). The chosen value of, IR=4.52x16
or, IR-2, 1is the case identified as CASEl in the previous two figures.
This figure shows that a reduction in, IR, by a factor of (16“), IR-6, has
only a small influence on reducing the time to impact. With the real
rocker switch inertia, of, IR-7, the computer prediction fails. This is
caused by the eventual negative velocity of the actuator, shown in figure

(4.16). In figures (4.19d), the effect of changes in the initial

L
condition, ( ©(= 35.76 rad/sec), is considered. The figure shows how

small changes in, o, affect the blade regponse. Similar variations
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considered in verification 1, show the blade inertia and spring stiffness

also to be significant.

4.7.2 Design Criterion to Reduce Pivot Bounce

In section (4.2.4) the kinetic energy at impact was identified as
the cause of pivot bounce, since it is the dissipation of this energy that
constitutes the restitution phenomena.- The 'computer model already
predicting, }éé, at the instant of main contact impact as shown in figure
(4.19d), can thus be further modified to give the angular kinetic energy

at impact. The kinetic energy at impact is given in equation (4.!%), and

i8 refered to in the text as (KEi).

.2
. 4. . = . .
Bq. (4.41), RE, = (IB. A ) /2

where, /5; = the angular velocity of the blade at impact.

It is clear from this equation that the blade inertia (IB) is important in
the evaluation of kinetlc energy. It has been shown in figure (4.15) that

increasing, IB, reduces, /ﬂ » Therefore, there exist a trade off in, KEi,

between the increase of, 1B, and the consequent reduction of /SL'

To achieve a reduction in the impact kinetic energy the computer
model is rum to give the conditions at main contact impact only, while the
major parameters are varied. This requires the use of Non—Local GOTO
statements which are discussed and explained in appendix (s). This
programme is called ENERGY, and to increase the accuracy of the evaluation
of the impact energy, from the impact velocity, the number of steps used
in the numerical method is increased from 40 to 160 steps. The increase
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in the number of steps enables the routine to stop closer to the defined

value of (BMAX).

4.7.3 Results of the Variation of Parameters on KEi

In the previous sections the importance of the angular velocity of
the actuator and the kinetic energy of impact have been discussed, both
are combined in this section to show how the kinetic energy is affected by

changes in some of the other important parameters.

In figure (4.20) the influence of the spring stiffness is shown.
For a given angular velocity, 6( , an lncrease in, K, will increase the
value of, KEi. Similarly changes in, IB, are shown in the figure (4.21).
This shows, KE1, increasing with, IB, for a given, 5( . The values of,

1B, are as defined in figure (4.15).

The design approach used is to minimise the impact kinetic energy
for the switch considered in verification 2; four approaches are

discussed here.

(1) The variation of switch geometry.
(2) The reduction of ©(, This includes the spring stiffness.
(3) The reduction of, BMAX.

(4) The optimisation of, I1B.
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maximum reduction of 18 percent, occurs with, r, and h, high.

4.7.3.2 The Reduction of the Actuator Angular Velocity

In the switch considered the force exerted by the hand dominates
the angular velocity at which the rocker operates. This means that the
contribution of the spring is less than in a freely moving snap-action
device. Although the wvalue of, C;( , 1is mainly determined by the hand
force, the hand force applied depends on the resistance of the mechanism.

The resistance 1is the force necessary to overcome the static condition.

This force is the minimum force that can be applied to the switch.

The nature of Hand Operation

The action of the rocker switch as an interface between man and
machine is a very unsatisfactory from the point of identifing the
actuation velocity of the device. It has been shown that with a solenoid,
increasing the force, reduces the BM or changeover time. With reference
to figure (4.19d), it is shown that increasing, dk s reduces the time to
make, which in this case corresponds to the BM time of the switch. In
figure (4.22) the variations shown in figure (4.20) are presented in terms

of BM times and variations in, O(, for a given spring stiffness. Thus
increasing the applied force increases, O, and reduces the BM time.
This computer prediction matches the experimental relationship show in

figure (3.10). 1In figure (4.23) the BM timesare related to the computer

predicted values of, KEi, for a range of, K.

In hand operation the more se vere the handling the faster the BM
time and thus KEi. For a given device there can be a range of operating
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times depending on the method of operation. To evaluate this behaviour
the switch under analysis was operated by hand in three regimes, soft,
normal, and hard. In the soft operation the switch was purposfully
actuated slowly. In the normal operation the switch was actuated at a
medium or normal rate. In the hard operation the switch was purposefully
operated fast. Using figure (4.22) the measured BM times can be converted
to values of, d( . In the case of 20 normal operations applied to the

switch with two different spring stiffnesses, the mean values of, (04 ,

where as follows and are defined here as, C(". This shows the influence

of the spring on the hand operation, and the resulting, (.

For K = 1.3 N/mm, double pole switch, O<"= 50.0 rad/sec

For K = 3 N/mm, double pole switch, é(,,= 65.5 rad/sec

The reduction of, .

A means of reducing, ©{,, is to reduce, K; however, this would
alter the static distribution of the contact forces, and therefore change

the contact resistance characteristics.

To study the influence of changes in spring stiffness, and the
resulting changes inm contact force, the static equations are'used. The
results of this analysis are shown in figures (4.24) and (4.25). The
first figure shows how a reduction in the actuator static angle, C(s:
increases the reaction force, F,, for a given spring stiffness, while the
second shows the percentage of, Fai, acting at the pivot for a given angle.
The smaller the angle rthe more force at the pivot. In table (4.4) a
series of values corresponding to the switch used; shows that by reducing

the static angle to, 11.36° , the pivot contact force (F can Dbe

1)

maintained with a reduced spring stiffness of, K=1.3 N/mm.
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The changes applied to the switch under consideration are tested
in the following sections with the switch identified as SWITCH 2, SWITCH 1

being the original model, with, K=3 N/mm.

K=3 N/mm K= 1.3 N/mm

o(s
Fu F, F, Fg F, F,
18° 3.95 1.5 2.45 1.8 .36 1.44
15.01° 5.1 1.53 3.57 2.3 0.46 1.84
11.36° 6.25 1.25 5.00 2.9 0.58 2.32

Table (4.4), The contact forces in Newtomns.

A further reduction in, 0(”, is achieved by increasing the
leaverage necessary to overcome the resistance of the mechanism. This is
achieved by changing the rocker shape, and adding a 35 um lever. This

modification applied to the wmodification already discussed, is labeled

SWITCH 3.

4.7.3.3 Reducing the Angle of Impact

A reduction in the impact velocity can be obtained by reducing the
maximum angular displacement of the blade. Thus leading te a reduction
in, KEi, for a given, IB. The effect of reducing the displacement can be
seen in the figures (4.19 a-d). A smaller angle of, BMAX, leads to a

reduced time to impact, reduced slope and therefore, fga.

The reduction of the angular displacement reduces the contact gap,
therefore consideration has to be given as to how the changes would comply
with the relavent standards. In the case of BS 3955, [7], two classes of
device are defined in terms of the contact gaps. In the case of a class
“"B” circuit disconnection the only criterion for the contact gap is that
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after endurace testing the switch should pass the electrical strength
test. In the case of the Class "“A” a 3mm contact gap is required. Since
the contact pgap requirement depends on the nature of use, the effects of

reducing this demension are not considered here.

4.7.3.4 The Optimisation of IB

From the kinetic energy equation it is clear that the blade
inertia, IB, plays a significant role in the value of, KEi. In this
limited design approach it is only possible to consider changea in, 1B, by
keeping the blade length constant, since a change in this length would
alter the gwitch significantly. Thus the blade 1inertia can only be
changed by changing the mass. By exchanging the rivet contact for an
integral blade contact a reduction in the inertia can be made.

-9 a
IB, of the normal blade = 41x10 Kg m

-9 a

IB, of the reduced blade = 28.85x10 Kg m

Using this reduced imertia 1in the computer model produced a

reduction of aproximately 20 percent in the kinetic energy at impact, KEi.

4.7.4 The Overall Design for Reduced Pivot Bounce in Rocker Switches

To reduce the impact kinetic energy of the blade as expressed in
equation (4.'?),' significant reductions can be made by reducing the blade
inertia. The reduction of this inertia has been considered in previous

section under the constraint of maintaining the blade length, and only
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small changes in KEi were achieved. A full reduction in KEi must

therefore account for reducing the blade length.

Asguming a simplified blade shape, the inertia can be given by the

equation;
1 2
Eq (4.20). IB =1Ll . Ml / 12 + 2,r".M2

and M

M1 + 2.M2

where r”~ The position of the rivet contacts, from the centre line.
Ll = The length of the blade,
Ml = The mass of the blade without contacts,

M2 = The mass of the contacts,

M = The total blade mass.

If both the blade length and mass is reduced by a factor (1/X2), a
reduction in the blade inertia can be evaluated as shown in table (4.5).
It should be noted that the factor (1/X2), is arbitary and any other
relation between mass and length could be used to reduce, IB. The results
of this analysis are presented in figure (4.26), and show reductions in
the values of, KEi, for a given actuator velocity. The practical

application of this method is not considerd in this thesis.
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4.8 Kinetic Energy at Impact and Pivot Bounce

The contact bounce of the pivot interface can be represented by
the pivot bounce time, as established in section (2.4.4). The kinetic
energy values determined in the computer model are only applicable to
bounce times when negligible current 1s flowing. This situation has been
identified as mechanical bounce, and the total time of the bounce is given
by, T , as defined in section (2.4.5). Using the circuit shown in figure
(3.7), the wvarious switches arising from the design amalysis, SWITCH 1,
SWITCH 2, and SWITCH 3, were tested over a number of operations for the
transient time characteristics, by the method described in section
(3.2.2). From these traces the BM time, pivot bunce time, Tm(P), and main
contact bounce time are accurately evaluated, by the micro-computer. To
arrive at a full relationship between, KEi, and pivot bounce, the BM time
is transformed to a value of, KEi, using the curve for the particular
spring shown in figure (4.23). With the switches purposefully operated by
hand outside of the “normal” range a good span of data points was
achieved, as shown in figure (4.27), 1In this figure the data points for
SWITCH L, and 2, can be identified. With the switches operated in the
"normal” mode the range_of data points were éveraged to give the mean

vales shown in the table (4.6), these values are also shown in the figure.

BM o< KEi T (P)

(ms) rad/sec (x10-4J) (ms)
SWITCH 1 1.95 65.5 18.8 1.208
SWITCH 2 3.2 30.2 5.82 0.415
SWITCH 3 4.0 15.0 3.0 0.2

Table (4.6)
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The data points show that the kinetic energy at impact has a
linear relation with the pivot bounce time, however the relation is
subject to increasing deviation with increasing impact energy. The
minimising of the 1impact kinetic energy 1is thus proved to be a valid
criterion for reducing the pivot bounce. The mean values of, KEi, shown
in table (4.6) demonstrate significant reductions, reflected in the

reduced pivot bounce times.

A similar analysis applied to the main contacts 1s shown in figure
(4.28). This shows that there is no direct relation between the main
contact bounce and the reduction in, KEi. This suggests that the kinetic
energy at impact is related to the bounce at the pivot, leaving the main
contact bounce uneffected. This occurs because during impact at the main
contacts, kinetic energy is not totally absorbed, since a significant

portion is maintained in the separation occurring at the'pivot.

4.9 Switch Testing Under Load Circuit Conditions

It has been identified that the hand operation of the rocker
switch constitutes the most damaging operating condition. It is also the

condition most difficult to recreate in the laboratory. -

For the purpose of this analysis each switch was connected to a,
14 - 17 Amp, 200 V, a.c supply. The switches were then operated by hand,
under the normal switching action. After cycling the switches were then
dismantled to observe the pivot interface. The results of this experiment
are shown in the photographs of figures \4.29 a-d). For comparison the
profiles of some standard switches tested on the standard test rigs are
shown in figures (4.29 e-h). Table (4.7) 1lists the experimental
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Supply

Supply

Type of Switch Switch No's Circuit Equivalent
Fig operation type Version Operations Condition ?::;E?t Y:?z?) Makes
(a) Hand 92 c/o0 (1) 1,000 ON/OFF 14.8 A 200 500
double
pole
{b) " " (2) 1,000 " i4.8 A 200 500
(c) " " (1) 2,000 " 17 A 200 1,000
(d) " " (3) 2,000 b 17 A 200 1,000
(e) Can rig " Standard 5,000 c/0 16 A 200 10,000
(£) " " " 20,000 c/0 16 A 200 40,000
(g) " " " 10,000 C/0 16 A 200 20,000
(h) Hand 93 /0N /OFF " 2,000 ON/OFF 17 A 200 1,000
double
pole

Table 4.7 The Experimental conditions relating to the eroded contacts in figure (4.29)















conditions and the type of switch tested.

4.9.1 Discussion of Erosion Profiles

In all of the figures presented the right hand photograph is a
close up of the underside of the blade. Because the circuit current
conditions were not held constant through all the tests, comparisons must

be drawn between contacts operated at the same current.

A comparison of the erosion profiles of SWITCH 1, and SWITCH 2,
can be made with reference to figures (4.29a) and (4.29b). In the case of
SWITCH 1, the erosion has disrupted the silver inlay along the whole
length of the interface; however with SWITCH 2 the erosion is much less
se vere and only significant towards the right side of the contact. Thus

SWITCH 1 would be expected to wear through the silver, before SWITCH 2.

A comparison of the erosion profiles of SWITCH 1 and 3, can be
made with reference to figures (4.29c) and (4.29d). In this case SWITCH 1
has undergone twice as many operations as the switch used in (4.29a), and
at a higher current. This explains the increased wear obser ved.
Comparing with the profile for SWITCH 3, it can be seen that a significant
reduction in the erosion 1is achieved with the latter switch. This
observation supports the reduced experimental pivot bounce times shown in

section (4.8).

The following figures (e),(f), and (g), show the erosion profiles
obtained with the cam test rig, over a range of cycles. In the case of
figure (4.29e) the pivot interface has experienced 10,000 cycles at 16
Amps. A comparision with the profile of SWITCH L in (4.29c) shows that
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although the test system has applied ten times as many cycles the wear
profiles appear similar. This observation supports the comparisons made
in section (3.3) between the BM times, with cam rig and hand operation.
The hand operation is thus demonstrated to be a more se vere cperation.
Since the test rig design is dictated by the approval bodies, for example
British Standards, some consideration could be given in making the general
test method more applicable to the actual operating conditions of a

switch.

The figures,(f) and (g), show the influence of increased cycling
on the interface erosion. In both cases the copper blade has been
significantly eroded. In figure (g) the blade has been ultrasonically
cleaned. The additional figure (4.29h), shows a different switch to that
studied in the optimisation procedure, and éhows that under hand operation
the silver can erode through to expose the base copper, after only 1,000

make, hand operations.

4.9,2 The Rocker Switéh Failure Mode

In the introduction it was suggested that the main failure mode of
this switch was overheating as a result of increased contact resistance.
This statement can now be extended with reference to the erosion profiles

produced.,

(1). Oxidation of the surface materials. The blackened areas on the
central pivot could be produced by two phenomena; (i) the burning of any
lubricant at the contact interface, and (ii), the oxidation of the copper
base metal. The former would lead to carbon deposits, and would have an
unknown influence on the resistance. The latter would lead to an increase
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in the contact resistance.

(2) Arcing. It is arcing during bounce that causes the burning through of
the fine silver, as demonstrated in figures (4.29 f & g). The resulting

surface changes could lead to an increase in contact resistance.

The interaction between the wear and contact resistance changes
are unknown, and are the subject of controlled experiments presented in

Chapter 5.

1 ew -

4.10 Conclusions to the Computer Model of Rocker Switch Dynamics

The method of modelling the dynamics of the rocker switch has
produced some useful results by improving the wear characteristics of the
switch. The model also allows for the estimation of pivot bounce times
from a set of dimensions and conditions, via the experimental data of
figure (4.27). However the bounce times evaluated are only applicable to
the signal current situation and the application of current would be
expected to alter the relations presented in figure (4.27). To understand
the influece current on contact bounce the computer test system described
in section (3.4) has been used to consider the events 1n the pivot contact
interface, additionally the system is used to investigate the relationship

between erosion and contact resistance.
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CHAPTER 5

EXPERIMENTAL INVESTIGATIONS OF CONTACT BOUNCE PHENOMENA, DISCUSSIONS AND

RESULTS

5.1 Introduction

This chapter details experiments undertaken wusing the automated
test facility, described in section (3.4). The aim of these experiments
are to study contact bounce, of the type occuring at the pivot interface
in rocker gwitches under controlled conditions. The computer wodel
developed in the previous chapter has the ability of providing useful
design information on the basic rocker mechanism, however the influence of
load current on the bounce times evaluated would alter the experiméntal
relationships discussed. To evaluate the influence of current “Experiment
1 was undertaken, the control details of which are given in section
(3.5). As an extension of this work the influence of arc erosion on the
contact resistance of the interface is considered, in “Experiment 2. The
software details and data processing methods used are detailed in section
(3.5.3). Both sets of experimental results are presented in this chapter;

and follow the initial investigation of the test system dynamics.
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5.2 The Test System Dynamics and Arc Characteristics during Make

The high—speed photographic studies presented in this section, are
used to study the relevence of time as a criterion in electrical contact
bounce, to support the discussion in section <(2.4.4). The film
characteristics also identify the nature of the bounce produced in the
test system, under a range of test apparatus settings. In all of the
films, simultaneous voltage and current characteristics have been

monitored, processed and stored.

For reasons of photgraphic clarity che contacts wused in thig- -
initial investigation were rivet contacts, with the specifications shown
in figure (5.1). This type of contact mounted in the contact support,
allows for the close up photography necessary for the monitoring of small

amplitude bounce.

The automatic test system was used in the mode described in
section (3.4.10), such that the system would pause upon the arming of the
recorder. The controlling software then prompts for camera activation,
and the camera event relay releases the contact arm. Thus allowing for
the capture of the make operation on the high speed film. The electrical
transient at impact then triggers the recorder. This method allows for
the comparison of! the film and experimental test data in the same fashion

used in chapter 4.
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5.2.1 The Velocity of Impact

To evaluate the consistency of the test system in maintaining the
same impact coundition and the influence of the rig settings on the impact
events, a series of five films were taken. The experimental condition and

results are given in table (5.1).

Film Is h h” F u, n Z, T,

d.c

(Ampg) (mm) (mm) (N) (m/8) (mm) (ms)
l 20 3 3.61 2.7 0.59 L 0.163 3.488
2 20 3 3.61 1.4 0.46 1 0.19 4.87
3 20 3 3.61 1.4 0.475 2 0.163 5.376
5 0 3.5 4.21 1.4 0.571 1 0.163 5.429
6 30 2 2.409 1.4 0.306 2 0.122 4.326

TABLE 5.1

Where 15= The closed circuit d.c supply current in a resistive circuit,

h = The contact stop setting as defined in figure (3.1l1),

h“= The actual contact gap. This is a function of the position of
the contact stop, and is given by (h"=1.204xh). This relation
was maintained for all the data presented.

F = The static contact force, controlled by the spring, and defined
in figure (3.11).

u. = The measured impact velocity of the contacts.

n = The number of bounces observed.

Z,= The measured maximum contact displacement of the first bounce.

T, = The duration of the first bounce, evaluated from the electrical

transients.
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Both films, 2 and 3 wete operated under the same apparatus
settings, and in figure (5.2) the two impact characteristics are compared
to evaluate the repeatability of the system. The figure demonsrates that
with the same system settings, the velocity of impact is maintained. 1In
addition films 5, and 6, were taken with the same static contact force,
thus allowing for the evaluation of the relationship between velocity of
impact and the contact arm stop position. This is shown in figure (5.3},
which shows a linear relationship. The high static force used in film 1,
demonstrates with reference to table (5.1), that increasing the force
increases the impact velocity. As an extension of this work, a
mathematical model of the test system could be evaluated to relate the

impact velocity to any system settings.

5.2.2 The Bounce Characteristics of the Test System

Both films 2, and 3, taken under the same initial conditions
demongtrate the influence of the surface condition on the bounce
characterigtics. In the case of film 2 the event monitored was preceeded
by a number of 20 Amp d.c cycles, while film 3 was preceeded by 3 purely
mechanical closures, i.e without any current. In the case of film 2, the
initial period of impact was measured to be 0.84 ms, compared to the 0.728
ms in film 3. The Larger time in the case of film 2, would suggest a
larger absorbtion of the incident kinetic enmergy. This is reflected in
the reduced bounce times. The 20 amp cycling preceeding the data for film
2 has thus generated surface roughness, which allows for more incident
kinetic energy absorbtion. The condition of the surface is thus shown to

influence contact bounce, under 1load current conditions. This is in

agreement with the observations of B. Miedzinski, et al, [1].
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5.2.3 The Arc Voltage Characteristic at Make

For the purpose of this study film 6 is used because it represents
the best example of a displacement characteristic. A full analysis of the
bounce is presented in table (5.2), while figures (5.4) and (5.5) show

respectively the displacement and arc transients.

t(eil) ¢t(ebl) t(ei2) t(eb2)

Fiim time 0.83 4.333 0.83 1.33

Data from auto test system 0.812 4.326 0.826 1.288
Data evaluated from fig(5.5) [ 0.819 4,33 0.751 1.475
Z (maximum from film) (mm) / 0.122 / 0.022

Maximum Arc Voltage / 16.24 / 14.06

Table 5.2, with all times in milleseconds

In table 5.2, the times are defined as electrical bounce times,

since 30 Amps 1is passing through the contacts. The times are defined

using the notation given in section (3.4.2), as:

t(eil) = the first electrical impact time period,

t(ebl) the first electrical bounce time period,
t(ei2) = the second electrical impact time period,

t(eb2) = the second: electrical bounce time period.

Correspondingly, with signal current passing through the contacts

t(mil) = the first mechanical impact time period,
t(mbl) = the first mechanical bounce time period,
t(mi2) = the second mechanical impact time period,
t(mb2) = the second mechanical bounce time period.
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In table (5.2), the film time 1is measured from the separation
times shown in figure (5.4). The data from the auto test system is that
evaluated in the processor after the transfer of the two traces shown in
figure (5.5). The error in this analysis can be determined by comparison
with the actual times evaluated directly from the traces, using the

curgers of the DL1080, also shown in table (5.2).

Proir to the first impact some films show evidence of pre-strike
arcs, due to breakdown or asperity vaporisation; and the arc voltage
assoclated with this is shown in figure (5.5). The pre—strike arcs are
however of short duratiom, typlically less than ten microseconds. As a
consequence, these arcs will have only a relatively small affect on the
overall erosion, with bounce times of typically one to five milliseconds.
It is however possible that the pre-strike phenomena could affect the
dynamics of the system by creating 1local areas of molten metal at the
instant of impact. This is however thought to be unlikely, since the
breakdown is not necessarily at the same point as the areas of actual

contact, during impact.

The arcs observed during the bounce are seen to be subject to
rapid movement,and are not generally coaxial with the centre of the domed
rivet contacts considered in this study. In figure {(5.6), a single frame
taken from the film; the arc is shown to be on one side of the contacts

as the contacts impact.

The relationshlp between the maximum high of the bounce and the
time of the bounce, as given in equation (2.23), can be considered in the
context of electrical bounce, with reference to the displacement
characteristic shown in figure (5.4). This shows that, contrary to the
expected parabolic shape of the bounce displacement, the curve exhibits a
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separation velocity higher than the following closing velocity. The value
of velocity used in equation (2.23), is the average of these two. The
figure presented is based on the experimental data and needs to be
multiplied by conversion factors to give the actual velocities, and
displacements. The conversion factors are 0.1666 ms = 1 frame, and

0.02249 mm = 1 mm on the film. Then from the data,

u,, (separation) = 0.1617 m/s
u,, (impact) = 0.0735 m/s -

Mean, u = 0.1176 m/s

Then from equation (2.14): e = 0.1176 / 0.306

In equation (2.23), this yields Z = 0.125 mm

In table 5.2, Z = 0.122 mm; thus demonstrating that although the
equation is based on bounce without arcing, it can be used toc give an

evaluation of bounce amplitude in electrical contacts.

The non—-symetric response of the bounce 18 thought to be a
consequence of the electromechanical forces acting at contact separation,

(2]; and the arc vapour pressure, at impact, [3].

The voltages occuring during arcing have been the subject of much
research as discussed in section (2.3). In figure (5.3) the top trace
shows that during the first bounce the arec voltage increases above the
minimum arc voltage to give a maximum of (16.24 Volts). In the second
bounce the arc voltage levels at (14.06 Volts), and at the end of the
bounce the voltage 1s seen to collapse with the separation of the anode
and cathode falls, [4]. The minimum arc voltage for these contacts is
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taken to be the plateau value of L4 Volts. For comparison, Holm, 5] gave
the value of 13 Volts for contacts with 40 percent Ni; 1in this case 20
percent Ni is used. The plateau value for the pivot interface 1s 15

Volts.

The duration of the bounces considered, are much larger that those
generally found in this type of contact. A more typical value would be, 1
ms, of similar duration to the second bounce. Therefore with a duration
of less than, 1 ms, the measure of -‘contact displacement is not of
importance, since the arc voltage will 1lie close to the wminimum arc
voltage. The energy equation (2.26) is therefore justified as a means of
evaluating arc energy, since the importance of the bounce time in defining
a bounce characteristic is justified. Additiomally the arc energy
evaluation used in the data processing method can be used to compare with

this equation, thus also testing the minimum arc voltage assumption.

The current characteristic shown as the bottom trace 1in figure
(5.5), shows the current increasing from zero to 30 Amps. The ripple on
the d.c current is a result of the rectified supply used in this

experiment. The current is seen to reduce during arcing.

3.3 The Influence of D.C Current on Electrical Contact Bounce

The automatic test system 18 used in this analysis to allow for
the collection of data, accurately, and over a large number of cycles.
The contacts used in this analysis are the pivot coatacts used in the
rocker switch detailed in chapter 4, and for comparison the rivet contacts
used in the previous section. The details of the mounting arrangements
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for these contacts are considered iIn section (3.4.2.3).

The method used is to compare signal current bounce, defined in

this thesis as Mechanical bounce; with bounce wunder 1load current

conditions, defined as Electrical bounce.

5.3.1 The Consistency of Contact Bounce in the Test System

Initial tests with pivot contacts showed that a full pivot of the
type used in the switches in chapter 4, with a length along the line of
contact of 9Ymm, produced inconsistancy of bounce under the same system
settings. To overcome this problem the pivots were sectioned as shown in
figure (5.7a), to give an effective line of contact of approximately 1 mm.
The blade material mounted in the stationary contact support, was taken
from the flat raw material, the details of which are given in figure
(5.7b). The protective material is fine silver and is only applied to the
blade contact. The flatness of the blade material is of importance since
uneveness would cause additional restitution effects.

To evaluate the mechanical characteristics of the test apparatus,
the system was operated over 1000 cycles, with new pivot contacts, h =1
mm, and F = 2.7 N. The resulting values of . bounce times are shown in
figure (5.8), with the data points taken every 10 operations. The fipure
shows there is congistancy in the first impact and bounce times, and
variation in the overall bounce time (Tm). This indicates that most of
the inconsistancy occurs in the subsequent bounces. The subsequent

bounces therefore have a large random factor. In the first thirty
operations there is some increase in t(mbl) the first mechanical bounce

time, suggesting an increased surface hardness, due to work hardening.
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To evaluate the consistency of bounce under d.c load current
conditions, the test system was operated over 1,000 c¢cycles, with pivot
contacts, h= lmm, F=2.7mm, Is=16 Amps, and V5=120 Volts. The resulting
variation in bounce times are shown in figure (5.9). As in the case of
mechanical cycling, the first impact and bounce times show consistency
over most of the operations, however there are gome changes in the first
100 operations. This is due to the initial arcing changing the contact
surface from a relatively smooth surface to an eroded surface. The low
initial total bounce time indicates considerable absorbtion- of kinetic
energy. Similar to the mechanical case the major variations must occur in

the bounces after the first; defined here as the subsequent bounce.

In figure (5.10), the influence of a single electrical operation
on mechanical bounce is considered. It shows that over the first 10
operations the mechanical bounce time increases, as previously obgerved.
Then two operations, with a suppply of 120 Volts, 20 Amps, d.c, were
applied to the closing contacts. After which the mechanical cycling
continued. This shows the effect of the surface disruption on the
mechanical bounce times. The reduced time suggests the increased
absorption of the impact kineétic energy. Identifying the influence of the

surface degradation on the bounce.

5.3.2 Basic Test Method

To collect data on the reduction 1in bounce the contacts were

initially cycled in the following fashion, defined as "cycle mode 1".

Cycle mode 1, is defined as, one mechanical make operation and
data collection followed by one electrical make operation. This
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constitutes one cycle. The cycle is then repeated.

The initial results obtained wusing this mode, identified the
importance of the time period that the d.c load current supply remained on
after impact. In initial testing the load current was maintained for 40
seconds, during data transfer. This had the effect of heating the
contacts such that the following mechanical impact would be cccuring on a
thermally softened surface. To reduce this influence to negligible
proportions the “on time” was reduced to 130 ms. With approximately 1.5
minutes between operations, sufficient time was then allowed for the heat
dissipation, resulting from arcing and load current flow. The bounce

characteristics monitored were then functions of,
1) The supply current,

2) The test apparatus settings,

3; The contact surface condition.

J3.3.3 The Results of the Bounce Reduction due to a 12 Amp D.C Current

The evaluation of the bounce reduction, K, with current is
evaluated using the following relation, for one cycle.
K= Tc_ T
For the reduction in the first bounce, Ki, the following relation is used

Kl = t(ebl) - t(mbl)

A typical set of results on the evaluation of, K, for pivot
contacts is shown in figure (5.11). 1In this figure, K, is shown to vary
significantly over the 25 cycles considered. Over the period shown a mean
value of, K, is determined.
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The large variation in, K, is confirmed in figure (5.12), over a
period of 200 cycles. In this figure the superimposed mean vales of, K,
each taken over 25 samples, show, E, to be consistently négative and
reducing with the number of cycles. This reduction 1s mainly the result
of a reduction in the mean mechanical bounce times, due to the surface

changes.

A similar test for new contacts, under the same experimental
conditions presented in the same figure, show a similar reduction, however

the values of, E} are seen to be different.

To establish the factors affecting the scatter, and the variations
for different pivot contacts, individual bounce times were considered, in
a given characteristic. In figure (5.13), taken for the same data
presented in figure (5.12), the reduction term, Ei, is shown ¢to be

uniformly positive, indicating a larger first electrical bounce. Over the

period shown in figure (5.11) the mean value of, Ei, is 66‘fs.

5.3.4 Subsequent Bounce Phenomena under 12 Amps D.C

The positive value of, Kl, implies that the overall reduction, K,
must be reconsidered, since K applies to the whole bounce characteristic,
and there are clearly two sectors to the bounce. The second sector, or
subsequent bounce 1is significantly affected by the first arc, as a result
of thermal effects. This causes the reduction in the subsequent

electrical bounce.

The reduction over the subsequent period is defined as (K”),
where,
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Eq.(5.1) K = T, - T~

and,

Eq.(5.2) K =K  + Kl

Where P;= The subsequent electrical bounce times,

and, T;? The subsequent mechanical bounce times.

With the small variations in, K1, the scatter in, K, must be due
to the variations in, K°. By comparing the, K”, data, with, T7 , over the
same period as in figure (5.11), it can be observed in figure (5.l4), that
most of the scatter occurs as a result of variatioms in, T;1. This occurs
because of the surface changes resuliting from the arcing in the preceeding

electrical test.

To summarise the observations, in sequence;

(l). After a single mechanical operation, the contacts close on a cold

surface, with flattened asperites.

(2). At the first impact current starts to flow through the asperites,
but the rebound is a consequence of the surface condition, aand with no
softening in the area of impact, the duration of the first rebound is

constant.

(3). The arcing caused by the first separation causes significant heating
of the areas of contact, such that upon the second closure, the contacts

are meeting at areas of melten metal.

(4). In the second impact the kinetic energy of the contacts is more
eagily absorbed, because of the surface condition; leading to the

supression of bounce.
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(5). The following mechanical impact occurs on a cold but roughened
contact surface, however the first bounce shows only small inconsistency
over a large number of cycles. The majority of bounce inconsistency then

occurs in the subsequent bounce time (T, ).

To account for the inconsistency of, T;h, the data 1is averaged
over 25 values, and then compared to the, T;_, over the same period. The
results of this analysis for a range of times and for both pivot and rivet
contact, 18 shown in figure (5.15). This shows that for a small
subsequent mechanical time of less than (0.3 ms), there is no subsequent
electrical bounce. At values above (0.3 ms) the following relation can be

seen to hold.

T; = T;‘- 0.3 ; Where the times are in milliseconds.

Therefore with a known subsequent mechanical bounce time, the
electrical bounce can be established, for both rivet and pivot type

contacts, under the circuit conditions used.

5.3.5 The Subsequent Bounce Phenomena for a Range of d.c Currents

To extend the experimental relation to a range of currents
required a re-consideration of the "Cycle mode 1", since significant
periods of time were used in the collection of the data with the
evaluation of a single point from 25 data values. For this purpose a new

cycle was considered.

Cycle mode 2, In this case five mechanical operations are followed















disturbed. The mechanical bounce times then show how the first bounce
time increases over the five cperations. This is caused by the flattening
of the surface, and results in less absorption of the incident «inetic
energy. After the mechanical operations the first electrical operation is

impacting a surface more flattened that in the case of mode one.

The full extension of this method to cover a range of subsequent
bounce times at 12 Amps gives the points in figure (5.16). These points
clearely supplement the data obtained using wode one. It can therefore be
stated that the' new cycle mode allows for a accurate and fast collection
of data. The method has therefore been used to consider the influence of

a range of d.c currents.

5.3.5.1 Results for a 20 Amp D.C supply

Uging the new data collection method, and considering the
subsequent bounce times, the relation between the mean mechanical and
electrical times at 20 Amps is presented .n figure (5.17). This shows
that the higher current has more of an effect in reducing the bounce,
particularly at iow and high values of subsequent mechanical bounce time.
It is shown that with, T;1= 0.6 ms, nc subsequent electrical bounce would
be monitored, and the amount of reduction in bounce is a function of the

duration of the mechanical bounce.
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5.3.5.2 Results for 30 Amp D.C supply

In the case of make operations at 30 Amps d.c the relation between
Té , and T;‘is shown in figure (5.18). This shows a further increase of
the effect of current on mechanical bounce, and shows that with T; = 1.1

m8, no subsequent electrical bounce would be monitored.

5.3.6 General Dicussion of Results

With a2 well defined wmechanical bounce, split into first and
subsequent bounce times, figure (5.19), allows for the evaluation of the
expected subsequent bounce duration under the influence of d.c curreat, in
the range 12, to 30 Amps. If the evaluated bounce time is then added to
an unchanged first mechanical bounce time, an evaluation of the overall

electrical bounce time, Ta’ can be achieved.

It is therefore proposed that if the values of the mean pivot
bounce times identified in table (4.6), on page 167, were split into first
and subsequent bounce times a mean value of, Te’ could be obtained, and

used in equation (2.26), to antlicipate arc energy dissipation.

The reduction in subsequent bounce was first observed by Erk and
Finke, [6], who published results of bounce time against current. Some of
their results are shown in figure (2.5). The results presented nere,
confirm some of Erk and Fink“s observations at much lower currents; and
have taken the observation stage futher and present results that hold.
with an independance of materials and surface topography, under the

conditions presented.
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5.4 The Variation of Contact Resistance with Arc Erosion under Cycling

The purpose of this experiment is to give some understanding of
the failure modes in the pivot, and rivet contacts. The basic details of
the system modifications, the control, and processing software necessary
for this are given in section (3.5.3). This 1s refered to as Experiment

2.

5.4.1 The Data Analysis of the a.c Trangients at Impact

The data analysis of the contacts at impact under a.c cycling is
more complex than the method wused in the previous tests, under d.c
conditions. In this case, once the waveforms have been transferred to the
micro-computer the slice 1levels have to apply to both positive and
negative values. In addition the extinguishing of an arc during the
period of bounce can lead to errors in the bounce time evaluation. The

software used to evaluate these waveforms is given in Appendix (4,.

Figure (5.20) shows the contacts impacting, during the positive
half of the A.C cycle. The current then rapidly increases during the
first impact period, until the first bounce cccurs. In this case both of
the bounces at the contdcts occur within the positive cycle, and the
bounce times are taken directly from the voltage trace, since the current
does not pass through zero. A comparison of the experimental and computer

evaluated bounce times show only small errors.

Figure (5.21), shows the current passing through zero during the
period of contact bounce, thus extinguishing the arc. 1In this case the
software detects the current zero occuring during the bounce. A
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comparison of the experimental and computer evaluated values of time again

show only small errors.

5.4.2 The Variation of Contact Resistance with the Number of Operations

In this test rivet contacts were operated over 10,000, a.c cycles
of "make only” operations with the bounce and contact resistance monitored
every 50 cycles. The experimental conditions were as follows: the
supply, 200 volts, 16 amps, and the apparatus settings, h=0.5> mm, and F
=1.4 N. These setting produced a mean bounce time evaluated from the 200

data points of 2.13 ms.

The evaluation of contact resistance and the wmethods used are
discussed in section (3.4.8). To remove the likelihood of earth loops,
the supply used for the monitoring of the contact resistance was a 24 Volt

d.c battery, with a load current of 16.4 Amps.

The variation of the contact velt-drop with the number of
operationg is shown in figure (5.22). It shows that over the period of
testing the contact maintains a low stable value of contact resistance, of
0.3 mfL. The erosion profile of the contacts after the experiment is
showﬁ in figure (5.23). This shows that the protective Silver/ Nickel
used on this contact nas not been eroded sufficiently to expose the base

metal.

The evaluation of the dissipated arc energy 1is not considered
since the data points were only taken every 50 cycles, (to allow for the
accelerated testing of the contacts). However in the light of the small

contact resistance changes, this is wunimportant, since there is no
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significant increase in the resistance.

The same low level of contact resistance was monitored with pivot
contacts under the same experimental conditions. This again demonstrated
the low resistance ievels, with the resistance not increasing above 1 mun.
In this case the mean bounce time over the period of the experiment was,
1.52 ms. This duration is of the same order of the bounce duration in the
rocker switch, as shown in table (4.6). The erosion profiles associated
with this magnitude of bounce 1s shown in figure (4.29c), for a hand
operated rocker switch over 1000 make only operations. Comparing this
profilé” with that 4in figure (5.24) for the same materials and bounce
duration in the test system, over 10,000 operations shows that although
the latter has undertaken l0x the number of operations the erosion preofiles

are similar in that in both cases the silver has not been penatrated.

It is therefore proposed chat although the arcs occurring during
bounce erode the surface, the slip ard rolling motions associated with the
interface in the rocker switch, must produce the added requirments for the
removal the the silver. Therefore the switch erosion is a combination of
arc and mechanical ;rosion. Where only one mechanism is in operation no

significant wear is observed.

5.4.3 The Variation of Contact Resistance with Applied Force

To consider the influence of slip or the small wmovement of the
surface after contact impact, the contact force is varied to zero, the
contacts are re-seated and the resistance monitored. This test was
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considered after the full 10,000 cycles.

The variation in the contact resistance with contact force 1is
achieved by the hand variation of the spring compression on the test
system, with the force monitored directly on the astatic 1load cell. The
results shown in figure <(5.25) apply to the rivet contacts, but could
equally apply to most contacts of the type shown. A simlar wvariation
occurs with the pivot contacts after the full test. The figure shows that
the contact resistance reduces with the increase in the appiied force.
Upon the reduction of force the resistance increases. After the first
re—seating of the contacts, with the contact force increased o 2 Newtons
the resistance is 0.48 m N, compared to the initial value of 0.24 mn.
After a further re-seating the resistance increases to 0.9 mJL . Thus the
reseating increases the resistance by a small fraction, of 0.66 m JL. It
is proposed that in the case of the pivot contact shown in figure (5.24),
a more significant increase would be monitored if the reseating were to
occur at the edge of the eroded area, as would vccur in the actual rocker

switch with slip.

Small lateral movements of the contacts after impact do not lead

to large increases in coutact resistance.

5.4.4 The Evaluation of the Theoretical Arc Energy

The arc energy equation developed in section (Z2.4.4) can now be

considered in the context of a.c, and d.c testing.

In the case of a 12 Amp tests, with an assumed constant arc

voltage of 15 Volts, over 334 operations, with a mean bounce time of 2.95
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ms, equation (2.26), gives the total arc energy dissipated to be
(155.0/J). The summation of energy evaluated in the automatic test system
was (152.05J), thus showing the equation to be a useful means of

evaluating arc energy dissipation.

In the case of a.c testing the assumption of constant arc energy
is no longer valid. For the pivot contact endurace test, the relationship
between the bounce time and arc energy during the experiment 1is shown in
figure (5.26). 1In this figure the variation is considered over 191 data
points. The figure shows that there 1is significant variation in the

duration of the contact bounce. This is caused by two factors,

1) The magnitude of the current during the bounce is a variable, depending
on when the contacts lmpact relative to the, a.c cycle. To ensure that

this event is random, a time delay is utilised in the software.

2) The full pivot used in this test, has been shown to generate

inconsistency in the bounce, as a result of the 9 mm line of contact.

For a comparison of the arc energy and bounce times figure (5.27)
shows a magnified section of figure (5.26), and shows the independance of
the two parameters. The variation in arc energy dissipation is affected

by;

1) The random nature of the bounce time,

2) The randomness of the current crossover occuring during the bounce.
This has the effect of producing a number of the arc energy values, close

to zero, with a measured bounce time.
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3) Both the supply voltage and current are sinusoidal.

To extend equation (2.26) to cover these variations the following

agsumptions are made.

1) A mean value of T, can be used, and multiplied by N, the number of

operations to give a summation of the bounce times.

2) The R.M.S currents and voltage can be used.

3) The minimum arc voltage for the pivot is 15 Volts. - -
4) In no case does the arc extinguish during bounce.

These assumtions are a significant simplification, and full

statistical approach would be necessary for a full analysis.
In the case of the data ip figure (5.27),
E=49.74 J , and E; 1.529 s
Then in equation (2.26), the total E = 64.8 J.
The theoretical energy is 30 percent greater than the measured,

therefore showing that although considerable assumptions are made the

equation could be used, with further modifications, as a measure of arc

energy in a.c circuits.
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CHAPTER 6

Conclusions

6.1 Review

The research presented in this thesis has evaluated the operation
and performance of the rocker switch mechanism. The results of the
initial experimental work showed that the erogion at the pivet interface
of "make down~ rocker switches, was caused by a separation and bounce at
the interface, simultanecus with the main contact impact. This bounce and
the associated arcing was therefore the major cause of the contact erosion
and the rise ih contact resistance, leading to an eventual over—heating

failure, due to the temperature rise at the interface.

To reduce the contact bounce and thus the erosion a mathematical
model of the switch mechanism was developed, with the aim of producing a
computer model of the system, such that a computer—aided design exercise
could be wundertaken. This model accounts for the bounce in terms of the
mechanical events. To extend the results to the case of bounce with the
passage of current, experiments were considered on the influence of
current on comntact bounce. For this purpose a general automated test
system was designed and developed for the study of fundamental electrical
contact phenomena under controlled conditions. The apparatus was used to
develop a relation between mechanical and electrical bounce in reai switch
contacts where the surface changes can affect the bounce, and to study the

215



erosion of the pivot interface under controlled conditions.

6.2 The Rocker Switch Dynamics

The high speed photogaphic study used in combination with the
signal current switching transients, was used in section (4.2) to identify
the pivot contact separation, bounce and system dynamics. These lead to a

number of important observations.

1), During the switching wmotion the plunger is displaced and not acting

directly over the pivot, as previous models have predicted.

2), Because of the low opening acceleration, the separation of the main

contacts can only be accurately determined from the signal current

transients.

3), The dynamics of the hand operated switch 1s affected by che way in

which the switch is operated.

6.3 The Computer Model of the Switch Dynamics

The mathematical model based upon the observations made in the
initial investigation, evaluates the dynamics of the system from a set of
initial conditions, up to the moment of main contact impact. The model
was verified experimentally in two stages, the first for an .dealised

Initial condition, and the second for the real situation where the angular
velocity of the actuator is constant during blade changeover. Both
conditlons were simulated, demonstrating the validity of the model. The
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model was then used to study means of reducing the pivot bounce. The
method used was to reduce the kinetic energy of the blade at wain contact
impact. For this purpose two design modes were used; the first applying
to an eXisting mechanism, produced two suggested modifications, based on
the reduction of the impact velocity. The second design method was an
overall approach, based on the reduction of the blade inertia. The latter
case was not tested experimentally because of the manufacturing
difficulties, however the modifications wmade to the existing switch
produced significant reductions in wear at the pivot interface. The
testing of this type of switch was considered and it was shown that the
standard test used by the wmanufacturer, is not representative of the
operating characteristics in hand operated switches. The switches tested

in this work were therefore all hand operated.

In an additional experiment the modified switches were compared
under signal current conditions. In each case the kinetic energy at
impact was related to the magnitude of bounce occuring at the pivot and
main contact interfaces, over a number of operations. The former showed
that for the switch considered there exists a linear relation between the
kinetic energy at impact and the magnitude of pivot bounce, though with
increasing energy there was increasing deviation in the data. In the case
of che main contact bounce, no relation was estabiished with increasing
energy of impact. It can therefore be concluded that for the reduction of

pivot bounce, a study of kinetic energy was justified.

The modifications made have proved useful in the ultimate aim of
reducing the bounce occuring at the pivot and reductions of 80 percent

have been achieved on the standard switch mechanisms considered.

The computer model is capable of analysing any rocker switch
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design to predict operation times and the kinetic energy at impact. The
extension of these values to the erosion of the contacts and cthe pivot
bounce times under load current conditlons is however iess clear. It can
however be concluded that a reduction in the kinetic energy at impact will
reduce erosion, since with the mechanical bounce reduced the bounce under

the passage of load current will also reduce,

6.4 The Influence of d.c Current on Contact Bounce . R

The results presented on the fundamentals of bouncing contacts,
identify the importance of bounce time in defining a separation
characteristic. The arc energy equation based upon this has proved to be
a useful and accurate means of evaluating energy dissipation in bouncing

contacts.

The test apparatus, euabling a single electrical bounce to be

compared to a preceeding mechanical one, shows that with 12 Amps d.c:-

1) With the data averaged over 25 cycles, the first electrical bounce is

slightly greater than the first mechanical, a typical value is 66 us.

2) The subsequent mean electrical bounce 1is less than the subsequent

mechanical, a typicai value is 0.3 ms, for worn contacts.

3} The large spread of data values of the subsequeunt bounce reduction, is
due primarily to the variation in the subsequent wechanical bounce time.
The mechanical bounces are therefore significantly affected by the surface
changes, since they follow an electrical operation, whereas the electrical
bounce will be acting on a surface flattened by the singie mechanical
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operation. Additionally the first impact in the electrical bounce will
melt the sqrface such that the subsequent bounces are affected only by the
extent of chis melting, therefore with the same current and first bounce
duration the subsequent bounce duration will remain, and has been shown to

remain, constant.

To increase the rate of data acquigiton the experimental mode was

changed such that a range of currents could be considered.

In this case each data value was averaged over 5 mechanical
cycles, followed by 5 electrical. This leads to a different evaluation of
the first bounce times. In this case the mean mechanical is slightly
larger than the mean first electrical. The new method however produced
the same results when subsequent bounce times are considered. Using the
new method it was shown that for 30 Amps, with a subsequent mechanical

bounce time of 1.1 ms, no subsequent electrical bounce would be expected.
It can therefore be concluded that the reduction in bounce caused

by the passage of current is a function of, load current, and the

subsequent mechanical bounce time.

6.5 Electrical Contact Bounce under a.c Endurance Conditions

No significant increases in contact resistance were monitored over
the 10,000, cycles at 200 Volts, 16 Amps, 50 Hz, for both rivet and pivot
contacts. Additionally the wear profiles of the pivot interface, for the
same bounce periods experienced in the rocker switch, showed that less
wear was noticable. It is therefore concluded that the wear profile at
the pivot interface in the rocker switch is the combined effect of both
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arcing and the rolling and sliding motion of the interface. Since with
only pure bounce as in the case of the test system, and with only sliding
and rolling, as in the caée of SWITCH 3, where the bounce has been reduced
to negligible proportions; the contacts maintain a good contact. It can
therefore be concluded that if an electrical contact is to be used were
small lateral motions can occur after impact and bounce is experienced,
the materials should be carfully considered. It is suggested here that a
suitable material wmight be 80/20 Ag/Cu, with a vickers harness of 85,
compared to that of 26, of fine silver. The. increased hardness of the
material is 1likely to show wear improvements, during the rolling and

sliding stages of the pivot interface.

If the bounce was reduced to negligible proportions, the thickness
of the protective layer could be reduced, however the total removal is not
recomnended, since pure copper, with infrequent operation, would present

oxidation problems at the interface.
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APPENDIX 2

The programmes for the analysis iof the .high—speed film data..
Programme WSX: Evaluatés thé X,Y,Z, ddta as predented -in figure {(4:l),
from the méasurement of contact. gap displaceuents oh ‘the film: The blade

angle, ﬁ ,. 18 :also evaluated from this data. ,

Programme : QAZ: |Evaluates the actuator angile, zb(,;,-_‘and‘ ‘the:  spring.

extension, x, as a function of time.
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REN PROGRAME FOR THE NORMALISATION OFX,Y,Z,DATA & CALCULATION

REN OF B WHERE B NOU RELATES 70 THE CHANGE'IN BLADE ANGLE 3 1 ROTATION
PRINT“PLEASE SUPPLY. THE FOLLOWING BATA® :
PRINT*FOR THE CALCULATION OF B & X,Y,2Z,FROM HYSPEED RESULTS"

PRINT"""'"""'-"-""""""'

PRINT

PRINT*TYPE IN THE FILMN & OP NUHBER"

INPUT G¢

PRINT"NUMNDER OF FRAHES -?"

INPUT N

PRINT"DEFINE THE REHUCT!ON FACTOR FOR FXLM"

INPUT MAQ

;5;3¥“;YPE IN FILH SPEED"

PRINT"INPUT DISTANCE FROM P!UOT TO LEFT & RIOHT CONTACT RESPECTIVLY®

INPUT €,D
DIN F(68),0(48) ,H(40),1(48)
PRINT*TYPE IN FRANE NO & VALUES OF X,Y,Z, SEPARATED BY COMNAS®
FOR Ne1 TO M :
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PRINT :
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APPENDIX 3

The soitware for the control of the IEEE-bus from the RML mocro-computer.

10 REM INIT BUS

20 PUT#7 |"INIT"]

This statement initilises the IEEE bus

30 PRINT#7 [16]. "FIRO"

This statement causes the command FIRO to be sent to the device
at address 16. The command is device dependant.

40 INPUT#7 [16]. AS

This line causes the device 16 to .nput the character string A$§, into the
computer.

50 PRINT A$

This will print the string.

60 END
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APPENDIX 4.

The software for the control of ‘thé aitomated test. system.
The additional software; subroutines 6000, and 7000; at the iend uf this

appendix; are-bhe:adaptedfroutines for ‘the; evaluation of bounce in a.c

circuits and :the controi .sequence :for contact resistance monitoring.:
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APPENDIX 5

The computer software modelling the rocker switch dynamics. The programme

presented is called DYNAMICS.

The following list defines the variables used in the programme and thesis

text.

DYNAMICS THESIS
H h
BLADE b
RL r
K K
L 1
E e
BMAX BMAX
IP I
RIL I
IB 1
MU1 S
MU2 M
PE P
Y(1) = ALPHA X
Y2, <
Y(3) = é(
Yi4) = :L
» - £
- ;

wn
1]
w
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Measurement of values

The major switch dimensions were measured from the film data, and compared
to the manufactures raw dimensions. The moments of inertia were measured
experimentally using the compound pendulum method. The coefficients of
friction were estimated, with reference toj; “Lubrication: A practical
guide, by A.R Lonadown”; where i1t has been stated that, "Nyloms form
smooth transfer films on metal countersurfaces, and when used unlubricated
.their friction is fairly low, typically 0.1, 0.2 at low speeds depending

on load and temperature”. In this case the switch is normally lubricated.

In the case of verification 1, in the programme VERT, the following

dimensions were used.

IP = 0.452D-06 RI = 0.41D-06 IB = 0.41D-07
MUL= 0.1D+0 MU2= 0.1D+0

K = 0.16D+04 BLADE=0.81D-03 H = 0.1468D-01
L = 0.87D-02 E = 0.607D-02 PE = 0.396D-02

In the case of verification 2, the following changes were made to the

dimensions.

H = 0.1435D-01 E = 0.576D-02
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