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Tne punching process used to stamp out iron laminations
causes a deterioraticn in the magnetic properties of the
lamination material. This investigation is concerned with an
experimental examingtion of the deterioration and finding the
magnitude of the change in material properties due to punching.
-‘The punching effect is considered in terms of the ratio of
total surface area of the nation to the punched area, the material
thickneﬁs and.the puriching tool clearance.

Annular laminations of various sizes are punched out of sheet
material and their magnetic properties measured under static and
dynamic conditions. The material is then annealed and the tests
repeated. A particular feature of the investigﬁtion is the
equipment used for the dynamic tests. This consists of an
electronic hysteresigraph, which maintainslthe rate of change of
flux density constant for each hysteresis loop, used in conjunction
with a specially desipgned test rig and an on-line digital
computer.

A metallurgical analysis of the material is made so as to
obtain the optimum temperature fcr anrealing and also to assist in
determining the extent of the plastic deformation. The deformation
of the punched edge is also examined in terms of its micro-hardness
and the Kerr optical method is used to investigate the reduction

in permeability in the region of the punched edse.
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GLOSSARY OF METALLURGICAL TERMS

Annealing:
A heat treatment process applied to metal which has been.
subjected to strain, the object of which is to revert the
physical and mechanical properties to their most stable low
energy state.

Deformed region:
The region of the material where strain has distorted the
crystal structure and effected a change in the properties
of the metal.

Dislocation:
An imperfection within the crystal structure caused by the
displacement of two adjacent planes of atoms.

Lattice structure:
The symmetrical spacial arrangement of the atoms within a
crystal.

Microstructure:
The structure of a metal, revealed after polishing and etching,
at magnifications greater than 10. |

Nucleations
The process by which certain lattice regions becdme favoured
sites for the development and growth of new crystal structures
within a deformed material.

Plane slips
The relative movement of two adjacent regions of a metal
lattice.

Plastic deformations:

- The permanent distortion of a metal produced by straining

the material beyond its elastic limit.



Polygonizationt
The application of thermal energy to reduce the dislocation
density within a deformed lattice. This is achieved by
partial elimination of dislocations resulting in their
orderly re-arrangement within the lattice.
Strain free material:
A material having no distortion and minimum internal energy.
Wall-shifting process:
The physical aspect of magnetization which involves &he movement
of domain boundaries.
Work‘hardening:
The process in which the hardnéss of a metal is increased

by permanent deformation.

The Effect of Punching on the Domain Wall MNobility

211 ferromagnetic material consicts of a large number of

small regions, each spontaneously magnetizead to saturation. These
regions are kncwn as domains and there are one or several domains

to each ferromagnetic crystal. Ip a demagnetized material, the
direction of magnetization of the individual domains are randomly
distributed in various directions. When an external magnetic field
is applied to the material, the first thing that happens is that

the domains which are‘magnetized in a direction close to the direction
of tne exvcitation field, grow at the expense of those which are
magnetized away from the field direction. Increasing the excitation
causes more of the domains to align themselves in a direction near
Itp_that_og;thq app}}edlfiglét_:Th%s process qqntinues uqtil all

the domains are orientaled in &he 6ne direéti&n. At stiliugggﬁerﬁd

field strengths the direction of magnetization rotates towards the

direétion of the applied field.



There are certain preferred directions within a ferromagnetic
crystal structure in which domains magnetization vectors can be
located. Each domain is separated from the other by boundary walls,
which aré known as Bloch walls. Bulk magnetization involves a
wall-shifting process in which energy is expended in changing the
direction of the domain vectors. This irreversible change of
direction is achieved by a series of discrete jumps across successive
domains boundaries.

The plastic deformation, which occurs in the punched edges of
steel laminations, distort the crystall structure and so produce
dislocations. These dislocations cause a hindrance to the wall-
shifting process and so extra energy is required to orientate the
domain. The consequence of this is a reduction in permeability
of the material.

The dislocations in the material can be removed by thermally
activating the material at an elevated temperature by a process
known as annealing. This is achieved because the application of

heat relieves the strain energy of the lattice structure.



SECTION 1

Introduction

The laminations used in electrical machines are usually of
low carbon (less than 1%) silicon steel of thickness between
0.035 cm.and 0.076 cm. The material is supplied in strip form and
a punching process is used to produce the laminations.

For several decades it has been realised by machine manufactur-
ers that the punching process can have a detrimental effect on the
magnetic properties of the material. In some cases the magnitude
of the deterioration caused by the punching can be such that the
manufacturer's magnetization and iron loss curves are no longer
accurste. This means that it becomes impossible for the designer
to predict accurately the performance of the machine using these
curves.

The advent of the digital computer has enabled more accurate
and reliable methods to be used in the design of electrical machines.
This major step forward, in analytical techniques, has emphasized
the fact that no matter how sophisticated the design programme may
be, its accuracy is very dependant on the input data. This is
especially so as far as the magnetic characteristics and specific
iron losses of the punched lamination material are concerned.

The main aims of this project are as follows:-

1. To investigate the deterioration, due to the punching process,
of the magnetic properties of lamination material. This will
enable the steel manufacturers' curves, for magnetization and
specific iron loss, to be modified. This information is
required to be expressed in such a form that it can easily

and directly be translated into corresponding new curves by

the machine designer after having determined the geometry and




size of the laminations.

To investigate the physical and magnetic properties of the
lamination material in the regions where punching operations
cause plastic deformation. The possibility of establishing
a correlation between the change in physical and magnetic

properties will be examined.



SECTION 2

LITERATURE SURVEY

2.1. Introduction

The survey of the relevant literature published to date has
been categorised into two sections. The first section relates to
the investigation of the punching effect on magnetic lamination
material. There are only three papers 1,2,3 in this section and
they do not attempt to obtain a relationship between the
manufacturers' magnetic characteristic curves and the curves obtained
af ter punching.

The second section 4 to 11 relates to the physical analysis
of the deformation process and to papers concerned with the study of
iron loss in magnetic material. The survey shows that the process
of plastic deformation in metals is reasonably understood and that
there is a cconsiderable amount of information concerning recent
studies of iron losses in magnetic materials.

Cne of the main aims of the present project is to determine the
iron losses by measuring the area of the dynamic hysteresis loop.
This method is made possible because of the resultant widening of
the loop for the same peak values of flux density and magnetizing
force, as the rate of cycling around the loop is increased. Since
this present project uses the measurement of the loop area for
dynamic loss, the papers in the second section have been reviewed
with respect to this. 1In particular, information was sought on
the behaviour of the dynamic loop, and how the total energy loss in

the loop may be divided up into its static and dynamic components.



This review shows that the hysteresis loss is affected by
the punching strain. For this reason, it was thought relevant to
seek information on the experimental evidence supporting Steinmetz's
equation for hysteresis loss.

2.2. Punching Effect

The first quantitative study of this effect was that undertaken
by 00191, which was concerned with "The increase in hysteresis loss,
decrease in permembility and change in microstructure caused by the
punching operation".

In his tests, Cole used a series of rings punched from several
grades of steel laminations. For each grade, different lamination
thicknesses were used. In all cases the ratio of radial width to
mean diameter was maintained at approximately 6. The contribution
of Cole is a very useful one in gaining a clearer understanding of
punching effect. His main conclusions may be summarised as follows:
1s That the strains produced by the punching operation alters the

microstructure of the steel considerably for a short distance

from the punched edge. The author shows that on 0.036 cms.
thick laminations, the microstructure was badly altered upto

0.005 to 0.007 cms. back from the punched edge.

2% That where the microstructure is affected by strain there is
an increase in hysteresis loss.

3 That the relative increase in hysteresis loss and reduction in
permeability caused by punching strains reduces with increasing
flux density.

4. That for the range of thickness studied, increased hysteresis
losses produced by punching stirains are approximately a linear

funetion of the lamihation thickness.
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B That for the range studied, the influence of thickness on
punching strains was much less than that of the radial width
of the specimen.

6. That annealing will relieve the effect of punching strains.
Cole's work does not however attempt to obtain a relationship

between the manufacturers' magnetic characteristic curves and the

curves obtained after punching.

Almost 40 years after Cole's work was published, a study of the
effect of punching was undertaken by Seegerz. The results of this
investigation clearly show that Seeger's aims were very similar to
those of Cole's.

Using various grades of lamination material and different
inter-laminar insulation, Seeger carried out tests on the following
forms of laminations:

a) Various sizes of lamination strip, the strip being cut by a
guillotine process.

b) Laminations in ring form, with outside diameter 20 cms and
inside dismeter 12 cms.

The main conclusions of Seeger's work can be summarised as follows:-

i That plastic deformation in lamination material causes an
additional hindrance to the wall-shifting processes in regions
under strain. The consequence of this is increased hysteresis
loss.

2. That eddy-current losses are not measurably influenced by plastic
deformation in the material.

3. That the increase in hysteresis loss, caused by deformation, is
not dependant upon the relationship between the direction of

punching and the rolling direction of the material.
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4. That removing of the burr edges from the laminations by
grinding causes a further deterioration in the magnetic
properties of the material.

5e That using a machining operation to obtain the final
dimensions of a lamination stack can result in high additional
eddy-current losses by shorting out the individual laminations.
This practice is widely used on machines having small air gaps
where it is necessary to remove inaccuracies in the punching
and stacking.

6. That generally, there is no very stringent requirement for
the inter-laminar insulation, since the potential gradient
between the laminations is usually very small.

i 05 That the effect of plastic deformation on the E/H characteristics
is most pronounced at the lower values of flux density. The
effects in the region of high saturation are very slight,
which is in agreement with Cole's findings.

8. That the degree of deterioration of the magnetic properties,
caused by the plastic deformation, is very dependant upon the
ratio of punched area to total surface area of the laminations.
The results of Seeger's work shows that several important

factors were considered by him, which Cole did not take into account.

In particular he notes that the ratio of punched area to total

surféce area is an influencing factor. Like Cole, however, he does

not attempt to relate the curves of the punched material to those

of manufacturers'.

In a paper which is concerned with means of obtaining more
economic machine design, Oberretl3 considers the effect of

punching in narrow parallel teeth, taking as an example a small

induction motor. By annealing the punched laminations, in a



- T =

nitrogen atmosphere at BOOOC, the iron circuit m.m.f. was
reduced by about 20%. The author emphasizes the fact that with
such machines it is of particular importance to ensure that the
punching tools are in first class condition.

2.3. Deformation and Losses

Whenever a punching operation is used on a metal, there is
always a zone of deformation along the punched edges of the material.
This deformation zone is a result of plastic strain caused by the
punching operation.

Some of the salient characteristics of the deformation are
given in a Production Engineering Research Association Report4.

It is a very comprehensive metallographical study of the effect of

punching. Some of the relevant conclusions ares

1. That the width of the severely deformed zone is greatly
affected by the shape of the punching tool used.

2 That cracks, when present, are seen to be confined to the
edge of the severely deformed region.

3. That cracks are initiated in advance of the punch, and
propagate back towards the punched edge, where they are
opened up by frictional forces between the punch and the
work material.

4. That a region of work-hardening is always found associated with
the region of shear.

e That the region of work-hardening extends considerably beyond
the area indicated by chemical etching agents.

6. That distinct differences between soft or annealed material
and previously work-hardened material can be detected in the

work-hardening arising during punching.



s That in annealed or soft material only, the total width of
the work-hardened zone varies with the material thickness
and to a smaller extent with the punch/die clearance.

It will be realized from these observations that the work-
hardened zones, which are always present around the punched edges
of the laminations; are a result of the punching strains.

Hisch5 discusses how the area of the dynamic hysteresis loop
is a measure of the static hysteresis loss and the eddy current loss.
He explains how, for each value of flux density in the dynamic loop,
there are three distinct values of field strength (see Fig. 1), these
being:

1. The field strength Hh’ given by the hysteresis loop under
static condition. This is the actual field strength prevailing
in the material.

2% The field strength Hd’ attributable to the dynamic loss which
Risch says is equivalent to the eddy current loss.

b The field strength Ht’ produced by the magnetizing current and
equal to the sum of Hh and Hd'

It can be seen from Fig. 1 that if Hd is plotted against the
flux density axis the dynamic loop is obtained, which for a time
varying sinusoidal flux distribution is in the form of a vertical
ellipse.

Any consideration of the dynamic loop must take into account
the fact that the magnetization of a ferromagnetic material involves
movement of ;he domain structure,; the result being that, except
for very slow rates of flux density change, the instantaneous value
of the magetiziing force will always be in advance of its

corresponding value of flux density.
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The important difference between Risch's work and the present
work is that Risch considers time varying sinusoidal flux density
distribution, whereas the present work uses a constant rate of
change of flux density (dB/dt). For this reason, the rigorous
mathematical approach of Mastero-Giurcaneanu6 to the Risch concept
of iron loss is important. In this investigation the lag between
magneto motive force and flux is accounted for by a parameter known
as "magnetic viscosity".

She shows that, for a time varying sinusoidal flux distribution,

the dynamic loss component is given by the expressioni:-

H(d,t) = fo’J - (a-d/2) d/F) aB/at (2,1)

where H = dynamic component of magnetic field strength
db = o(0) is the magnetic viscosity coefficient
at = 0 (or d = 2a)
28 = lamination thickness

= resistivity of the laminations
d = depth of flux penetration

Giurcaneanu confirms that this component of field strength,
plotted against the corresponding value of flux density, results
in a loop which is practically an ellipse.

In private communication she also shows a mathematical
derivation for the shape of the dynamic loss loop, for the cpndition
of constant rate of flux change. In this, dB/dt =,constant = b and
so (2.1) now becoTesz—

H (d,t) = b(o’o - (a-d/2) d//o (2.2)

at the surface of the laminatlions H(O,t) = b.c:‘O

This results in a dynamic loss loop having a flat top and
bottom, which is shown in Fig. 2. Whilst agreeing with Risch

that the area of the difference loop represents tHe dynamic loss,
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Giurcaneanu does not consider that this is completely eddy-
current loss.

7

Steinmetz' made an attempt to eliminate the need to determine
the hysteresis loop area in the calculation of this loss, by intro-

ducing the following empirical law which is based on experimental

resultss:
X
Boom B B of Watts (2.3)
where
N = the hysteresis coefficient

Ppax the maximum value of magnetic flux density, T
f = frequency, Hz

The exponent x was found to be sensibly constant, being
approximately 1.6 for most grades of ferromagnetic material, and N
depends on the grade of magnetic material and is very much
influenced by the anisotropy of the material. Generally, this
coefficient is within the range of 30 - 55.

Steinmetz's equation gives reasonable results for flux
densities up to 1.0 T. From 1910 onwards, workers began to realize
that if this method was to be used for flux densities above 1.0 T,
then the value of the exponent would have to be changed. Webbs,
who made a summary of the findings of other investigators, confirmed
that when using an exponent of 1.6, the hysteresis loss corresponds
to Steinmetz's equation up to a density of 1.0 T. The exponent
may rise above 2.5 for flux densities between 1.0 and 1.6 T and
may fall to less than 1.6 for flux densities beyond 1.6 T.

A dimensional analysis for obtaining a relationship between
the total iron loss at any frequency and the measured hysteresis
loss was obtained by Richardson and F&lkowakig. In this work

the principal loss variables were arranged into four dimensional



: 14 =

ratios and from these several empirical equations were obtained,
each equation giving the relationship between the losses over a
given flux density range. Over a range of frequencies from 30 to
300 Hz, these equations seem to reflect accurately the magnitude

of the iron loss. Test and calculated losses are in good agreement.

In a review of ferromagnetic material, which places an emphasis
on iron and its alloys with silicon, Littman10 discusses several
factors which are relevant to the present investigation. These
factors are summarised as followss

Tron has a low resistivity and it is fortuitous that large
increases in resistivity are obtained when iron is alloyed with
silicon. Most alloy elements increase the electrical resistivity of
iron.

Silicon content in commercial materials usually represents
s compromise between the benefits of improved resistivity and lower
hysteresis loss and the detrimental effects of lower saturation
and decreased ductility. It should also be mentioned that the
presence of silicon stabilises the material structure.

The presence of carbon can be very harmful to the permeability
at low inductions and-can also cause an increase in hysteresis loss.
It is therefore always advantageous to reduce the carbon content of
the material as far as is commercially practicable.

Thinner laminations tend to have higher hysteresis loss,
probably because of higher magnetostatic energy associated with
grains having favourable directions not parallel to the sheet
surface. The effects of thickness on hysteresis and eddy-current
losses are opposed, therefore the total core loss measured as a
function of thickness, passes through a minimum point depending

on grain orientation and other factors such as grain size,
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stress and the composition and texture of the material.

In another review of ferromagnetic material, Randall and
Scholefield11 consider the nature of the hysteresis loop in
detail. The authors state that coercivity is mainly dependant on
internal strain, and that remanence is mainly dependant on
structural and domain orientation. The greater the degree of
preferred grain orientation, the higher the remanence. This
therefore means that the narrowest hysteresis loops are achieved
when the internal strain is reduced to a minimum, and that
virtually rectangular loops are achieved when a high degree of
structural and domain orientation is present.

When a magnetic material is subjected to internal strain,
increased energy is required to move a domain boundary. Not only
does the internal strain increase the area of the hysteresis loop,
but it will also result in a reduction in permeability. The grain
structure in a deformed material tends to rotate into a common
orientation. This preferred orientation develops gradually with

increasing deformation.
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SECTION 3

THE SCOPE OF THIS TINVESTIGATION

3.1. The Choice of Material

The grade chosen was Ferrosil 216, which is equivalent to
Losil 22, because of its extensive use in the manufacture of
electrical machines and since it appears to be a typical cold
reduced non-oriented silicon steel. The three material thicknesses
used were 0.036 cms., 0.051 cms. and 0.064 cms. The material was
manufactured by the British Steel Corporation and its chemical
composition is given in Section 7.2.

Having established the punching effect for this grade it is
hoped that there will be an opportunity to extend the investigation
t6 other grades of magnetic materials used in the manufacture of
electrical machines.

3.2. Form of Test Laminations

In this investigation the lamination parameters were as follows:
1 The ratio of punch area to total surface area (see Section 3.3).
2. Lamination thickness.
3. Punching tool clearance (punch/die clearance).

It might be thought in the first instant that the best approach
would be to use actual machine laminations in the test programme.
The disadvantages of this are that the geometry of machine
laminations are such that within the laminations there is a range
of flux densities, e.g. high densities in narrow parallel teeth.
It would be.difficult to obtain a relationship beiween a given
magnetization force and a corresponding flux density in the

lamination material and establish a relationship between the degree

of deterioration and the magnetic properties.
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Therefore it was decided to use a ring form of lamination
circumferentially magnetized which has the following advantagess
a) The sectional area is the same all the way around the stack

and although the flux density will vary with radius of the

section, the density at the mean magnetic radius will be the
same throughout the length of the mean magnetic path. It
would be extremely difficult to achieve such an even
distribution of flux with any other geometry of the lamination.

b) This geometry was considered the best for controlling the
ratio of punch area to total surface area.

¢) It becomes a simple matter to increase the tool clearance
employing a circular punching tool:

In'electrical machines, the direction of flux is often such
that it has to cross the boundary.bf the punched section of the
lamination at right angles. In this investigation however, it is
realized that the direction of the flux is confined to a direction
which is parallel to the lamination boundary. Nevertheless, the
evidence of Cole1 and Seeger2 shows that the present work shoﬁld
provide much useful information.

3.3. Selection of lLaminations

The area which undergoes alteration in microstructure, due to
the punching operation, is a function of the length of material
surface which comes into contact with the punching tool.

In the ring lamination shown below, a punching operation is
used for both the inside and outside diameters. Therefore the

surface area affected by punching strain (punch area) iss



&

(3é1)

Total surface area = 17/4(D12 - D”2) (32}

©ince the ratio of punch area to total surface area is
considered a criterion for assessing the influence of punching
strains, dividing (3.1) by (3.2) provides a means for investi-

gating the influence of the punching strains on the total areas:

‘rr(I}1 + D2). & w h 4. Sw

s (3.3)
n/4 (0,2 - %) (o, - D,)
1 g 1 %
The numerator, 4. Sw, in (3.3) can be taken as constant and
the influence of punching strains can be assessed by:

= (3.4)
(D, - D,)

Bquation (3.4) is termed the punching factor.

Five sizes of lamination were chosen so as to give equal
increments of the punching factor over the regquired range
(see Fig. 3). The tooling arrangement was planned in such a way
that only 5 tool setswere required to produce the 10 punching
operations.

Cole uses ring width as a criterion for selecting ring size.

This method of selection differs considerably from that of using

a punching factor in that Cole takes no account of this factor.
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3.4. Tool Clearances

Starting with a minimum diametral clearance, between the
punch and die, of 0.025 mm., incremental increases in the clearance
were made until the blurr on the laminations became pronounced.
Each successive clearance was obtained by grinding the punching tools.
The work was mainly concerned with the results obtained with
the diametral clearance of 0.025 mm. A limited number of the
results from the 0.050 mm. clearance were also included.

3.5. Interlaminar Insulation

An oxide blueing process was chosen for the inter laminar
insulation for the following reasons:

1. A resin type insulation could not be used because of the
deposit it might leave on the inside of the furnace.

2. The voltage between laminations is very small and therefore
an oxide coating will provide an adequate insulation.

The oxide coating was applied to the laminations prior to the
punching operation by cutting the lamination material into squares
and then maintaining them at a temperature of 30000 for one hour.
The laminations were then cooled with free circulation of air over
the whole lamination surface. Fig. 4 shows the layer of oxide
coating on a lamination. The average thickness pf this coating
was 0.01 mm. After annealing the oxide blueing process was

repeated.
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SECTION

TEST EQUIPMENT

4+, Dynamic Tests

4.1.1. Introduction
Standard methods of dynamic iron loss measurement, such as

the Epstein équare12, were not considered suitable for this work

because of the following reasons:i-

(a) The rate of change of flux density is a variable (sine wave )
and therefore the eddy current effect will be a variable
during a cycle.

(b) The loss measurement must allow for other circuit losses.
The equipment described below was designed to overcome

limitations (a) and (b) described above. The design of the

equipment was such as to facilitate eas} and rapid means of testing
which would require little effort in changing the laminations being
tested.

The equipment consisted of three principal components, these
being a test rig, an electronic hysteresigraph and an on-line
digital computer.

4.1.2. The test rig

Figs. 5 and 6 shows the test rig which consisted of a
composite stack of iron laminations (1) in ring form mounted between
thick insulating rings (2). The insulating rings were in turn
mounted between two thick aluminium alloy plates (3). The
lamination stack was correctly spaced by means of location pins,
which were removed once the stack has been positioned. Three
pneumatic air cylinders (6), which were supported by an aluminium
alloy platform and were spaced 120° apart, held and located the
top plate. Three steel tubes (4), situated midway between the air

cylinders, separated the bottom plate from the platform.
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The three tubes (4), on which strain gauges were mounted
formed load cells for measuring the pressure directly on the
laminations when they were under compression. The load cells were
located with respect to the platform by means of steel pillars
permanently fitted into the bottom plate and passing through ball
bushings in the platform. This was done mainly to minimize frictional
forces. The pneumatic air circuit was also fitted with a pressure
gauge for measuring pressure where very precise readings were not
required.

The schematic arrangement of the pneumatic circuit used in
this system is shown in Fig. 7. The three pneumatic air cylinders
were used to apply any pressure between O and 550 kN.m_2 uniformly
to the lamination stack. Each of the three cylinders was double
acting and were connected together to work in parallel. This
method of connection afforded a means of employing one main valve
to supply the three cylinders. This main valve was 4-way air
operated and the two exhaust ports were fitted with throttle
valves. The throttle valves were used to prevent shock on the
system when the pressure was released to the atmosphere. The
control of the main valve was achieved with ease by means of a
lever-operated pilot valve.

The pressure, which could be adjusted as a test variable,
was maintained constant by means of a non-return valve which was
located on the input side of the main valve. This meant that once
the lamination pressure had been set, it was independant of the

rest of the air circuit supply-.
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The lamination stack was magnetized in a circumferential
direction by means of a coil which passed through the centre of
the stack. The excitation coil {7) consisted of 212 turns of
40/b.00?6 (40/.193 mm. ) tinned copper wire, all connected in series
and insulated with class F insulation. At the platform the coil
entered two plug and socket connectors (5) which provided a
convenient means of removing the coil when changing the lamination
stack. Ideally the magnetizing coil should be uniformly distributed
round the stack. In view of the large number of samples to be
tested however, this was not practicable. A search coil for
measuring flux was also wound on the lamination stack.

4.1.3. The electronic hysteresigraph

A modified version of the electronic hysteresigraph developed
by Mazzetti and Soardo13 (see Appendix A) was used. The principle
of this hysteresigraph was that, for any given hysteresis loop, the -
rate of change of flux density (dB/dt) was maintained constant around
the loop. The magnitude of dB/dt could be varied for different
loops.

The block diagram of the circuit is as shown in Fig. 8.

The lamination stack had two windings which were interdependant.
These were the excitation winding and the search coil winding in
which the induced voltage was proportional to dB/dt.

Excitingz current was supplied to the excitation winding by
the power amplifier which was driven by the comparator. The
output of this comparator was the integral of the algebraic sum

of the following two voltages.
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(i) a constant voltage from the bistable circuit. This circuit
was a voltage comparator having two stable states, each
being excited when its input assumed two fixed values. For
a symmetrical hysteresis loop, these two values were equal
and opposite.

(ii) a voltage which was proportional to the induced voltage in
the search coil.

When the search coil was connected via amplifiers to the
comparator, the output voltage of the comparator became:

dt
K,| fVB-dt + K2 de
where K1 and K2 = Circuit constants

o voltage expression

-

1

had the effect of changing the time duration required to reach the

The addition of the K [dB term to the V

maximum voltage of the bistable. This meant that any change in

dB/dt would produce a change in voltage V1- After amplification

through the power amplifier this output would produce the necessary

gﬁange in excitation current so as to maintain dB/dt constant.

Typical waveforms of flux, dB/dt and excitation current
obtained with the Lucas built electronic hysteresigraph are shown
in Pig. 9.

4.1.4. The computer

Voltage signals, directly proportiocnal to field strength
and search coil voltage were fed into a Digital Equipment PDP9
computer via an analog-to-digital converter. These signals were
processed in a computer program which performed the following

operationssi
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FIG.9. TYPICAL WAVEFORMS OBTAINED WITH THE
LUCAS BUILT ELECTRONIC HYSTERESIGRAPH.
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Measured the period of the hysteresis loop.

Calculated and stored on magnetic tape a given number of field
strength (XH) and flux density (YB) co-ordinates. These were
taken at regular time intervals throughout the cycle of the
hysteresis loop.

Printed out, in tabular form, all, or any predetermined
sequence, of the XH and YB co-ordinates. For each pair of
co-ordinates, the value of the dB/dt between them and the
previous sample was also printed out.

Calculated the area of the hysteresis loop. This was achieved
by integrating the product of the XH co-ordinate and the YB2 -
YB1 co-ordinates. This is shown in Fig. 10. The area of the
loop, which was printed out, gave the energy loss in joules
per cycle.

Printed out the maximum values of XH and YB. This requirement
was of particular importance when all the measured loop
co-ordinates were not printed out,

Printed out the period and frequency of the loop.

Calculated and printed cut the average ddet for the loop.
Thie was based on the time duration between the two peak
values of flux density. This calculation provided a check
between the average dB/dt and the actual dB/dt's measured
between individual samples. (see typical print out in
Appendix B).

Calculated and printed out the iron loss in watts.

A copy of the program, a flow diagram and a typical print

out are shown in Appendix B.
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A second program was used to draw hysteresis loops on the
X-Y plotter. Th;s programn called up the stored data which the
first program had deposited on magnetic tape. There was one scale
for the flux density and the field strength was plotted on one of
five possible scales, depending on the magnitude of the maximum
field strength co-ordinate. The dimensions of the lamination stack
and the frequency of the loop were printed out on each X-Y plot.

4.1.5. Circuit constants

Referring to Fig. 8, R1 was a 0.1 ohm., resistance in series
with the exciting coil. The voltage drop across this resistance
was a direct measurement of the excitation current i1.

From Fig. 8 it can be seen that potential V1, with respect
to zero, is A

- R1. i

Ll

1 1

where A1 = gain of tuffler emplifier. This can be set to

one of three values depending on the magnitude

of i1 (x 10, x 20 or x 100).

i, = v1
A1.R1
2lso i, = H.L
- N

ahere H = magnetic field strength, A/u.
I, = mean length of magnetic path, m.

N = No. of turns on excitation coil

oy (4.1)

e~

the me.m.i'. conistant = 1
A oR, AT (4:2)

where






