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SUMMARY

This research concerns the design of reed relays having
fast-operation and slow=release characteristics without
resorting to external timing circuits.

In an electromagnetic relay of this type, additional
iron is required to offset the inherently low permeance of
the reed switch, if a long time constant is to be obtained.
In the presence of this additional iron, means musi be
introduced to ensure that rapid closure of the contacts is
possible, on the application of excitation. To this end,
a second winding, in addition to the operating coil, is
included in the relay, and the reed switches are located
in the leakage field between these windings. This is the
fundamental departure from normal relay practice, in that
the flux across the operating gap is only a small fraction
of the main flux,

A wide range of values of release m.m.f. is normally
encountered in commercially available reed switches, and
this gives rise to a corresponding range of release times.
The relay which forms the subject of this research
embodies a feature whereby, in a multi-contact version,
the release of the contacts may be synchronised.

It is shown that for given operating conditions an

optimum design exists for minimum relay volume. A technique



for achieving this design is developed in the thesis.
Experimental relays are described and their measured
performance is shown to agree well with the theory on which

the design is based.
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Te INTRODU CETTON

In 1856ISamuel Morse found forty feet an
excessive transmission distance for the correct functioning
of his telegraph equipment. He conceived the idea of
utilising an electromagnet to operate a switch, thus
"relaying" his signal for a further forty feet.

The advent of the telephone, which required
analogue, rather than digital, signals, rendered the
electromagnetic relay unsuitable for augmenting the signal.
However, Stfowger's introduction of the automatic telephone
exchange provided a new field of application for relays,
associated with switching operations, and many similar
functions exist in industrial and domestic control and
automation. In 1932 the Post Office adopted as standard
the '"3000 type" relayz'which had been recently
developed by Ray and Biddlecomb,3 (See Figure 1). A
great deal of progress had been made in this development.
Improved materials contributed to better performance, and
numerous design innovations were introduced. These
included a modified magnetic circuit associated with the
elimination of pinned armature pivots, and improved
reliability by the introduction of redundancy in the form

of twin contacts. The "3000 type" relay is currently in
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use, and it is a tribute to Strowger that the basic
principle has not changed since his time.

Despite the introduction of solid state switching
the electromagnetic relay has not yet been superseded
entirely. It has the advantage of a low resistance in
the closed state and low leakage when open. In addition,
there is a high degree of isolation between the controlled
circuit and the controlling circuit. Furthermore,
arrangements having a large number of contacts may be
operated by a single magnet system. In fact, relays are
still to be found in the equipment of present day
"electronic! exchanges.ﬂv;ﬁd?

Notwithstanding the successful history of relays
of the type described above, they have a serious
disadvantage in that the contacts are exposed to the
atmosphere. In unfavourable environments corrosion may

£4.7

be severe. Enclosure of the relay in a sealed

. 8, 9, /0, /"
container is only a partial solution. Extraneous
matter may be successfully excluded but the relay produces
its own contaminant in the form of Hydrocarbons released

5% ithe solution to this

from the coil insulation.
problem is to seal the contact assembly off from the
operating system, in an enclosure filled with an inert

gas. An early example is the well-known mercury switch,



in which a glass capsule carries two contact pins sealed
through its wallse A globule of mercury bridges the
contact pins when the capsule is tilted by electromegnetic
or other means. Since gravity is involved in the proper
functioning of mercury switches, they are suitable only
for applications in which they may be rigidly mounted on

a fixed support. Improved versions of the mercury-wetted
switch include at least part of the magnetic system within
the envelope.m;M Two magnetic reeds are attracted together
by the field of a coil external to the enclosure and the
contacts are kept supplied with mercury, by capillary
action, from a reservoir. Relays of this type have been
claimed to tolerate displacements of up to 450 from the
vertical without malfunctioning.

A more versatile and compact form of enclosed
switch is the dry reed switch invented by W.B. Ellwood in
1938:7 This consists of a glass tube having: a magnetic
reed sealed into each end as depicted in Figure 2. The
ends of these reeds overlap in the centre of the tube and
are separated in the de-energised state. In the presence
of a magnetic field they are attracted together to make an

18,19,20,21,22
electrical contact, The only mechanical movement

which takes place is the flexure of the reeds and, in the

absence of mercury, operation is possible in any position.
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A major factor in this development was the metallurgical
research of the late 193052124which made available
magnetic alloys having a suitable coefficient of expansion
for sealing into glass. The contact areas of the reeds
are commonly diffused gold and an inert atmosphere is used
for contact protection.zﬁzéz? Operation may be by a coil
wound on the outside of the glass tube as shown in Figure
3¢ This results in a very compact relay requiring very

7,27

little power for operation{z For example, a single~-
coatact relay measuring $" long and 7" diameter requires
60mW for operation.

For multicontact operation the normal procedure
is to use a single coil surrounding several reed switch
"inserts'. Each insert consists of a single glass capsule
with its pair of magnetic reeds. If a changeover arrangement
is required a third reed may be included, made from a stiff
non-magnetic material against which one of the magnetic
reeds bears in the de-energised state, thus forming a
normally closed contact.

Apart from electromagnetic relay applications the
reed switch is admirably suited for mechanical operation.
The movement of a permanent magnet into the vicinity of the
switch effects operation and obviates risk of mechanical

3
wear of the moving parts. =
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The dry reed switch is inferior to the mercury
wetted variety from the point of view of power handling
capacity, since there is a risk of contacts becoming
welded.sI Also, contact bounce is rather worse, since
the presence of mercury contributes to the damping of the
reeds, and circuit maintenance is assisted by surface
tension.

A very compact form of sealed relay is the
diaphragm reléy.;z This consists of a coil wound on a
cylindrical core and surrounded by a shell to form a
"pot magnet". One contact is carried on the central
core and the other on a diaphragm across the top of the
"pot'. This compact construction is very robust and
offers good immunity to the effects of external magnetic
fields.

There are many applications in which control of
the operate and release times may be required. For
example, in telephony, a train of pulses originating from
the dial mechanism represents a single digit of the number
being called. A pause occurs before the next digit is
dialled and the exchange equipment must be capable of
distinguishing between the inter-pulse pause and the

inter-digit pause. That is, a relay is required which will



operate, and remain operated for the duration of a pulse
train, and release before the next train is commenced.
The pulse train may have a frequency as low as seven
pulses per second with interruptions of up to 80% of the
time, giving about 115ms. between the end of one pulse
and the commencement of the next. The pause between trains
of pulses is typically 200ms. plus the time taken for the
caller to dial the next digit. It will be seen then that
there is a requirement for a relay which will remain
operated during an excitation interruption of 115ms. and
release after 200msf3’34

Several techniques may be used for control of
the speed of conventional relays. For example, for
delayed release, a slow decay of flux will be required,
which implies a long time constant in the de-energised
state. This is achieved by short circuiting the coil when
the excitation is off. One way of doing this is to connect
a diode across the coil terminals arranged to be non-
conducting in the energised state., Such a diode will
permit flow of coil current after removal of excitation.
Since the core reluctance is lower in the released state
than in the operated state, fast operation of the relay
is facilitated.afIf the additional power requirement is

not an obstacle, a resistor in series with the circuit



will reduce the operating time constant still further,
without affecting the decay time constant. For some
purposes it is desirable to obtain a time constant longer
than that which can be obtained with the coil alone. If
some of the available winding space is sacrificed, it can
be occupied by a solid copper "slug" which may have a
conductivity about twice that of a wound coil, resulting
in an appreciably increased time constant.“’“'aay The
slug may be located at the end of the coil nearer to the
moving armature, (an armature=-end slug), or the end remote
from the armature, (a heel-end slug). In the case of
relays of similar shape to the Post Office 3000 type these
alternative arrangements do not have identical properties
due to the presence of leakage flux between the coil and
slug. An armature end slug, since it provides an m.m.f.
in the region of the operating gap, generally results in a
longer delay than a heel-end slug. This difference is
relatively small as far as release delay is concerned
since, on de-energising, both coil and slug carry current
in the same sense and the leakage flux is relatively small.
When considering the initial application of excitation,
however, the slug current will be of opposite sense to

the coil current, and their opposing m.m.f.s will result

in relatively large leakage flux. Consequently the gap

10



11
flux will depend to a large extent on whether the coil or
slug is nearer; the former case resulting in relatively

Ho, 4l 42
short operating times.

On considering the dynamics of reed relays, the
outstanding characteristic is their high speed of response.
The amount of iron in the system is very small, and with
correspondingly small dimensions for the coil, short
electromagnetic time constants are obtained. The small
mzss and high stiffness of the reeds results in very fast
mechanical response. Consequently, delays of the order of
one millisecond are obtained, although several bounces may
occur on closinge This may occupy a further millisecond
before a positive contact is established.

These inherent fast characteristics militate
against the use of reed switches in relays having long time
delays. The earliest publication of details of a self=-
contained slow=release reed relay was in 1962.43 This
described a reed relay similar in overall construction to
a Post Office type 3000 having a cut-away yoke providing a
gap across which the reed inserts were mounted as shown in
Figure 4. Such an arrangement, having a considerable
volume of additional iron, was claimed to give release times

of up to 180ms.

The alternative to a self=-contained slow-release
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13
relay is to use a normal reed relay operated by an
electronic timing circuit. For long delays this entails
the use of timers having long time constants. The reed
insert is a highly reliable device, and some of the value
of this reliability is lost if complex timing circuits are
used. Both from this point of view, and from considerations
of economy, the pursuit of a self contained design is worthy
of consideration.

The aim of the research which forms the subject
of this thesis has been to devise a reed relay having the
shortest possible operate time together with release time

of about 200ms.
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2. PRINCIPLES OF A PROPOSED SLOW-RELEASE RELAY.

In a conventional relay the difference between
the core permeances in the energised and de-energised
states is an inherent advantage in constructing
fast-operate/slow-release relayse. These two requirements
are very much in conflict in the case of a reed relay since,
if sufficient iron is introduced into the system to provide
the necessary time constant, the state of the reed insert
wiil affect the permeance to a negligible extent.

The conflicting requirements of fast operation
and slow release may be met by a relay shown diagrammatically
in Figure 5. In this arrangement the reed insert is
located across the core "window'" in such a manner that the
flux in fhe reed is only a relatively small leakage flux as
far as the main core is concerned. The core carries, in
addition to a primary exciting coil, a secondary winding
normally in the form of a short circuited slug, so located
that the operating flux for the reed insert is the leakage
flux between the two windings during transient conditions.
The mode of operation is described in more detail in the
following paragraph.

On first applying excitation to the primary

winding there will be induced in the secondary a large
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current and the primary current will rise rapidly. At this
stage, the core flux will be increasing but still small,
s0 that the primary and secondary m.m.f's. will be almost
equal and in opposition. Nearly all of the primary me.m.f.
will appear across the reed insert, thus effecting fast
operation. This may be more clearly described by reference
to Figure 6a, which is applicable to an idealised case in
which the leakage flux is considered negligible compared
to the core flux and the core is assumed to be linear with
abrupt saturation. Since the core flux starts from zero,
the mem.f. across the reed insert will initially be equal
to the primary mem.f. which rises rapidly due to the
presence of the secondary windinge. Thereafter, there will
be an exponential approach to a steady-state value which
depends upon the ratio of primary to secondary reluctance.
This exponential will be interrupted by saturation of the
iron, resulting in a sudden collapse of secondary current.
Associated with this collapse of secondary current there may,
in some cases depending on the relay parameters, be a reduction
inm.m.f. across the insert. This high transient m.m.f.
together with the initial step provides a situation in
which the contacts close rapidly despite the presence of a
relatively long time constant in the system.

For provision of a long time constant during
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de-energisation it is a prerequisite that a diode should
be connected across the primary winding. On de-energising
the primary, the m.m.f. required to sustain the core flux
will be shared between the primary and secondary windings
in proportion depending upon their relative conductances.
There will thus be an initial sudden drop inmm.f. across
the reed insert, followed by an exponential decay as in
Figure 6b. Superficially, it might appear that the sudden
drop in me.m.f. arising from the presence of a secondary
winding would be undesirable when attempting to obtain
long release times. In fact, in some early experimental
models the secondary took the form of a wound coil
incorporating a diode so that it would only be effective
on energising the primary. However, the increased time
constant associated with a permanently short-circuited
secondary can more than offset the initial sudden drop in
mem.f. This effect is illustrated in Figure 7 and more
detailed discussion later in this thesis shows that for

an optimum design the maximum release delay is almost
independent of secondary resistance. This point is further
confirmed by experimental results. The most obvious
advantage arising from the use of a permanently short-
circuited secondary is that a solid slug can be used which

is both cheaper and more compact than a wound coil. A less

18
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20
obvious advantage emerges when a multicontact relay is
considered.

For multicontact operation the wide variations in
release m.m.f. for reed switches may result in a considerable
digcrepancy between the release times of different inserts,
This situation is aggravated when the inserts are magnetically
in parallel, since the opening of one contact tends to
increase the m.m.f. across those still closed. In such a
case, the short-circuited secondary can be put to advantage
by arranging the primary circuit, as shown in Figure 8, to
incorporate one of the reed switches. This switch is
chosen to have a higher release meme.f. than the remainder
(so that it will be the first to open)and is used to insert
additional resistance into the primary circuit as shown in
Figure 8. This action has a twofold effect in that, firstly,
the time constant of the system is reduced and, secondly, but
of greater importance, a redistribution of m.m.f. takes place
as shown in Figure 9. The total m.m.f. to sustain the core
flux is instantaneously constant, but the addition of
resistance in the primary results in a sudden reduction in
primary m.m.f. and a corresponding increase in secondary
m.m.f. Consequently there is a rapid reduction in m.m.f.
across the reed insert and all remaining contacts are rapidly

released. Using this technique, it is in some cases possible
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23
to make the memesf. reach a small negative value which will
counteract the residual mem.f. of the core and can release
a contact which might otherwise remain closed indefinitely.
This contact to synchronise the opening of all other contacts
appears to perform a rather arduous duty, but it is predicted
later in this thesis (and confirmed by experiment) that the
peak voltage is only about half the supply voltage, i.e.
25V on a 50V system.

Much has been done by olher workers 5 on the
dynamics of the reed switch, but since this concerns a stiff
cantilever, having a small mass, moving through a short
distance, the times involved are relatively short, and they
have not been taken into account in this study. It is
assumed that the operation of the reed switch depends solely
on the applied m.m.f. and the effects of reed mass are

negligible.
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3. PRELIMINARY CONSIDERATICONS

Before entering into a detailed discussion of
design and analysis of the performance of a particular
relay it is worth giving some consideration, in general
tefms, to the dimensions which are likely to be required.

On the assumption that an electromagnetic device which is

to delay the release of a reed switch will include an amount
of iron large compared to that in the reed switch itself,
the switch operation may be considered to be dependent upon
the mem.f., whilst the flux in the reeds may be neglected
when compared to the core flux. In general, consideration
may be given to a system having a cylindrical coil of

outer radius R and length x wound on an iron core of radius
r, irrespective of the actual details of construction. The
conductance of such a coil will be x(R-r)4677(R+r), where

4 is the effective resistivity of a wound coil, and the
core permeance will be/alfra/kx where k is the ratio of core
length to coil length. The time constant of such a system

will be given by
T = rz(R-r)/,o (R4r)k (1)

Inspection of equation (1) reveals that there will be an

optimum value of r to give the maximum time constant for



&5
any given set of overall dimensions. Equation (1) may be
rewritten in the form shown in equation (2) giving T as a

function of r/R
T =R (r/R)% (1 /R)p (142/R)K (2)

For a constant value of R, differentiation of equation (2)

with respect to r/R yields
dT/d(r/R)= [2R5a//o k]- [1-—r,/12-(r/R)2] / Et—(r/R)] & (3)

Equating the right hand side of equation (3) to zero will
give the condition for maximum T, Finite roots will be

given by

1=r/R~(r/R)°=0 (4)
and the only positive root of this equation is

r/R=( /5-1)/2=(approx.)0.618 (5)

For any given outer radius R, the value of r to give a
maximum time constant is given by equation (5) and it is
interesting to note that this ratio is independent of the
materials used. Substituting equation (5) in equation (2),
the maximum time constant for given dimensions and material

parameters will be
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T= [ fpo] [618%(1-0618)/(1+.618)]
= .ogniﬂ V4 (6)

We may now introduce

/L =Bk.X/I ( i )

where B is the magnetic flux density in the core and I
is the coil mem.f. Substituting equation (7) in equation
(6) and rearranging, an expressior is obtained for Rx

which will be a measure of the cuil volume
2
R x=1‘|.‘1TI/0/B (8)

Giving some consideration now to the release of
a relay, it will be observed that neither the time constant
T nor the coil memsf. I are directly related to the
release time or release m.m.f. of the reed switch. However,

if we assume linearity, we may write
i=Texp(~t/T) (9)

where I is the initial coil m.m.f. Rearranging equation
(9) gives

TI/ti=(T/t)exp(t/T) (10)

Differentiation of equation (10) with respect

to t/T shows that TI/ti has a minimum value of e when



t/T=1. The form of equation (10) is shown in Figure 10.

If tr and :'Lr are the release time and release m.m.f.
respectively for a reed switch, then when tztr, i must

be greater than ir by some factor depending on the
geometry of the relay, so that TI cannot be less than

etrir. When this minimum value for TI is inserted in

equation (8), a minimum value for R°x will be found
R°x=30t_i_2/B
o+p /By

BS is here substituted for B since B is the flux density
corresponding to the initial coil mem.f., I, and should
clearly have the maximum possible value for full
utilisation of the iron.

It now becomes possible to insert some values
into equation (11), and typical figures might be

t =200ms °
i o

1r=27A

/ﬂ ..—-.LI'X'I O—§1 =il
Bs=1.5Wb/m2

hence R2x=4.3x10"6m3 approximately.

27
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(12)
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A rectangular solid to contain this coil would
occupy 1?.2x10_6m3 (approximately 1in’) but in assessing
the space occupied by a complete relay several additional
factors should be allowed for:

a) the coil m.m.f. will be greater than the

mem.f. across the reed insert

b) it may not be practicable to operate at

the minimum point on Figure 10

¢) space will be required for the reed inserts

and any associated pole pieces

d) space will be required for a return

magnetic path.
Taking the above allowances into account, we might predict
that a relay to give 200ms. release time using inserts
having a release memefo. of 27A would be likely to occupy
a space of several cubic inches and this should be borne
in mind in assessing the experimental models described
on later pages.

These calculations are based upon overall volume
as the only criterion to be considered. However, it will
be observed that resistance increases continuously with
increase of iron radius and, conseguently, an iron radius
rather less than the optimum might be considered if an

increase in volume can be tolerated for the sake of a

29
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reduced power requirement.

Examination of equation (11) indicates that the
space occupied by the relay will not be affected by iron
permeability, the only property of the iron which is of
significance in this respect being the saturation flux
density. However, for a given relay, the power which must
be dissipated in the magnetising coil to achieve this
value of flux density will depend upon the saturation
m.ritsfe which is reguired. Consequently, permeability
is important from consideration of power requirement,

although not from consideration of size.
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4, ANALYSIS OF THE SYSTEM

Since the major objective of this work is to
design a relay to have a specified release delay, the
starting point taken is the analysis of the system as
proposed in Section 2 and depicted in Figure 5. It
will then remain to establish the requirements to give
the shortest possible operate time consistent with the
required release delay.

To make the problem at all tracteble it is
necessary to commence with certain simplifying assumptions.
These are that the downward portion of the magnetising
characteristic of the iron to be used may be
approximated by a straight line with an abrupt change
from the saturated to the unsaturated state, and that
the magnetic flux in the reed inserts is small compared
to that in the iron core. It is also assumed that, in the
steady state, the magnetisation of the iron is carried to
a point beyond the knee of the saturation curve, as the iron
will not be fully utilised at any lower value of steady.
state flux density.

The parameters used in this analysis are depicted

in Figure 11, in which i1, 12=Primary and secondary mem.f.
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@', @=Core flux and initial core flux

81,82=Primary and secondary reluctances
m1,m2=Primary and secondary coercive m.m.f.
Rq,RazPrimary and secondary resistance referred

to one turn.

The equations of the system may be written

—(m1+m2)/s 1 1 -(S1+32) i1(s)
%) =|R, 0 s ° i (s)
[} 0 R, 5 #'(s)

By superposition, the me.m.f. across the reed

switch is given by
i(s)= I:i,](s)+m1 /s] Sa/(S1+SZ)- Ei.a(s)ﬂnz/s] 51/(314-82)

‘Solution of equation (13)for i, and i2 gives

i1(s)=REEﬁ(s1+52)-(m1+m2ﬂ./[kR1+R2)s+R1R2(s1+52)]
ia(s)=R1[@(S1+SZ)—(m1+mzﬂ /I}R1+R2)5+R1R2(s1+52ﬂ

Substitution of equations (15) and (16) for 11

33

(13)

(14)

(15)

(16)

and i, in equation (14) will yield, after some rearrangement,

2

the expression for the reed switch m.m.f. as shown in

equation (17)



1(8)=(R, 5, ~R,S,) [(m+m,) /(5 +5,)~] / [(R 4R, )s4R R, (5,45,

+(m182-m251)/(31+82)5 (17)

The inverse Laplace transbrm of equation (17) gives
an expression for i in the time domain, in which the
release time tr and release memef. ir may replace i and

t respectively, yielding

i =(R S_-R.S )[(m,|+m2)/(81+82)—9ﬂ o= t R.R.(S_+S.)

| T TRt S ol X o A e
(R1+R2) (R1+R2)
+(m182-m231)/(31+52) (18)

The intractable nature of equation (18) renders
progress towards the design of a relay extremely cumbersome
unless an additional simplification is introduced. However,
for the analysis of a given relay, equation (18) is readily
soluble for tr. The procedure employed is to neglect
coercivity, which enables the design to be pursued in an
approxima£e form, and then return to equation (18) to obtain
a calculated value for tr. On the basis of this calculated
value, a design parameter may be modified to give a closer
approximation to the desired release delay. Only a very few
iterations will suffice to give the final design.

Using this procedure, neglecting the coercivity

terms in equation (18) the following expression is obtained
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i =f(R,S,~R,S,)/(R +R,) exp [—trR1R2(Sq+SE)/(R1+R2)] (19)

It is helpful at this stage to introduce two
composite parametersda and g which are defined by

ol -_-ir/;zfs > (20)

Y =(148,/5,)/(14R, /R,) (21)
Equation (19) may now be written in the form
% =(8 =1). exp(-n/@R,lS,ltr) (22)

For a given primary core and coil and a given reed insert,
the value of X will be fixed, assuming initial saturation,
whilstﬂ will depend on the values of secondary resistance
and reluctance relative to the corresponding primary
quantities, as seen from the definitions ofo and/g in
equations (20) and (21). The value ofle may be controlled
by variation of the secondary air gap, which will not
significantly alter the overall dimensions of the relay.
Differentiation of eguation (22) with respect to/S’ shows
that a maximum value of release delay will occur when/e

has a value given by

& =(/5 -1) exp [-/—?/(/6 -12-' (23)

For maximum utilisation of the materials of a given

relay the optimum value oi’/ﬁ as given by equation (23), will
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yield, when inserted in equation (22), a release delay of
tr='|/R1S1(/9 -1) (24)

The release delay given by equation (24) is the
maximum which can be obtained by a given primary system,
assuming that/é has its optimum value. As already
indicated, the value of/g y defined in equation (21), may
be controlled by adjusting the value of 52' irrespective

of the values of S R and R.. This has a twofold

) 2

significance, Firstly, if S, includes an air gap its

2
value has no significant effect on the amount of material
used or on the space occupied by the relay. Secondly, the
maximum value of tr is constant for any value of resistance
for the secondary slug, thé dimensions of which may be
freely established, independently of the release delay,
by other considerations such as the speed of operations.
Having indicated the maximum release delay for
a given core, the converse of this analysis may be applied
to the design problem to achieve the minimum size of relay
for a desired release delay.
Recalling the fact that, whereas 4 is a function
of the relative values of primary and secondary parameters,
o¢ will depend upon the primary dimensions only, we should

at this stage substitute for (& -1) in equation (24) a

function of « from equation (23). However, the difficulty
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of performing an analytical solution of equation (23) for
/g in terms of A suggests an empirical reiteration of
equation (23),

The graphlof Figure 12, which may be readily
drawn from equation (23), may be closely approximated by
a straight line provided the value ofol is not less than
about 0.25. The validity of this assumption can readily
be checked after the design is completed.

This linear approximation yields as an empirical

form of equation (23)
(s =1)=0.75+2.8 (25)
so that equation (24) becomes
tr=‘1/R,|S1(O.75+2.8°C)
.1/R1s,l(o.?5+2.81r/¢s1J (26)

Equation (26) now expresses a relationship between the
maximum release delay, the release m.m.f. and the

parameters of the primary section of the relay,
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5. DESIGN TECHNIQUE

5e1 The Primary System

For design purposes, primary dimensions may be
introduced into equation (26), provided always thaﬁzg
is adjusted to its optimum value, as indicated in equation
(25), to give maximum release delay.

Let a, and 1c represent the effective area and
length of the winding and as and li represent area and
length of the primary part of the iron core; then
equation (26) may be reyritten, after some slight re-

arrangement, as

trf91c(o'?5Hsli+2'8ir):Bxacai
Equation (27) is the basic expression which must
be satisfied by the primary part of the system and from
which a relay, generally of the form shown in Figure 5,
may be designed. However, it cannot be further simplified
until a,s lc‘ a, and 1i are related to the actual linear
dimensions of the relay and these will depend upon the
practical configuration to be used. Two possible forms

which have been constructed experimentally are shown

diagrammatically in Figures 13 and 14, from which it can

39

(27)



DN

NN

Slug

Gap

Coil

/
T

)

i

o x

/
|

/

/

al

r |

B

e— R —

Arrangement of Twin Coil design,

Figo 13.

Lo



4

Insert

Pole piece

o / Slug

i
N

Coil Gap

Arrangement of single coil design,

Fige1lo



~ be seen that
a =x [R-(r+yﬂ
ai=z7r2
1=7 [R+(r+y)]
1 .PX"“K-

E

where K is the unwound length of the primary core.

Substitution of equations (28) to (31) in equation

(27) yields, after rearrangement of the terms,

x [@SrE(R-r-y)/(R+r+y)trfa-0.75H4

=24 8ir+0 ° ?5KHS

Before proceeding to insert numerical values into
equation (32), it is worth giving some consideration to an
approximate allowance for the effects of residual magnetism
ﬁn the core, thus partly compensating for the approximation
of equation (19). On the assumption that the secondary air
gap is sufficiently large to reduce the flux density in the
core to a relatively low value when de-energised, then a
large proportion of the coercive m.m.f. of the primary iron

will appear across the reed inserts. It merits mention in

passing that, if the de=energised flux density is not small

L2

(28)

(29)

(30)

(32)
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compared to the saturation value, the iron will be very
inefficiently used by limitation of the total available
flux swing. As an approximation then, the effect of
residual may be partially taken into account by displacing
the iron characteristic as shown in Figure 15 and
superimposing the coercive m.m.f. which must be subtracted
from the release mem.f. of the reed insert. This is put
into effect by replacing ir by ir-Hc(x+K), thus converting
equation (32) to

x [BSrE(R-r-y) /(Rerey)t_p=0.75H +2.8H ]
=2.81r+0.?5KHs-2.8KHc (33)

It will be observed from equation (33) that there
are three major dimensions x, r, and R which, although
related by this equation, are individually indeterminate.
The procedure which is adopted is to make an arbitrary
choice of one of the three, together with the unwound core
length K, based upon purely practical considerations such
as the size or number of reed inserts to be used. By
examination of a graphical relationship between the other
two, an optimum, or (if this is not practicable) a compromise,
choice of values may be made. This is pursued in the
numerical examples of section 6.

By the above means, a set of approximate dimensions



T
=3

H o

=
=
——"|

Flux density

]

‘____....--"""
=
-

Ll

o

|
I‘\\\\\
Hc F——— True zero.

1000

mem.f. gradient (A/m)

Magnetisation of iron sample.

Fige 150



45
for the primary system may be obtained, based upon the
simplified treatment of coercivity, and assuming that the
secondary system will subsequently be designed to give
optimum conditions as described by equation (23).

Returning now to equation (18), and using the
approximate primary dimensions, the value of tr may be
calculated for a range of values of R2 and S2 giving a
family of curves having the form shown in Figure 16.

The peak values of tr will be observed to be not quite
independent of secondary parameters as suggested on

page 36 since that suggestion was based upon the assumption
of negligible coercivitye. Choice of R2 may be made by
consideration of operating conditions which are discussed
below and the corresponding maximum tr may be found. If

this deviates significantly from the desired value an
adjustment may be made to one dimension, say coil length,

and the evaluation of equation (18) repeated to give an
improved value for tr. This may be continued as an iterative

process until a sufficiently close approach to the desired

release time is obtained.

5.2 The Secondary System

In order to glean further information regarding

the secondary system, consideration must be given to
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conditions during the closing of the relay. It will be
recalled that, ignoring the effects of leakage flux, a step
of memef. will appear across the reed insert at the instant
of applying excitation to the primary winding. The

magnitude of this step will be given by
i =V/(R +R,)
=(V/R1 )/(‘1+R2/R,]) (34)

Now, V/R1 will be the steady-state m.m.f. of the primary

winding which will have a value not greater than
V/R 1=Hm1i( 1+52/s 4 ) (35)

Hm being the maximum steady-state m.m.f. gradient in the
iron.Combining equations (21), (34) and (35) the ratio

of primary to secondary resistance is obtained.
R/R,=i /H 1. A (36)

Having established the value of R1, li andfﬁ
from the primary design, an approximate value for R2 from
equation (36) enables the dimensions of the secondary slug

to be calculated.

Returning to equation (21) and rearranging

SE/S1=/@(1+R1/R2)~1 (37)
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which permits calculation of the secondary reluctance.

From the approximate slug dimensions, as calculated
above, the length of the secondary iron path may be
obtained. Then a gap is inserted to make up the total
reluctance as given by equation (37). It is now possible
to calculate more accurately the value of maximum mem.f.
which has previously been used in equation (35); that value
having necessarily been an approximation, since 52 included
an air gap which does not saturate. This value of m.m.f. may
be used to recalculate, and adjust if necessary, the value
of RZ' If the consequent change in slug dimensions results
in a significant change in secondary iron length, this
process may be repeated, until a sufficiently close
approximation is achieved. It is worth noting that the
secondary resistance is not a critical value, since the
only requirement is that a sufficiently large step of

initial mem.f. should appear across the reed switch to

ensure rapid closure.

5.3 General Procedure

The methods described in Sections 5.1 and 5.2
necessarily included some approximations to avoid excessive
arithmetical operations. However, a more direct technique

may be used if a digital computer is used to handle the
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arithmetic as demonstrated in Appendix I. If, from
equation (33), an approximate relationship between core
radius and coil length is obtained, the value of core
radius may be determined from practical considerations,
leaving coil length to be confirmed. A series of curves
of the form shown in Figure 16 may be calculated for a
range of coil lengths and their peak values used to draw
a graph of the form shown in Figure 17. In addition,
equation (34) may be used to calctlate the initial switch
me.m.f. from a chosen value of moximum steady-state m.m.f.
gradient in the iron, giving a set of curves as shown in
Figure 18.

For specified values of release time and initial
operating mem.f., two curves of slug conductance against
coil length may be drawn as in Figure 19. The point of
intersection of these curves will be the only point at
which the required operating and release conditions are
both satisfied.

All major dimensions having been established,
the remaining details, such as the number of turns of the
primary winding, the total m.m.fe. and the excitation power
involve only simple routine calculations. The primary

resistance will be given by

R1=/077(R+r+y)/(R-r—y) (38)
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and the resistance of the coil will be N2R1, and hence the
coil m.m.f. will be V/NR1. The memef. will also be given
by

(metotal iron length)+(B$¢/goxgap length)

so that
V/NR1=(metotal iron length)+(BS£)30xgap length) (39)

From equation (39) the number of turns required for the
primary winding may be established for any given supply

voltage, and the excitation power is given by (m.m.f.)aR1
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5.4 SYNCHRONISING CIRCUIT

If it is assumed that the m.m.f. across the insert
is to be reduced to zero by the insertion of resistance in
the primary circuit as described in Section 2, the primary
and secondary m.m.f. must be proportional to their

respective reluctances.

1,8,=1,5, (40)

Since both windings will link the core flux, the induced

e.mifos5 will be equal, giving

- ' -.
11(R1+R )_12R2 (41)
where R' is the added external resistor.
Combining equations (21), (40) and (41), we get
R1+R'
R, =/.9(R1/R2+1)-‘1 (42)
® ..- - -—
b _/eRz(R,l,/Ra-i-’l) R,-R,
= (R1+R2)(/5 -1) (43)

Values for R1, R2 anqxghaving been established, equation
(43) gives a value for the resistor to be inserted in
circuit by the synchronising contact.

At this stage we may predict the voltage appearing



across the synchronising contact. Before opening of this
contact, the total core magnetising m.m.f. will be i1+i2.
These currents may be deduced from equation (14) together

with the fact that the common flux gives rise to
3.1R1=12R2

Rearranging equation (14) and neglecting terms involving

coercivity gives
1132/81—12=1r(92/81+1)
From solution of equations (44) and (45), the total

magnetising mem.f. is given by

(52/s1+1 ) (R,i/R2+1)

32/5 1-R 1/R2

2 2

and this m.m.f. will be unaltered after opening of the

synchronising contact, since the core flux cannot change

instantaneously. Continuing the assumption that the m.mefe

across the reed inserts is to be reduced to zero we get,
by substitution of eguation (40) into equation (46)

R1/R2+1

£ 5;751—141 7R2

1121

and this current flowing in the resisfor R' will give the

55

(44)

(L3)

(46)

(47)
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voltage across the switch. By combination with equation

(21), equation (47) may be rewritten
i=i /(A =1) (48)

and hence, from the value of R' already established in
equation (43), the voltage across the synchronising contact

becomes
v=ir(R1+R2) _ (49)

in which ir is the release mem.f. of the synchronising
contact.

It may be more convenient to express v in terms of
the supply voltage which will be iSR1, where iS is the

sfeady-state primary meme.fs, so that equation (49) becomes
V/Vﬁir/is)(1+R2/R1) (50)

The derivation of equation (50) takes no account of the
effects of leakage flux linking the primary winding only,
and, taking the most pessimistic view, this can be
accounted for by assuming that, initially, the whole of
the primary current is diverted through the synchronising
resistor. From equations (44) and (45) we get, before
opening

i=i S5/5,+1

rS75 R 7R (51)
Cotal el LT
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Comparison with equation (47) indicates that i, before

opening igﬁ times i, after opening so that equation

1
(50), which gives the voltage across the synchronising

contact, would be replaced by equation (52) as follows
v/V=4(i /T )(1+R,/R,) _ (52)

The actual value of synchronising contact voltage will
fall between the values given by equations (50) and

(52), depending upon the coefficient of coupling between
the windings. An exact value fcr this voltage is not
required, since it is only necessary to establish that

no destructive surges can appear across the synchronising

contacte.
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6. DESIGN OF EXPERIMENTAL MODELS

This section deals with two numerical examples
arranged as shown in Figures 13 and 14. These models,
although different in layout, are identical in principle,
so that the foregoing theories are applicable.

The reed inserts used in this design are to a

Post Office Specification as follows:=-

Operate mem.f. 30 to 58A
Release memeTe 15 to 27A
Envelope diameter 04 145"
Envelope length T 3"
Lead wire diameter 0.0224"
Lead Qire length 0.375"

For the core, soft iron is used, as produced
by Lowmoor Alloy Steelworks Ltd. under the trade name
"Super Hiperm''. The analysis is «05%C; .05% mn;
+05% Si. The magnetic characteristics shown in Figure

15 were obtained from measurements on a ring sample.

6.1 TWIN~-COIL MODEL OF FIGURE 13.

As an example, we may consider the design of a relay
arranged as in Figure 13. Basing this design on a reed
insert 1.125" long, an arbitrary choice of coil radius R
of 15.9 mm. (.625") is used as a starting point. This

choice of R, together with a decision to construct a 10-



contact relay, dictates the value of K to be approximately

60mm, and the value of y is taken as 1.6mm. (.0625").

The coil resistivity is taken as 3.6 x 10-§n--m and, from

Figure 15, the iron characteristic is assumed to be

represented by
2
B =l. 5Wb/m
HB=25OA/m
Hc=80A/h

A more realistic true value of H  would be 120 A/m but,
for the purpose of making an approximate allowance for
coercivity as uséd in equation (33), a lower value is
taken, since not all of the coercive mem.f. will appear
across the reed switchs To design a relay for 210ms.
release time, with a reed switch having a release m.me.f,

of 26A, equation (33) may be expressed in the form
2
x [0:1980%(1h.3-r) /(17.5+r)40.037] = 70.6
where x and r are expressed in millimetres.

The relationship between x and r in the above
equation is shown graphically in Figure 20, from which
it can be seen that a minimum axial coil length is

achieved when r=9mm. approximately. This corresponds

29

(53)
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to a core diameter of about 11/16", which gives an
unreasonably large ratio of iron to copper. The
disproportionately massive core would result in some
difficulty in construction and in the arrangement of the
pole pieces to carry the reed switches. Allowing some
deviation from the minimum length to achieve reasonable
proportions, a first approximation to the design is
obtained by taking r=bmm. and x=45.5mm.

This gives a relay generally as shown in Figure
21, but subject to the proviso that the coil length x may
be modified to make a correction for the approximations
used. Pursuing the procedure outlined in Section 5.3, a
_ return to eqﬁations (18) and (34) permits calculation of
the curves of Figures 22 and 23 respectively. The details
of these calculations appear in Appendix I. From Figures
22 and 23, Figure 24 may be deduced for a release time of
210ms and initial memef. of 100A, their point of
intersection indicating that both conditions are satisfied
by a coil length of 48.3mm. and relative slug conductance of
0.55. The corresponding value of secondary gap will be seen
from Table A of Appendix I to be O.12mme.

The routine calculation of m.m.f. and power
having been included in Appendix I, interpolation in Table

A, gives values of 273A and 288mW., respectively, from which
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the appropriate number of turns for any given voltage may

be calculated.

6.2 SINGLE-COIL MODEL OF FIGURE 1k,

An alternative layout is depicted in Figure 1k,
for which the design may be pursued in exactly the same
manner as for the twinecoil version. In this case, the
constant K in equation (33) involves only the end cheeks
of thé coil former and an allowance for the thickness of
the péle pieces. Assuming coil cheeks of 3/32" and pole
pieces 1/8" thick, K becomes 8mm.(5/16"). The choice of
R may be made rather arbitrarily, but it is primarily
dependent upon the number of reed inserts to be used and
their diameter. A value of 15.9mme (5/8") permits the
installation of at least 15, and possibly 17, inserts.
For a release time of 200ms, insertion of these values

into equation (33) gives
x [0.208:.-2(14.3-:)/(17.5+r)+.037] =72.5 (54)

Following the procedure of the previous sub-section, the
values of x and r in equation (54) are related by the
curve of Figure 25. As before, the minimum length involves
rather a bulky iron system, but a nearer approach to the

optimum is possible using a core radius of 7.15mm. (9/16"

diameter) and an approximate coil length of 24 mm.
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This small deviation from the ginimum length also has
the advantage that it simplifies the design of the pole
pieces,

The design of a relay as shown in Figure 26
is continued as in the previous example, equations (18)
and (34) being used to calculate the curves of Figures
27 and 28 from which Figure 29 may be derived. The
design conditions in this case are satisfied by a coil
lrngtﬁ of 25mm and a relative slug conductance of 0:72
with a secondary gap of O.11mme See Table B of Appendix
I for detailse The values of mem.f. and power are

respectively 234A and 857mW,

6.3 COMPARISON OF TWIN-COIL AND SINGLE-COIL ARRANGEMENTS

Apart from the prerequisite of satisfactory
performance, the criteria by which a relay may be judged
fall into several categories which are not necessarily
compatible. Some of these are listed below with particular
reference to the twin-coil and single-coil configurations
described in Sections 6.1 and 6.20
a) Volume. Tﬁis has been the main criterion used in the
design and an optimum value of iron radius is seen to
exist, as predicted in the preliminary considerations

(Figures 20 and 25). However, in the case of the twin-
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coil model this optimum would be hard to achieve, whereas
no such difficulty is presented by the single-coil
construction. Furthermore, the twin-coil model is
somewhat ungainly, and some space is wasted by the "U"
shape of the core. An arrangement having a flat sole-
plate would require additional excitation power due to
the introduction of joints into the primary iron,

b) Ease of constructions This will be closely related

to cost and here the single coil would appear to have a
definite advantage. Apart from the fact that only one
coil is required, the number of components required for
assembly is.likely to be less than for the twin-coil
construction, since the primary core is a simple cylinder
onto which the pole pieces and slugs can be pressed.

c) Accessibility of reed inserts. Here again the single

coil has the advantage, since a large number of inserts can
be arranged around the periphery of the coil, all of which
are readily accessible for replacement.

d) Power requirement. Although the single-coil model

permits a nearer approach to the optimum radius to give
minimum coil volume, this is done at the expense of
increased power, since a considerable reduction in winding
cross-sectional area is required to give a relatively

small reduction in overall volume, It will be recalled
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that this conflict became evident in the preliminary
considerations of Section 3, which were quite general
and without reference to any particular relay, so that
whatever form the relay may take it will be possible to
reduce the exci£ing power by reducing the core radius,
provided the consequential increase in coil length is

permissible.

6.4 SENSITIVITY TO PARAMETER VARIATIONS

In order to gain some insight into the importance
of accuracy in specifying the individual parameters, it is
helpful to consider the change in release time arising from
variations of each parameter from its designed value. This
is conveniently done by considering the per-unit change
of release time Jtr/%r which will arise from a per-unit
change of a parameter @ p/p, where p represents any

parameter. The ratio of these quantities p Btr

tr
is a normalised parfial derivative which is a direct
measure of the sensitivity of release time to parameter
variations and gives a useful indication of the significance
of individual parameters in the design calculation.
This partial derivative of tr can be calculated

from equation (18) and this is executed numerically in
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Appendix II, the values applicable to the two relays of

Figures 21 and 26 being listed below

PARAMETER

Coil length

Coil radius

Core radius

B saturation

H satﬁration

H coercive

Coil resistivity
Release m.m.f.
Slug conductance
Constant K
Constant A
Constant B

Constant M

NORMALISED DERIVATIVE

Twin Coil

1,024
04795
14415
0,974
~0,296
0.299
=04995
-0.981
0,070
06Okl
-0.,071
~0.006

0.000

0.967
1.556
0.695
0.989
-0.105
0,024
-0.995
-0.916
0,038
0.002
-0,055
-0.011

-0.022

Some interesting observations may be made on the

derivative values as listed above,.

Coil length x. As might be expected the coil length is

of major importance, values near to unity being obtained.

Coil Radius R.

This is also of major importance.

The
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value of the normalised derivative reaches a value of
approximately 2 when the iron radius has the optimum
value indicated in Figures 20 and 25, but is rather less
when the iron radius is below the optimum. This is
borne out by comparison between values for single-coil

and twin-coil models.

Core Radius r. In these experimental models, the value of

r is highly significant. However, had it been practicable
to use the optimum value of r from Figures 20 and 25, the
normalised derivative with respect to r would of course

have become zero,

Saturation density'BS and mem.f. gradient Hs' These are

discussed together, as they are closely related. The
release delay is nearly proportional to the saturation
flux density, as indicated by the derivative being near to
unity. However, the saturation m.m.f. gradient has a
relatively small effect, particularly in the case of the
single-coil model, which has a very short primary iron
length, giving a normalised derivative of only -0.105. A
point of considerable practical significance emerges, i.e.
that high flux density is of considerably greater
importance than low memef. gradient, a fact which may
influence the choice of core material. Furthermore, since

a value for Hs is not easily estimated from a B-H curve,



it is worth noting that any inaccuracy will result in only

a minor error in release time.

Coercivity Hc. This is of relatively minor importance

- in the case of the single-coil relay with its short
primary core, but, as would be expected, the increased
core length of the twin-coil model greatly increases the
effect of coercivity. It will be observed that the
positive derivative indicates an increase in delay time
with increased coercivity, or alternatively, reduced size
for the same delay. Any attempt to exploit this situation
by using a "harder" material is likely to result in

permanent sticking of contacts.

Coil resistivity £ « The value of -0.995 for the

normalised derivative indicates that the release time is
almost proportional to resistivity. Since this is an
effective resistivity for a wound coil, any improvement

in winding space factor will have a significant effect

on the release time, or alternatively on the size of relay

for a given release time.

Reed release m.m.f. ir' This is an important parameter,

giving a derivative near to unity. It is likely to be the
major source of inaccuracy, since all other parameters of

similar significance are predictable to a much higher
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degree of precision.

Slug Conductance. This has only a small effect on the release

time, its primary purpose being to ensure fast operation.
In fact, the simple theory in which coercivity was neglected,
indicated that release time would be independent of slug

conductance.

Constants K, A, B and M. These constants, as defined in

Appendix I, are used in the design calculations to make
lowance for the space occupied by pole pieces,

insulation and secondary sluge. The derivatives with respect

to these constants are very small, indicating that

their approximate nature still enables adequate accuracy

to be achieved.
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7. PERFORMANCE OF EXPERIMENTAL MODELS

The relays shown in Figures 21 and 26 (pp. 62
and 69 ) approximate closely to the designs of
Sections 6.1 and 6.2, but space has been allowed to fit
slugs larger than the design values for experimental
purposes. By this means, curves of release time against
secondary gap may be experimentally determined for
various values of slug conductance to indicate the
performance of the relay over a vide range of ﬁperating
conditions. Comparison of these curves with the
corresponding predicted curves, as calculated in
Appendix III from the basic design equation (equation (18) ),
will indicate the reliability of the design technique used.

Figure 30 shows curves of release time against
ga%, as predicted in Appendix III, from the dimensions of
the twin-coil relay of Figure 21. Superimposed upon this
curve are some points, obtained experimentally, from the
same relay.

Figure: 31 shows similar results for the single-
coil relay of Figure 26,

The general forms of measured and calculated
curves are in reasonable agreement, the maximum release

delay exceeding the predicted value by between 2.5% and
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5%, although in the case of zero slug conductance the
error is somewhat larger. This is only of academic
interest, the practical application of this type of relay
depending upon the presence of a short circuited secondary.
It is probably accounted for by eddy currents in the
secondary part of the iron core giving the effect of a slug
of low conductance. The simplified treatnient of eddy
currents in Appendix IV assumes the value of H to be nearly
uniform across the section of the core. This implies that
the core conductance is small compared to the winding
conductance, which is certainly not true if the latter
is zero.

For both examples, it will be observed that the
maximum value of release time is only slightly affected
by the secondary slug conductance. As already mentioned
on page 36, this effect is entirely absent but for the
influence of residual magnetisme It is interesting to
observe at this stage that, had the secondary reluctance
been set to its design value by lengthening the core
rather than by the introduction of a non-magnetic gap,
then the magnetic field due to coercivity would reside
entirely within the iron and the reed switch would be
unaffected. This, of course, would not be a practicable
arrangement, since the overall dimensions would be

unnecessarily large. Furthermore, the iron would be



inefficiently used, since the consequent high level of
residual flux density would seriously limit the total
flux swing between saturation and zero excitation.

Figures %2 and %3 show curves of operate and
release times against excitation for three values of
secondary conductance, the secondary gap being set for
maximum release delay in each case. As has already been
seen from Figures 30 and 31, a slightly increased release
delay is obtained with higher values of secondary
conductance, corresponding to larger secondary gaps.

The region of constant release delay corresponds
to saturation of the core and, as would be expected, a
higher excitation is required to achieve this condition
for the curves having a larger secondary gap.

Examination of the operate curves shows the
effect of the secondary slug in reducing the operate time
appreciably. It will be observed that operating times down
to about 3ms can be obtained using a secondary slug
having a resistance approximately equal to the designed
value. Only a small additional improvement is obtained by
using a slug of appreciably lower resistance. In general,
the operate time in the absence of a secondary slug is about
2.5 times that obtained with a slug. Since saturation of
the core has no effect on operate times, increased excitation

beyond that required for saturation continues to increase the
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speed of operation which is consequently limited by the
power available.

It was predicted on page 61that the twin-coil
model should require an excitation mem.f. of 273%A and
power of 388mW and examination of Figure 32 shows these
values to be quite adequate for saturation. In the case
of the single-coil relay the predicted figures were
234A and 857mW which agree reasonably well with Figure
33, although in this case the onset of saturation is not-
so clearly defined. No truly satisfactory explanation
of this difference can be suggested, although premature
saturation of the corners of the cylindrical section of
the core of the single-coil model is likely to occur at the
point where it joins the secondary iron yoke, since the
latter forms a relatively wide flange.

The wide variation in characteristics which
is encountered with reed inserts inevitably gives rise
to a considerable variation in release time in any system
in which the m.m.f. decays slowly., Figures 34 and 35
indicate the extent of this variation for the two models.
The variation of release time with insert m.m.f. is not
sufficiently consistent to draw a curve showing a definite
relationship, but the diagrams indicate the general trend.

Superimposed upon these diagrams is the predicted slope,
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as calculated from the normalised partial derivative of
Section 6.4, which agrees well with the measured results.

The twin-coil model, with its relatively long primary

iron path gives a sufficiently high residual me.m.f. to result
in the more sensitive inserts failing to release. The

same diagrams include the corresponding release times when
the first contact to release is used as a synchronising
contact to insert a resistor into the primary circuit as
described in Sections 2 and 5.4. All contacts are releaséd
within a period of about2 O ms, which is a marked
improvement on the wide spread of delay times which occurs
without insertion of additional primary resistance.

Equations (50) and (52) give alternative expressions
for the peak voltage expected to appear across the
synchronising contact. Both are approximations in that
they assume the memsfs to be reduced to zero. Equation
(50) makes the further approximation of neglecting leakage
flux. Equation (52), including leakage flux, is likely to
give an unrealistically high value, since the rate of rise
of voltage is likely to be limited by eddy currents in the
iron and the effects of inter-turn capacitance in the
winding. Since the duration of the transient associated
with the leakage flux is likely to be of fairly short

duration, these effects might be expected to reduce the



voltage to a value little greater than that given by
equation (50). Applying equation (50) to the twin-coil
model and taking R1/R2=0.5 (the lowest value used) and
i5=400A (from Figure 32) we get v/y=0.195. Using
equation (52), the corresponding value is v/v=0.86.
The highest value obtained in experiments was 0.52, falling
as expected between the two calculated figures., For a
relay operating from a 50V supply this would give a
contact voltage of 25.1V, which should be quite acceptable.
In the case of the single-coil relay, taking
R1/R2=0.5 and is=350, we get v/b =0,22 from equation (50)
and 2.3 from equation (52). In this case, the measured
value is 0.235 which is very near to the lower figure of
0.22 calculated from equation (50). This relatively low
value for the single-coil model is not unexpected, since
its construction should give a lower leakage inductance
and its larger core radius provide for increased core

eddy currents,
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8. CONCLUDING COMMENTS

By virtue of its low permeance the reed switch
is inherently suited to relay applications where fast
response is required. The preliminary considerations of
Section 3% indicate that a slow=release reed relay will
occupy a minimum volume of several cubic iﬁches. i.e.

It will be of a size comparable to a '"3000 type" relay.

The objective of the work described in this
thesis has been to devise a relay, to provide a long
release delay, without sacrificing the fast operation
which is possible with reed switches. In general these
two requirements are in conflict, but the proposed system
can achieve a release delay of 200 ms with an operate
delay of only 3 mse The salient feature of the design
lies in the location of the reed insert in the leakage
field between two windings. In consequence, the main
flux linking these windings is very much larger than the
operating flux across the reed gap. Two experimental
relays have been constructed, differing in layout, but
identical in principle,

In this study the primary criterion on which
design has been based is the space occupied by a completed
relay. The twin-coil and single-coil experimental relays

described in Section 7 could be contained in rectangular

spaces of 10ins” and 6.?ins3 respectively. These
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volumes may be compared with about 8ins’ for a Post Office
"3000 type" relay. The experimental models carried 10

contacts and 15 contacts respectively so that the single-

coil version, in terms of ''volume per contact", is by far

the better arrangement, This arises from the fact that a
closer approach to the optimum core radius may be achieved

than is possible with twin coils,.

Depending upon practical considerations regarding
the application of this type of relay, criteria other thah
volume might well be more significant. In this connection
it is interesting to note, as has been pointed out on
earlier pages, that there is a clear conflict between
small volume and low power input, since the iron radius
which gives the minimum volume limits the available winding
space. This point is borne out by comparison of the
experimental models, the twin-coil version having a
relatively large volume, since its construction precludes
a close approach to the optimum radius, whilst its power
requirement is less than half that of the single-coil version.

The analysis of a relay of this general type is
straightforward, as shown in Section 4, provided some
approximation is permitted regarding linearity of the iron
core. The reliability of this analysis is demonstrated

by comparison of the predicted curves of Figures 32 and 33,
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with the corresponding experimental results. The measured
release delays agree well with the form of the calculated
curves. The delay for optimum gap, (which is the only
value of practical significance) exceeds the calculated
value by between 2.5% and 5%

The expression for release time Wwhich emerges from
the analysis of Section 4 is not readily applicable to a
design calculation. However, a simple design technique
emerges, if the coercivity of the iron core is neglected.
In the absence of coercivity the release delay is inaependént
of secondary gap length or slug conductance, provided they
are related by equation (21). This approximation permits
the elimination of secondary parameters, which greatly
simplifies the design of the primary dimensions in an
approximate forme After prediction of the actual release
delay for the approximate design, an adjustment may be made
to coil length, to give a closer approximation, if desired.
That the optimum release delay depends only slightly on
secondary parameters is confirmed by the experimental
results of Figures 32 and %33. Having established the
primary dimensions, from the slow=release requirement,
the secondary part of the system is derived from the need
for fast operation.

The major source of inaccuracy in a relay of
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this type is the wide variation in reed switch characteristics.
Typically, a range of release mem.f. of two-to-one may be
encountered. Selection of reed switches to closer tolerances
is likely to be rendered impracticable from the point of view
of economics. However, the selection of one insert per relay
could be acceptables If the selected insert is chosen to have
a release memef. just above the upper limit acceptable for
general use, then it may be used to synchronise the release
of all other contactss This function is described in some
detail in Section 2. The experimental results demonstrate
that the synchronising circuit releases all contacts within
a period of about 20ms, i.e. the slowest contact has a release
time only 10% longer than the fastest. In the absence of
the synchronising circuit some of the more sensitive inserts
may fail to release at all, due to the effects of core
coercivity. No special precautions are required for
protection of the synchronising contact since both theory
and experiment indicate that destructive e.m.fs. do not
appear across ite

For the relays described, the core material is
soft iron. It has been indicated in Section 6.4 that the
relay volume is affected only slightly by permeability,
saturation flux density being the only significant iron

parameter. However, in choosing a core material, it must
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be borne in mind that, for a giten relay, the excitation
mem.f. will be proportional to Hs, and consequently, the
power requirement will be approximately inversely
proportional to the square of the permeability.

Either of the two forms described could be
adapted for manufacture, although the single coil version,
with its simpler pole-piece arrangement and more compact
form, is likely to be less costly. Ease of mounting and
accessibility of reed inserts would be further points in
its favour as compared to the twin coil form. However, if
low power requirement is deemed to be more important than
small size a smaller core cross section is required, with
a consequent increase in coil length. This would require
a more complicated pole-piece for the single-coil form, and
in such a case the twin-coil version could be more
suitable. Replacement of the "U"-shaped core by two
parallel cylinders joined by a flat sole plate would
facilitate mounting. This introduction of two joints into
the primary iron circuit could, however, result in an
increased power requirement, thereby defeating the purpose
of the twin-coil configuratione.

In a production version of such a relay it is
probable that an improved winding space factor could reduce

the effective value of coil resistivity by up to 10% with



either a corresponding reduction in coil length or a

reduction in power requirements

96



97

BIBLIOGRAPHY.

1« MORSE, S.F.B. Letters and Journals.

2. BARKER, R. Design of Relays for Automatic telephone
exchange equipment with special reference to
relay type 3000, P.O.E.E. Jour. v.26 1933,

3, RAY, F,I, and BIDDLECOMBE, A.N. A proposed Post Office
standard telephone relaye P.0.E.E. Jour. v.24, 1931,

4, BRYAN, D.G, and BENSON, DL, Evolution of reed relay
telephone exchanges. I.E.E. Conf. on Telecommunications.
April 1969,

5. YOUNG, Je.Se Miniature relays. P.0.E.E. Jour. v.39, 1946,

6. EVANS, U.R. Electrical Contacts - the effect of
atmospheric corrosion. Metal Industry v.73, 1948.

7. SUMMERS, NeDe Dirt in relays; its cause, effect and
control. Electronic Components, 1966.

8. BANNOCHIE, J.Go and FURSEY, R.A.E. Sealed contact relays.
J.Brit.I-R.E., Va‘l’ 1961.

9, COTTERILL, Je Sealed contacts., Component Technology,
V.2, 1966.

10. JUPTER, W.F. Degassing of sealed relays. 8th Nat. Conf.
on Electromagnetic relays. Oklahoma, 1961.

11. MARTIN, P.N. Relay contacts in sealed enclosures with
no organic materials. 4th Symposium on
Electromagnetic relays. Oklahoma, 1956

12. HERMANCE, HeW. and EGAN, T.Fe. Organic deposits on
precious metal contactse Bell Syst. tech.d. v.37,
1958.

13, CHASTON, J.C, Some effects of surface films on contact
behaviour. Proce I.E.Ees ve100, 1954,

14, BRUMFIELD, R.M. Comparison of sealed and unsealed relays.
1st Symposium on Electromagnetic relays.
Oklahoma, 1953

15. British Pat. 543935, 1941.



16.

17

18.

19

20,

2%,

22,

23,

2k,

25.

26.

27

28,

29.

30.

98

GAYFORD, M.L. Modern Relay Techniques.
Newnes-Butterworth, 1969.

ELLWOOD, W.Bs U.S. Patent 2,289,830. 1938.

PEEK; R.L. Magnetisation and pull characteristics
of mating magnetic reedse. Bell Syst. tech. J.
?-40, 1961.

ELLWOOD, W.Be A glass enclosed relay. Electrical
Engineering, v.66, 1947, .

HOVGAARD, O.,M. Capabilities of sealed relay contacts.
AII.E.EI trans-, Pt I, V.?s, 1956-

MORGAN, R. The reed switch - a unique component.
Automation. ve.l, 1957.

RENSCH, H. Characteristics and applications of reed
contacts. Electrical Communication. v.40, 1965.

HOVGAARD, O,M. and PERREAULT, G.E., Development of
reed switches and relays. Bell Syst. tech J.
Ve3h, 1955

Research promises cheaper reed relays. Electrical
Review 6 Jane., 1967.

LEVKOWETZ, H. The dry reed switch - a sealed contact
of great reliability. ZEricsson Review, v.39,

1962,

FENNEL, T.R., Relationship between wear debris and
failure mechanism of the reed switch. Proc. of
the Int. Conf. on Electromagnetic Relays,
Tohoku, Oct.1963.

HOVGAARD, O.M. and FONTANA, WeJe A versatile
miniature switching capsule, Proc. Electronic
Components Conf., 1959

WADGE, ReJeAes Coil operation of reed switches.
Design Engineering, Dec. 1969.

Reed Relay Survey. ZElectronic Design v.11, 1963.

FOSTER, M.R. Permanent Magnet operation of reed
switches. Design Engineering Dec. 1969.



31.

32,

53
3l
35.

36,

37'

38,

39«

240.

4.

L2,

43,

4,

L5,

L6,

SHOBERT, E.I. VWelding or sticking of electrical
contactse Proce AeS.TeMs, vo47, 1947,

WOODHEAD, H.S. The diaphragm relay. Electronic
Componentse ve9, 1968

ATKINSON, J., Telephony. Pitmans. 1950,
BROWN, G.,W. Automatic telephony. Pitmans. 1930.

PEEK, R.L. and WAGAR, H.M. Switching relay design.
Van Nostrand, 1955«

LOGAN, M.A. Dynamic Measurements on Electromagnetic
Devices. Bell Syst. tech. J., v.32, 1953.

WAGAR, H.N. Slow acting relays. Bell Labs. Record.
V.26, 1948‘

AHLBERG, Cs On the dynamic characteristics of the
electromagnetic relaye Ericsson Rev. v.42, 1965.

EKELOF, S. A study of telephone relays. Ericsson Tech.
Ve9, 1953,

EKELOF, S. The development and decay of the magnetic
flux in a non-~delayed telephone relay. Ericsson
Teche V¢13, 1957.

PEEK, R.L. Estimation and control of the operate time
of relays. Bell Syst. tech. J. V.}}, 1951".

PEEK, R.L. Principles of slow release relay design.
Bell Syste. tech. Je Ve33, 1954.

British Patent 1,013,789. 1962,
KELLER, A.C. Recent developments in Bell Systems
relays - particularly sealed and miniature.

Bell Syst. teche Jde V.#ﬁ, 19640

Reed switches and relays. Instruments and Control
Systems. v.38, 1965,

COTTERHILL, J. ©Sealed contacts. Component Technology.
V-a’ 1966.

99



L7,

L8,

Lo,

51.

52,

55

Sk,

55

100

KELLER, A.Ce A new general purpose relay.
Bell Syste. tech.d. v.31, 1952.

MAHLER, Ps The effects of contamination in relay
performance. Oth Nat. Conf. on electromagnetic
relayse. Oklahoma, 1960

SUMMERS, NeDe Relay design. Component Technology.
Vely 1965

LOGAN, M¢A, Estimation and control of the operate
time of relays. Bell Syste.tech.d. v.33, 1954.

VITOLA, J. and BREIKNER, J.Pe Dynamic noise generation
in reed switch contactse FElectronic Industries, 1964,

WILMAN, C.W. Electrical contact resistance between
magnetically attracted bodies. Nature, v.172, 1953.

KARO, D, and DHAR, Ps The calculation of the dynamic
characteristics of electromagnetic relays with the
aid of an analogue computer. I.E.E. Conf. on
Computer aided design. 1969,

ELEY, A.C, and LOWE, W.T« Reed relays for exchange
systems.s P.0.,E.E., Jour. v.60, 1967.

ROGERS, Be.He.E. and RIDGWAY, Wel. Dry-reed relays -
Post Office relays type 14 and type 15. P.0.E.E.
Jour. V.58, 1965.



AVEVE B NP

COMPUTATION OF DESIGN CURVES

In general, the performance of a relay is

specified by equation (18) which may be rewritten as

_( 1/R +1) Tog (s -5 R1/R ) [Qf-(m +m,, )/s +S )]

31 5,%5,) (1+R /R) [1r-(m152 3 1)/(s 48 )]

in which

2
S1=1i/7r{>a}
82=S1(1270}g)/1i
R1=70ﬂ15Hr+y)/x(R—r-y)

z
[’ =B_7r

m1=Hcli

m2=Hc12

1.=x+K
s i

1 =Mx+A+BxR1/R2

2

Here A, B and M are constants which can be

readily established from the geometry of a particular

101
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relay once the approximate design of Sections 5.1 and
5.2 is completed. The only indeterminaste quantities in
equation (55) are x, R1/R2 and g, but, for an optimum
design, g will be dependent upon Rq/Rz' The program
on page 104 , which is written in "Focal" (Digital
Equipment Co.'s conversational language) evaluates
equation (55) for increasing values of g until a
maximum release time is found, and this value is
printed out. This process is repeated for a range of
values of x and R,!/'R2 in the region of the approximate
design values, and from the results a graph of the
form shown in figure 17 is drawn.

For each solution to the above computation the
value of the initial step in reed switch m.m.f. which
occurs on energisation may be calculated from equation

(34) which,for this purpose,may be written in the form
1= [Hm(li+12)+Bxg¢u O] /C14R,/R,) (56)

Evaluation of equation (56) enables a graph having the
form of figure 18 to be drawn.
In addition, the value of total exciting

m.msf. and input power are calculated,from which the



m.m.f. and power required for the final design may be

predicted.

Explanatory comments on program

Lines 1.15 to 1.32

3.10 to L 42

!".43 to LI'.':+5

L.50 to 4.70

7.20

6'2#

2.20

Request input data.

Calculate release time for gap
increments of 0.071mm.

Compare with time for previous
gap value to find maximum.
Calculate excitation m.m.f.,
initial m.m.f. step and power
required.

Type result when maximum time
is found.

Repeat for a range of coil

lengths.,

103%

Repeat for a range of slug conductance.
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RELAY DESIGN PROGRAM
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" RELAY DESIGN',!

" RELEASE MMF'", IR

2 COIL RADIUS",R2

i CORE RADIUS'",R1

' B SATN *,BS

' H SATN "“,HS

o COERCIVITY '",HC

i H MAX ', HM

2 RESISTIVITY'",ROC

Xt CONSTANT K ",K

b CONSTANT A ", A

i CONSTANT B ", B.

i CONSTANT M '",M

" VARY SLUG FROM ",C
s IN STEPS OF D
o TO “,E
o COIL LNTH FROM 'L
s IN STEPS OF “,H
& To e

MUR=BS/[HS*4E=-T7%3.14159)
SLG=(1E=-S5)+CsD,E+.013D 6

LI1=C(X+K)/ 1000

L2=(M%:X+A+B*xX%xSLGY/ 10200

M1=HC*L13S M2=HC*L2
S1=L1/<3:.14159%R1*%R1%4%3.14159E~13*MUR>
TP==1E103S Y==1

P=0,«01,.253D0 4

(Y)4.083R

G=P

S2=S1*(L2+MUR*G/1933)>/LL1
PHI=BS%3.14159%R1%R1*%1E~6
RC=ROC*3:14159%<R1+R2+1.6>/<X*1ES*%(R2-R1-1.6)>
RS=RC/ SLG
7Z=<PHI-(M1+M23/(S1+852)>%<RS*xS2-RC%S1>/(RC+RS)
Z=7/<IR=(M1%52-M2%51)/(S51+52)>

TR=(RC+RS)/ <RC*RS*(S1+S52)>

TR=TR*FLOG(Z)

(TP-TR)4.44,4.443;S Y=13RETURN

(-TRY4.4535 TR=0:G 4.5

TP=TR

MMF=[CHM* (L1+L2)+BS%G/ (4E-4%3.14159)1]
ID=MMF/(1+1/SLG)

POWER=MMF t2%*RC*1200

Z23.02,1," SLUG CONDUCTANCE="', SLG
' TIMES COIL CONDUCTANCE'",!

2TIME GAP LENGTH 10 MMF POWER",!
X=LsHsJ3D 7

3;‘1‘ " "
25132’TP*183)G'-@13X1IO:MMF:POWER)!
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NUMERICAL EXAMPLES

Considering the design of Section 6.1
the length of the secondary iron path will be
approximately 63mm., to allow space for the pole
pieces to carry the reed switcheé, plus an allowance
for the slug. Having decided upon a core radius of
bmm. and a coil spacing of 31.8mm. the core length
corresponding to twice the slug thickness will be
approximately .215xR1/R2, assuiling a copper slug
having a resistivity of 1.75x10-§1 -m. Using these
values, together with the dimensions already established
evaluation of equations (38), (39), (55) and (56) gives
the set of figures shown in Table A from which figures
22 and 2% may be drawne.

For the design of Section 6.2 the secondary length

will be 63.7 mm. for ends and pole pieces, plus O.?26xR1/R2

for slugs, plus x for the return path under the coil.
The procedure is identical to the previous example the
results being tabulated in Table B and shown graphically

in figures 27 and 28.
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Twin Coil Model

RELAY DESIGN
RELEASE MMF:26
COIL RADIUS:15.9
CORE RADIUS:4

B SATN t1.5
H SATN :250
COERCIVITY :120
H MAX 1800

RESISTIVITY:3.6
CONSTANT K :60
CONSTANT A :63
CONSTANT B :.215
CONSTANT M :0
VARY SLUG FROM :0

IN STEPS OF 202
To t1.0
COIL LNTH FROM :40
IN STEPS OF A
TO 60

SLUG CONDUCTANCE= Q.83 TIMES COIL CONDUCTANCE
TIME GAP LENGTH 10 MMF  POWER
158. 42 B.08 40.00 2.00 225.89 301.16
166.36 .08 42,00 B.00 227.49 290.90
174.30 A. 08 44.00 0.00 229.09 281.69
182.24 P.D8 46.00 P.00 230.69 273.13
190.19 0.08 48.00 P.008 232.29 265.39
198.14 P. 28 50.920 PD.AB 233.89 258.30
206.09 @.98 52.00 B.00 235.49 251.77
214.95 @.08 54.00 0.00 237.09 245.75
222.01 D.08 56.00 P.03 238.69 240.19
229.97 .08 58.00 B.00 240.29 235.02
237.94 2.08 60.00 B.00 241.89 230.22

SLUG CONDUCTANCE= 8.20 TIMES COIL CONDUCTANCE
TIME GAP LENGTH (8] MMF  POWER
164.91 B.09 40.08 39.87 239.21 337.71
173.22 B.09 42.00 40.15 240.88 326.13
18154 DeB9 44.00 40.43 242.54 315.63
189.86 DeB9 46400 40.79 244.21 306.08
198.20 B.39 48.00 492.98 245.88 297.35
206.54 B.09 50.008 41.26 247.55 289.34
214.89 B.09 52.00 41.54 249.22 281.98
223.24 0.9 54.00 41.82 250.89 275.18
231.61 B.B9 56.00 42.10 252.56 268.93
239.99 P.09 58.00 42.37 254.23 263.07
248. 37 B.09 60.D08 42.65 255.89 257.65

(Continued.......



TABLE A (Continuedeses

SLUG CONDUCTANCE= Q.40

TIME

169.717
178.37
187.04
195.173
204. 44
213.16
221.91
230.67
239. 46
248.27
257.10

GAP
A.10
De11
Pe11
B.11
Be11
Bell
@.ll
Pe1l
Ge11
Be11
Ge11

LENGTH
40.00
42.00
44.00
46.00
48400
50.00
52.09
54.00
56.00
58.00
63.00

SLUG CONDUCTANCE= 0.60

TIME

113493
182.83
191.75
200.69
209.65
218.64
227. 65
236.68
245.74
254.83
263.94

GAP
B.12
f.12
D.12
B.12
A.12
.12
B.12
B.12
P.12
f.12
B.12

LENGTH
40.00
42.00
44.00
46.00
48. 39
50.09
52.09
54. gg
56.20
58.09
60.00

TIMES
10
72«15
76. 06
7655
77.05
77.55
78. 04
73.54
79.04
79«53
80.03
80.53

TIMES
I0
104. 16
104.84
125. 52
1806.20
106. 87
107.55
108.23
198.91
129.58
110.26
110.94

COIL CONDUCTANCE

MMF
252+ 52
266.19
267.93
269.67
271.41
273.14
274.388
276.62
278. 36
280.029
281.83

COIL CONDUCTANCE

MMF
277.77
279.58
281.38
283.19
284.99
286.80
288. 61
299.41
292.22
294.03
295.83

(Continuedeeeess

PO WER
376.34
398.29
385. 16
373.21
362.28
352.26
343.04
334.52
326.64
319.32
312.52

PO WER
455. 36
439. 34
424.80
411.57
399. 47 —
388.37
378.15
368.72
359.98
351.88
344. 34
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SLUG CONDUCTANCE=
LENGTH

TIME

177.24
186.33
195. 45
204.59
213.82
223.08
232.38
241.79
251.087
260446
269.90

TABLE A (Continuedeses

GAP
A.13
0. 13
P.13
Q.14
0' 14
0014
Pe14
Ae 14
Q.14
Be.14
Q. 14

40.09
42.00
44,00
46.00
48.00
50.00
52.00
54.03
56.90
58.00
60.00

B.80 TIMES

I0
129.37
130.20
131.04
137.18
138.01
138. 84
139.68
140.51
141. 34
142.18
143.01

SLUG CONDUCTANCE= 1.88 TIMES

TIME

180.08
189.39
198.74
208.11
21«52
226.97
236. 46
245.98
255.54
265.14
274,717

GAP
P.15
P15
Be15
3.15
Pe 15
Be15
B.15
9. 15
De15
Be 15
B.15

LENGTH

49.00
42.02
44.00
46.00
48.00
52.00
52.00
54.00
56.00
5%8.00
692.02

I0
158.17
159.14
160.11
161.08
162, 05
163.03
164.002
164.97
165.94
166.91
167.89

COIL CONDUCTANCE

MMF
291.08
292.96
294. 83
308.64
319.52
312.39
314.27
316.14
318.02
319.89
32177

COIL CONDUCTANCE

MMF
316.33
318.27
320.22
322.16
324.11
326.05
327.99
329.94
331.88
333.83
335.77

POWER

503.06
4824 49
466+ 39
488.89
474.23
460. 717
448+ 39
436495
426. 35
4160582
497. 37

POWER
592.57
569.38
559.16
532.65
516.64
501.94
488. 41
475.91
4644 34
453459
443.59

108



TABLE B

Single Coil Model

RELAY DESIGN
RELEASE MMF:26
COIL RADIUS:15.9
CORE RADIUS:7.15

B SATN 1.5
H SATN :250
COERCIVITY :120
H MAX :1800

RESISTIVITY:3.6
CONSTANT K :8
CONSTANT A :63.7
CONSTANT B :.726
CONSTANT M :1.0
VARY SLUG FROM
IN STEPS OF

TO

COIL LNTH FROM
IN STEPS OF

TO

4% ss 9o ee s we

W= V=—=o

Qe [e »
o (S )

SLUG CONDUCTANCE= 0.00 TIMES

TIME GAP LENGTH 10
Loils 77T D.06 20.00 2.00
159.06 .06 21.00 Q.03
166.32 P.06 22.00 Q.00
17355 A.B6 23.00 Q.09
180.76 P.26 24.00 Q.20
187.94 B.06 25.00 2.00
195.10 .06 26.00 2.03
202.23 .06 27.009 B.02
209.33 .06 28.00 B.30
216. 41 D.06 29.00 B.00
223. 46 .06 30.00 P. 00
SLUG CONDUCTANCE= 0.20 TIMES
TIME GAP LENGTH I0
155.07 .08 20.00 31.20
162.59 G.08 21.99 31.48
170.08 .08 22.00 31.77
177.56 P.08 23.00 32.06
185.01 .08 24.00 32.34
192. 44 .08 25.00 32.63
199.85 P.08 26.00 32.91
207.24 .08 27.00 33.20
214.60 .08 28.080 33.49
22195 A.08 29.0@ 33.77
229.27 .08 30.00 34.06

COIL CONDUCTANCE
MMF  POWER
160.98 50805.22
162.58 498.77
164.18 477.73
16578 465.91
167.38 455.16
168.98 445. 34
172.58 4356.36
172. 18 428.12
173. 78 420.54
175.38 413.55
176.98 407.09

COIL CONDUCTANCE
MMF PO UWER
187.18 683.02
188.89 662. 48
190.61 643.91
192.33 627.06
194.04 611.70
19576 597.67
197.47 S84.80
19919 T2« 90
200.91 562.07
202.62 552.00
204.34 542,68

(Continued.eses
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TABLE B (Continuedeeceee

SLUG CONDUCTANCE= 0. 40

TIME

157.81
165. 47
173.12
180.75
188.36
195.95
203.52
211.07
218.59
226.10
233.59

GAP
B.09
Q.29
g. 69
Q.09
A.09
0.09
D.29
A.09
D.09
P.09
Q.09

LENGTH
20.00
21.20
22.00
23.00
24.00
25.00
26.00
27.99
28.00
29. gg
30.00

SLUG CONDUCTANCE= 0.60

TIME

159.84
167.62
175. 39
183.14
190.86
198.57
206.26
213,93
221.58
229.22
236.83

GAP
Be10
Q.10
2.10
GO lg
GG lg
2.12
2.10
P.10
Q.10
D.10
B. 10

LENGTH
20.00
21.920
22.00
23.00
24.00
25.00
26.00
27.00
28.00
29.00
30.00

TIMES
10
57.56
58. 38
58.60
59.13
59.65
6%.17
62.70
61422
61.74
62.27
62.79

TIMES
19
80.89
8l.62
82. 35
83. 08
83.81
84.54
B5.27
86.00
86.73
8746
B8.19

COIL CONDUCTANCE

MMF
201.44
203.27
205.10
206.93
208.71
210.60
212.43
214.26
216.10
217.93
219.76

COIL CONDUCTANCE

MMF
215.70
217.65
21959
221.54
223. 49
225. 44
227.39
229. 34
231.28
233.23
235.18

(Con‘tinued. ssssee s

POWER

791.06
16716
745455
725.93
108. 06
691.72
676.74
662.917
650.27
638454
627. 68

PO WER
987.02
879.51
854.63
832.04
811.46
192.65
775.39
759.52
T44.90
73138
718.86
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TABLE B (Continuedeecse

SLUG CONDUCTANCE= 0.8@ TIMES

TIME

161.40
169.27
17713
184,97
192.79
200.59
208. 40
216.20
223.99
231.76
;23951

GAP
Ba11
D11
De 11
De 11
Be.11
f.11
f.12
.12
g.12
G.12
f.12

LENGTH

20.20
21.00
22.00
23.00
24.00
25.00
26.00
27.00
28.00
29.00
37.00

10
102.20
183. 12
104. 04
104.96
105.87
106.79
113. 02
11393
114,85
115.77
116.69

SLUG CONDUCTANCE= 1.08 TIMES

TIME

162.73
1780. 171
17867
186.61
194.54
202. 46
210.36
218.24
226.12
233.97
241.82

GAP
0.13
0.13
0.13
B.13
B.13
f.13
#.13
0.13
f.13
f.13
f.13

LENGTH

20.00
21.00
22.20
23.00
24.00
25.00
26.00
27.00
28.00
29.00
30.009

I0
128. 08
129+ 17
130.26
131.35
132. 44
133. 58
134.62
135,71
136.80
137.89
138.98

COIL CONDUCTANCE

MM
229.96
232.02
234.09
236.15
238.22
240.28
254.28
256435
258. 41
260. 48
262.54

COIL CONDUCTANCE

MMF
256.15
258. 33
260.51
262.70
264.88
26T7.06
269.24
271. 42
273. 60
275.78
277.96

POWER
1030.9
999,53
Flileil 5
245. 39
281.+91
93044
969.65
948.96
929.87
912.21
895.84

POWER
127942
1239. 1
1202.8
1169.9
1139.8
1112.3
18871
1063.8
1822.6
1004.2
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1 S A T i

COMPUTATION OF PARTIAL DERIVATIVE

Sensitivity to parameter errors in the design
of Section 6 is obtained by inserting in equation (55)
of Appendix I, all details of the final éesign. To
execute the computation of the partial derivative by
numerical means each parameter_in turn is varied from
its design value by 1% and the resultant change in
release time is expressed as a percentage of the basic
release time.

Since this procedure involves evaluation of
the same expression as appears in Appendix I the main
part of the programme is similar in that the gap is varied
on successive runs to search for an optimum value. This
means that when a parameter is varied the gap may also
be changed. However, since the optimum gap has been
used in each case a small variation will introduce only
an infinitesimal errore.

The results of this calculation are listed in

Tables C and D for the two relays described.



Explanatory comments on prograh

Lines 1.18 to 1.3%1

3,01 to h.b2

4,47 to L.45

6.02 to 6.80

9.10

Request input data.

Calculate release time for gap
measurements of 0.01mm.

Compare with time fof previous gap
value to find maximum.

Vary each parameter in turn by 1%
to find twc values of release time.
For each parameter change in
group-6 lines, calculate and

type out the normalised partial

derivative.
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PARAMETER VARIATION PROGRAM

C FOCAL V3A ;

@1.65T
B1.06T
Bl1.18A
21.20A
21.21A
@1.22A
g1.23A
01.24A
@1.25A
B1.25N0
. B1.27A
@1.28A
f1.29A
21.30A
B1.31A
02.29T
02.22T
82. 320
B3.01S
03.03S
@3.04S
23.055
B3.06S
23. 10F
Q4. 061
B84.085S
B4.10S
P4.205
B4.22S
04.23S
04318
B4.325
B4, 415
B4. 425
B4, 431
B4. 441
P4. 455

i RELAY DESIGN',!

' PARAMETER VARIATION', !!
1 COIL RADIUS",R2

uy : CORE RADIUS';R1

=3 COIL LENGTH",X

" B SATN ".BS

Ay H SATN Yy,HS

& COERCIVITY ",HC

g RESISTIVITY",ROC

i RELEASE MMF'", IR

2 CONSTANT K "X

i CONSTANT A ", A

e CONSTANT B ", B

by CONSTANT M "M

i SLUG COND. ", SLG

i : PARAMETER "
"DERIVATIVE",!5D 6

LI1=(X+K)/10003S MUR=BS/[HS*4%3.14159E~71

L2=(M*X+A+BxX*SLG)/10002

M1=HC*L13S M2=HCx*xL2

S1=L1/<3.14159%R1%R1*%4%3., 14159E~13*MUR>
TP==-1E103S Y=-1

P=0,.01,.253D0 4

(Y)4.083R

G=P : ;
S2=S1*#(L2+MUR%G/10808)>7L1
PHI=BS*3.14159%R1*R1*1E-6 .

RC=ROC*3¢ 14159%<R1+R2+ 16>/ <X*1ES5%(R2=-R1=-1.6)>
RS=RC/ SLG LT

Z=<PHI-(M1+M2)/ (S1+52)>%<RS*S2-RC*S1>/(RC+RS)
Z=7/<IR=-(M1%52-M2%51)/(S1+52)>

TR=(RC+RS)/ <RC*RS*(S1+S52)>

TR=TR*FLOG(Z) ) A2,

(TP=-TR)Y4.44,4.443S Y=13RETURN

(-TRY4.453S TR=03RETURN

TP=TR

(Continued. seese



(Continuedesses

B6.02T
D6.04S
06.06S
06.728T
06.10S
@6. 125
06 14T
06.165
B6.18S
P6.20T
B6.225
B6.245
06.28T
A6 305
P6. 325
06.34T
06.365
B6.38S
P6. 49T
P6. 425
B6+ 445
066 46T
@6+ 435
B6.50S
06.52T
B6.54S5
06.56S
06.58T
06.605
06.625S
06. 64T
P6.665
06685
06.70T
B6.1725
B6.T74S
06.76T
P6.78S
B6.80S
09.10S

%

" : _ _ COIL LENGTH
X=X*%1.813D 33S T1=1R.

X=X/ 1.013D 335 T2=TPrph-9.

e : _ COIL RADIUS
R2=R2%1:813:D 3:S Tl=TP
R2=R2/71+013D 3:S T2=TP:D 9

i a %, . . ~ CORE RADIUS
Ri1=R1x1.013D 3:5 Ti=TP
Ri=R171.013D 335 12=TP:D 9

T . B SATN
BS=BS%1.013D SV T=1e
BS5=BS/1.013D 5 T2=TP3D.9

™ : ' H SATN
HES=HS*1. 913D 335 T1=TF .
HS=HS5/1.013D 33S T2=TP3D 9

L : . . COERCIVITY
HC=HC%1.0813D 33S T1=TP
HC=HC/1.013D 33S T2=TP3;D 9

g : : ! RESISTIVITY
ROEC=ROCx1.AYsD 35S Ti=TF
ROC=ROC/1.013:D 33S T2=TP3D 9

O : : . RELEASE MMF
IR=IR%1.013D 3:S T1=TP .
IR=IR/1.013D 3:5 T2=TPiD 9

PR . : : CONSTANT K
K=K*1.013D 33S TI=TP

K=K/ 1.01:D 33S T2=TPsD 9

Wi : ; : CONSTANT A
A=zA*1.013D 335 Ti=TP

A=A71.01:D 335 T2=TP3D 9

v : ; . CONSTANT B
B=B*1.013D 33 S T1=TP

B=B/1.013D 33S T2=TP3:D 9

bl ; y CONSTANT M
M=M*1.013D 33S T1=TP |

M=M/1.013D 33;S T2=TP3D.9

R oy : ; SLUG CONDe.
SLG=SLG*1.013:D 33S T1=TP .
SLG=SL.G71.0813D 33S T2=TP3:D 9
D=200%(T1=-T2)/(T1+T2)3T %25.04,D,!

(1]

"

"
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TABLE C

RELAY DESIGN
PARAMETER VARIATION

COIL RADIUS:15.9
CORE RADIUS:4
COIL LENGTH:48.3
B SATN $la5
H SATN :1250
COERCIVITY :120
RESISTIVITY:3.6
RELEASE MMF :26
CONSTANT K :60
CONSTANT A :63
CONSTANT B :.215
CONSTANT M :0
SLUG COND. :.55

PARAMETER DERIVATIVE
COIL LENGTH 1.03236
COIL RADIUS P. 7951
CORE RADIUS 1.4151
B SATN B.9736
H SATN -0.2963
COERCIVITY P.2986
RESISTIVITY -0.9950
RELEASE MMF -0.9805
CONSTANT K B.3435
CONSTANT A -0.0708
CONSTANT B ~-0.0064
CONSTANT M B.2000

SLUG COND. P.0698
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TABLE D

RELAY DESIGN
PARAMETER VARIATION

COIL RADIUS:15.9
CORE RADIUS:7.15
COIL LENGTH:25

B SATN t1.5
H SATN 1250
COERCIVITY :120
RESISTIVITY:3.6
RELEASE MMF:26
CONSTANT K :8
CONSTANT A :63.7
CONSTANT B :.726
CONSTANT M :1.9
SLUG CONDe. :0.72

PARAMETER

COIL LENGTH B.96172
COIL RADIUS 1.5564
CORE RADIUS P.6954
B SATN P.9891
H SATN -P.1048
COERCIVITY P.0236
RESISTIVITY ~3.9950
RELEASE MMF -B.9155
CONSTANT K D.0B16
CONSTANT A -P.B551
CONSTANT B -0.0113
CONSTANT M -0.0216
SLUG COND. B.0376

DERIVATIVE
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AP PENDINIE I8 E

PREDICTION OF CHARACTERISTICS

Calculation of time delay for a range of
secondary gap based upon equation (55) for a particular
relay is comparatively straightforward ané is useful as
confirmation of the design equations since the gap can
readily be varied experimentally.

The programme is similar to the previous one
except that, in this case, the release .time is typed
but for each value of gap, Tables E and F referring

to the twin coil and single coils respectively. These

tables are depicted graphically in figures 30 and 31.



21.085T
B2.08A
P2.09A
f2.11A
A2.12A
02. 1A
22.14A
P2.15A
B2.16A
f2.17A
B2. 18A
22.20S
02.40S
P2. 44T
B2. 45T
B2. 47T
D2+ 49T
P2.51T
f2. 80F
02.900
P3.345
B3.05S
B3.07T
03. 10F
D4.10S
B4.208S
D4.225
D4.23S
P4.31S
B4.32S
D4. 4185
B4. 425
@4.50T
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RELAY ANALYSIS PROGRAM

2 RELAY ANALYSIS'",!!

2 COIL LENGTH X
& H SATN "sHS
2 COIL RADIUS "sR2
e COIL RESISTIVITY ",ROC
2 COERCIVITY ""»HC
¢ RELEASE MMF "> IR
& CORE RADIUS ", RI1
b B SATN. P B S
A CONSTANT K 5K
” . CORE LENGTH TOTAL',L
MUR=BS/ [HS*4E-T%3.14159]

L1=CX+K)/10003S L2=(L/1000)-L1

LAt SLUG', !

e CONDUCTANCE=""

o De? Be5 101

2 GAP (MM) TIMEMS)"
" TIMEMS) TIME(MS)'"

G=0,.01,.25;D 3

MI=HC*L13S M2=HCx%L2

S1=L1/<3.14159%R1%R1%4%3. 14159E~13*MUR>
23.02, !’I! '.JG’.. "
SLG=1E=65.551.013D 4

S2=S1%(L2+MUR*G/1008)/L1
PHI=BS*3.14159%R1%R1*%1E=-6
RC=ROC*3414159%<R1+R2+1.6>/<X*1ES5%(R2=R1=-1.6)>
RS=RC/ SLG
Z=<PHI=-(M1+M2)/(S1+S2)>%<RS*52-RC*S1>/ (RC+RS)
Z=Z/<IR-(M1%S2-M2%51)/(51+52)>

TR=(RC+RS)/ <RC*RS*(S1+52)>

TR=TR*FLOG(Z)

%24.01," WelRE1ED
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TABLE E

RELAY ANALYSIS

COIL LENGTH $50

H SATN £250

COIL RADIUS 2159

COTL RESISTIVITY :3.6

COERCIVITY 1120

RELEASE MMF £25

CORE RADIUS t4

B SATN. t1.5

CONSTANT K 260

CORE LENGTH TOTAL:184

SLUG

CONDUCTANCE= B.0 @5 1.0
GAP (MM) TIMEMS)Y TIME(MS) TIMEMS)
0.00 -331.6 -1417 -1645
.01 - 46.3 -485.6 -1764
.02 79.3 -154.6 -636.9
G.03 141.3 7.8 -263.5
30@4 173.6 97.4 —= 71.7
B.05 19B8. 4 149.8 40.3
De06 198.5 181.5 110.9
D.07 201.7 200.8 155.1
.08 201.8 212.3 184.9
Q.09 200.2 218.9 204.7
B.10 197.4 222. 1 217.9
Be11 194.0 223.1 2265
f.12 190.2 222.17 231.9
Pe13 186.2 221.1 234.9
Del14 182.1 218.9 236.3
B.15 178.0 216.2 236.4
De 16 174.0 213+2 235.6
.17 170.1 209.9 234.2
A.18 166.3 206. 6 232.3
B.19 162.6 203.2 230.1
B.20 159.0 199.8 2276
f.21 155.6 196. 4 224.9
B.22 152.3 193.0 222.1
.23 149.1 189.7 219.2
P.24 146.0 186.5 216.3

D.25 143.0 183.3 213.4%
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TABLE F

RELAY ANALYSIS

COIL LENGTH $25

H SATN 250

COIL RADIUS 2£15.9

COIL RESISTIVITY :3.6 5

COERCIVITY 1120

RELEASE MMF :25

CORE RADIUS £7s15

B SATN. t1.5

CONSTANT K :8

CORE LENGTH TOTAL:149

SLUG

CONDUCTANCE= 2.0 0.5 1.0
GAP (MM) TIMEMS) TIMEMS) TIMEMMS)
B.B@ '26906 "66201 '12?2
@-01 2503 "23-1 "'526-1
90@2 1[80@ - T+5 -2@.1
.03 159.2 89.3 - 32.4
D.04 177.9 141.2 62+ 4
B.05 185.6 176.2 119.2
P.06 187.7 186.4 154.5
Q.07 186.7 195.2 176.8
2.08 184. 1 199.4 190.8
2.09 188.5 200.8 199.6
2.10 17644 200. 4 204. 7
Aell 172.1 198.8 207. 4
Be12 167.8 196.5 208.5
B.13 163.5 193.6 208.3
Del4 159.3 190.5 207.2
0.15 155.2 187.2 205.6
B.16 151.3 183.8 203. 6
Be17 147.5 180.5 201.2
B.18 143.9 | S AR 198.7
B.19 140.5 173« 7 196.1
0.20 137.2 170.5 193.3
.21 134.1 167.3 199.6
B.22 131.1 164.2 187.8
.23 128.2 161.2 185.0
@.24 1255 158.2 182.3

Be25 122.8 15554 179.5%
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P 5 S0 i S R T T

EFFECT OF EDDY CURRENTS 1IN THE CORE

In a conventional relay where the operating flux
is the main core flux the effects arising from the m.m.f.
associated with induced core currents cannot be ignored.
However, in the reed relay under consideration, conditions
are modified by the fact that the flux which operates the
reed switch is, as far as the main core is concerned, a
relatively minor leakage flux which is defined by the
m.m.f. between the pole pieces.

Referring to figure 36, for the dotted path
which embraces the coil current :i.,1 and part of the

eddy currents ie

ng.dl=i1+ie (57)

and for an idealised case, neglecting end effects, the

m.m.f. across the reed switch will be given by

i=i,+i ~(B+ $ B)1 /4 (58)

where &B is the modification to the flux density arising

from eddy currents.
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Now if it is assumed that for slow rates of
change the flux density across the section of the core
is nearly constant, (i.e. B>> §B), and if the core is
considered as a series of concentric cylindrical shells,

then the e«m.f. induced in any shell will be given by

e=lag/at)(a® /") (59)

where x and r are the shell and core radii respectively.

The corresponding current will be

5i=(d;3/dt)(l/277r2}0i)x §x (60)
o0 that
i =(ag/at) /47 2°p,) [x2] i
=(a@/at) (L/AT P, )(1->7/*) (61)

The value for i_ given in equation(61) will be the eddy
current linking a shell of radius x, so that the m.m.f.

gradient at this radius will be modified by an amount

5H=(dﬁ/dt)/477/9i}/a x4 (62)

s0 that the flux density will be modified by

§ B=(ag/at) e 4T 4 )1- >/} (63)

124
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" By substitution of equations (61) and (63) in equation

(58) the m.m.f. across the reed switch becomes
:i.=i,i+(dﬁ/dt)(ﬂ-xa/ra)l/mrﬁ-
- [B+¢ dﬁ/ at)( 1-x2./1f2>,«/*+“’/§’] Y
=i,-Bl/u (64)

For slow rates of change of flux equation (64) indicates
that for an idealised case the eddy currents, although
modifying the core flux, do not affect the m.m.f. appearing

across the reed switch.



