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METHOD AND SYSTEM FOR MEASUREMENT OF PARAMETERS
OF A FLAT MATERIAL

FIELD OF THE INVENTION
The present invention relates to measurement of linear dimensions
and basic electromagnetic parameters of a flat material, and more

particularly, to electromagnetic impedance-based methods thereof.

BACKGROUND

Rolling is generally a method of shaping metals from ingots to
workable thicknesses for fabrication by passing heated material between
compression rollers and under tension. Hot rolling refers to using
temperatures above the recrystaﬂiz.ation temperature of the particular metal,
which leaves the processed metal ductile. Cold rolling refers to using
temperatures below the recrystallization temperature for the particular
metal, which adds a hardening factor to the processed metal. With the
result of thinning the metal, measurement of metal thickness is usually an
important part of the process. In view of the harsh environment, non-

contact methods of measuring thickness are preferable.

SUMMARY OF THE INVENTION
In one embodiment, the present invention provides a method for
measurement of parameters of a conductive material, comprising the steps
of: generating an oscillating electromagnetic field (EMF} interacting with a
sample portion of flat conductive material, from a source remotely positioned
from the sample portion; measuring values of components of impedance of
an electromagnetic system including the source of the EMF and the sample

portion; populating a system of equations including a theory of
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electromagnetism-based mathematical model of the electromagnetic system
and the measured component values; solving the system of equations to
calculate values of a disfance between the sample portion and the source,
thickness of the sample portion in proximity to a point of projection of the
source onto the sample portion and electromagnetic propertiés of the sample
portion; outputting the calculated values as the measured values; and
repeating the steps of generating, populating, solving, outputting and
repeating using the calculated values for the step of populating in place of
the measured component values.

The step of generating the oscillating electromagnetic field interacting
with the sample portion of the material may include using a source
comprising resistive, inductive and capacitive electrical elemgnts.

The step of measuring values of components of impedance of the
electromagnetic system may include the source of the electromagnetic field
and the sample portion of the material includes setting at least one driving
frequency for the source in the presence of the sample portion. The
components of the impedance may include magnitude and phase angle
presented in the form of gain-frequency and phase-frequency characteristics
of the electromagnetic system. The components of the impedance may
include real and imaginary parts. The components of the impedance may be
the electromagnetic system’s indUcfance and resistance.

The step of populating a system of equations may include determining
an initial estimate of a positional coordinate and a thickness of the sample
portion. The positional coordinate may be a distance between the source
and the point of projection on a surface of the sample.

The step of populating a system of equations may include determining
an initial estimate of parameters and characteristics of said electromagnetic
system.

The parameters may include electrical conductivity and magnetic

permeability of the material sample and said characteristics are the
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components of the theoretical impedance of said electromagnetic system
obtained with no presence of any conductive material, while the components
of said theoretical impedance may be predetermined during the construction
of said measuring system. The initial estimate variables may make a vector
of initial estimates.

The rolling mill application of the present invention may include the
initial estimate of the material sample thickness and positional coordinate
being obtainable prior to rolling by measuring with any linear dimension |
measuring means including but not limited to mechanical, acoustical, laser
or electromagnetic devices, such measurements implementing a calibrating
function for any non-invasive thickness measuring gauge that does not
include a mathematical model of the measurement process of the object of
measurement in a measurement algorithm.

The step of populating a system of equations may include measuring a
value of a non-zero linear velocity of the sample portion. The step of
populating a system of equations may include using material velocity as a
known input of the mathematical model.

The step of populating a system of equations may include building at
least one correcting function meant for determining adequacy of said
mathematical model. The correcting function may be incorporated in said
system of equations. The correcting function may be applied to a solution
vector of said system of equations. The step of creating may include
application of a vector of initial estimated values for building said correcting
function.

The step of populating the system of equations may include monitoring
changes in the values of the components of said theoretical impedance of the
electromagnetic system. The method may further include monitoring
changes in the values of the components of said theoretical impedance of the
electromagnetic system by periodically switching a periodical excitation of

the electromagnetic measuring circuit to feeding the same circuit with a
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direct current, thereby effectively nullifying the circuit’s ability of sensing
surrounding conductive media and delivering at the circuit’s output a signal
modulated by changes in the circuit’s coil resistance and circuits analog
electronics transfer functions resulting from changes in the circuit
surrounding temperature and ground potential. The monitored changes in
the components of the theoretical impedance may be used to modify the
mathematical model of the electromagnetic system eliminating dependence
of the solution vector on thermal or thermal drift and ground electrical
potential disturbances accompanying the process of measurement,

The step of solving the system of equations may include using a
recursive numerical solver. The step of solving may include creating an
initial guess vector comprised of all or some of the components of said vector
of initial estimates to be used for feeding the numerical solver. The initial
guess vector may be subsequently replaced by a solution to said system of
equations obtained in some preceding executed step of solving.

The step of solving the system of equations may include using a set of
formulas analytically representing the solution to said system of equations.

The step of solving the populated system of equations may be
comprised of two operations and; with the first operation returning an
approximate values for components of the solution vector; and the second
operation returning accurate values for components of the solution vector,
The method may further include using the approximé.te values of the vector
of solution generated by the first procedure for inputting the second
operation to return accurate components of the solution vector, thereby
increasing computing speed of the method of the present invention. The
method may further include using the approximate values of the vector of
solution for generating the guess values vector inputting the numerical

solver returning accurate components of the solution vector.
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The method may further comprise the step of recording the outputted
values of the measured variables in a computer readable medium as a
quality control record.

In another embodiment, the present invention provides a method for
measurement of positional coordinates, thickness and electromagnetic
parameters of a flat conductive material, comprising the steps of: generating
an electromagnetic system of oscillating electromagnetic fields interacting
with the sample portion of the material from a pair of sources positioned
remotely on opposing sides of the sample portion; measuring component
values of impedance of the electromagnetic system made by each remote
source of electromagnetic field and the material sample; populating a system
of equations including the measured impedance component values and a
theory of electromagnetism-based mathematical model of the
electromagnetic system; solving the system of equations to calculate values
of the sample portion distance to each source of EMF, thickness of the
sample material in proximity to a point of projection on the sample material
by each source of EMF, and the sample material’s electromagnetic
parameters; outputting the calculated values; repeating the steps of
generating, measuring, populating, solving, outputting and repeating.

The pair of sources may be coaxially located on opposing sides of the
sample portion.

In still another embodiment of the present invention, a method for
adjusting the thickness of flat, electrically conductive material under
compressive and tensile forces, comprising the steps of: generating an
oscillating electromagnetic field (EMF) interacting with a sample portion of
flat, electrically conductive material, from a source remotely positioned from
the sample portion; measuring component values of impedance of an
electromagnetic system including the source of the EMF and the sample
portion; populating a system of equations including the measured

component values and a theory of electromagnetism-based mathematical
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model of the electromagnetic system; solving the system of equations to
calculate values of a distance between the sample portion and the source
and thickness of the sample portion in proximity to a point of projection of
the source in to the sample portion; using the calculated values for adjusting
compressive and/or tension forces on the material; repeating the steps of
measuring, populating, solving, using and repeating.

In yet another embodiment of the present invention, a method for
recording quality control measurements of thickness of a flat conductive
material, comprising the steps of: generating an oscillating electromagnetic
field (EMF) interacting with a sample portion of flat conductive material, from
a source remotely positioned from the sample portion; measuring component
values of impedance of an electromagnetic system including the source of
the EMF and the sample portion; populating a system of equations including
the measured component values and a theory of electromagnetism-based
mathematical model of the electromagnetic system; solving the created

system of equations to calculate values of a distance between the sample

: portion and the source and thickness of the sample portion in proximity to a

point of penetration of the sample portion by a normal vector to the source;
recording the calculated values on a computer readable medium; and
repeating the steps of measuring, populating, solving, outputting and
repeating, The material may be metal and the compressive and tension
forces may be cteated in a rolling process.

In an even further embodiment, the present invention provides a
system for measuring positional coordinates and thickness of a flat
conductive material, comprising: an electromagnetic source adapted for
generating an oscillating electromagnetic field (EMF) interacting with a
sample portion of flat conductive material, wherein the source is remotely
positioned from the sample portion; circuitry adapted for measuring
component values of impedance of an electromagnetic system including the

source of the EMF and the sample portion; and a computing system for
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solving a system of equations including a theory of electromagnetism-based
mathematical model of the electromagnetic system and the measured
component values to calculate values of a distance between the sample
portion and the source, thickness of the sample portion in proximity to a
point of projection of the source onto the material sample portion and

electromagnetic properties of the sample portion.

DESCRIPTION OF DRAWINGS

The present invention is illustratively shown and described in
reference to the accompanying drawings, in which:

Fig. 1 is a simplified mechanical schematic of a cold rolling process as
it would incorporate an embodiment of the present invention;

Fig. 2 is an illustration of an electromagnetic oscillating circuit
constructed in accordance with one embodiment of the present invention;

Fig. 3 is a schematic of the electromagnetic oscillating system
representing the embodiment of Fig. 2;

Fig. 4 is a perspective diagram of the relationship between an
electromagnetic source and a material under test as used by the
embodiment of Figs. 1-3;

Figs. 5A and 5B are graphs of the gain and the phase angle vs.
frequency for the measuring circuit EM system of Figs. 1-4.

Fig. 6 is a table of measurements taken for one example using the
method of the present invention; Fig. 7 is a table of measurements taken for
another example using the method of the present invention;

Fig. 8 is a table of measurements taken for yet another example using
the method of the present invention;

Fig. 9 is a schematic diagram of a system for controlling the thickness
of a metal during cold rolling processing;

Fig. 10 is a block diagram of a computational system suitable for use

with the present invention; and
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Fig. 11 is a block diagram of another computational system suitable

for use with the present invention.

DETAILED DESCRIPTION OF THE DRAWINGS

The present electromagnetic method and system for distance or
thickness measurement is accomplished by generating electromagnetic field
that interacts with the material creating an electromagnetic oscillating
system, which varying electromagnetic energy can be captured by a
measuring circuit. The impedance of this circuit is a function of at least the
distance between the source of the electromagnetic field and thickness of
some layer of the material defined by the skin effect phenomenon.

The method and system are based on an underlying concept that the
behavior of a system operating on the electromagnetic energy is governed by
the Maxwell’s equations mathematically describing the theory of
electromagnetism. This theory uses several important variables
characterizing the effect of the interaction between the electromagnetic field
and the material object. Among them, there are variables relating to the
material, such as electric permittivity for non-conductive materials denoted
g, electric conductivity denoted o and magnetic permeability denoted

i = it for conductive materials, wherein y, denotes magnetic permeability
of vacuum and u, denotes relative magnetic permeability of the material. In

the more complicated case of moving material, the material speed denoted v
has to be added to the group of important variables in order to obtain a
better description of the electromagnetic process in the system. The
temperature of the material could be added to the group too; however in
many practical cases it affects ¢ or o and x without producing noticeable
changes to the dimensions of the material. Forces acting upon the material
also affect its electromagnetic parameters. In many practical cases, forces

change the dimensions of the material, including material thickness, thus
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causing change to the distance between the source of the electromagnetic
field and the material. For the sake of generalization, let the vector of time-
dependant variables determining the behavior of the oscillating system be
defined as the “vector of substantial coordinates of the dynamic system” and
denoted w, and the vector of time-independent variables determining the
behavior of the oscillating system be defined as the “vector of substantial
parameters of the dynamic system” and denoted &

Within the framework of this concept, the distinction between the
useful components of the w and variables of disturbance in the w can be
made only by assignment based on the specifics of the particular project.
The correctness of this conclusion is supported by the fact that for the most
general case, all components of the vectors w and £ are the equally
important elements of the system of Maxwell's equations defining the
behavior of any electromagnetic system. Therefore, an accurate
measurement of any of the above described variables requires either
compensation or monitoring of the rest of the elements of the vector w. The
present method provides for the simultaneous determination of all
components of w.

The combination of the environmental and technological factors in
various applications, including that of a cold-rolling steel mill, often makes
impossible obtaining an accurate measurement of the material thickness or
distance to the source of the electromagnetic field (EMF) interacting with the
material. Although the method of the present invention is not limited by the
material type, the present embodiment deals with ferrous materials.
Therefore, the description of the method will be made by the example of the
metal strip thickness measurement during the cold rolling of the flat
ferromagnetic strip. Despite the fact that the speed of the material directly
affects the measuring circuit impedance, in many practical applications, the
material speed is measurable by known means and therefore can be

excluded from the list of unknown variables in the description of the method.
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A simplified mechanical schematic of the cold rolling mechanism 10
and process is shown in the Fig.1. One exemplary embodiment, the various
process parameters can include strip material 12, such as carbon steel, strip
thickness 14 (1.0 — 7.5 mm)}, tensile force F; 16, 17 (0 -~ 20 tons); Normal
force Fn 18, 19 (0 — 400 tons); roll linear speed v 22 {0 - 3 m/s), and pass line
angle 24 (0 - 10°). Electromagnetic field (EMF) sources 30, 31 are used to
project an EMF through strip 12,

It follows from Fig. 1 that the moving strip material 12 changes its
thickness 14 in response to the simultaneous application of tensile 16, 17
and compressive 18, 19 forces. Friction and mashing at the roll bite 26, 27
causes a temperature increase of the strip that together with the forces and
bending torques acting at the strip causes changes in the conductivity and
magnetic permeability of the strip material 12 and any layers thereof, with
its rate of change increasing from the center layer to the external layefs of
the strip due to the skin effect. Therefore, the impedance of the oscillating
circuit that is established between the sources 30, 31 of the electromagnetic
field and the material are affected at the same time by the changing

thickness of the material and by the rest of the factors described in this

~ paragraph.

A simplified illustration of the idea of the measuring electromagnetic
circuit 40 is shown in the Fig. 2 in relation to a test material such as a metal
strip 12. The basic circuit includes an electromagnetic coil 42 connected in
parallel to a capacitor 44 and driven by an amplifier 46. Coil 42 includes an
E-profile core having a central winding 50 and adapted to project magnetic
flux lines 52 in the direction of metal strip 12. The amount of magnetic flux
lines 52 reaching strip 12 depends upon the distance 54 between coil 42 and
metal strip 12 as well as the thickness 56 of strip 12. In practice, circuit 40
may be driven by a variable frequency signal at input 39 and the frequency |

dependent gain may be measured at output 41. The inductive interaction of
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strip 12 on coil 42 affects the impedance of circuit 40, represented for
example by its gain and phase vs. excitation frequency curves.

Fig. 3 is a schematic of the system illustrated in Fig. 2, which identical
components are labeled the same as Fig. 2. A coil 60 represents the
combined inductance of coil 42 and its interaction with metal strip 12, both
of Fig. 2.

For the further description of the method, a system of coordinates
{x, v, z} is established and depicted in the Fig. 4 in relation to a coil 66 and a
metal strip 68. The distance s 70 of strip 68 from coil 66 is shown along with
the thickness d 72 of strip 68.

The method of the present invention utilizes a continuously oscillating
or alternating electromagnetic field that is excited by an external periodical
signal having the frequency denoted by fo >> f, wherein f denotes the highest
frequency of any noticeable mechanical process accompanying the
movement of the material. The method can be described in the “language” of
complex impedance; any legitimate representation of it such as frequency-
response characteristics that can be a gain-frequency characteristic and a
phase-response characteristic, frequency-dependent real and imaginary part
of the complex impedance, or complex inductance represented by the
measuring electromagnetic system’s inductance and resistance. The use of
any of the listed frequency-response characteristics do not alter the main
sequence of operations of the method of the present invention as soon as
these characteristics fully represent the measuring system’s complex
impedance. The inductance and resistance of the oscillating circuit will be
used in an embodiment of the method.

One embodiment of the invention assumes the use of two sources of
electromagnetic field positioned above (top circuit) and below (bottom circuit)
the metal strip; their position is indicated in mathematical description of the
method by the index j = (top, bottom or t,b). This index will appear in the

formulas when it is important to know about the position of the source of
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electromagnetic field, otherwise the j-index will be omitted for the sake of

simplicity of the method disclosure. Let the circuit’s inductance be denoted

Lw,¢&, fyor L(w &, f,,) and the circuit’s resistance be denoted

R(w,&, fyor R (w,. &, £, ). Following the logic of the method’s mathematical
description, the driving frequency /, measured in Hz can be substituted with
its angular equivalent @, measured in rad/s. In the preferred application of
the method w= {s, d, ,u,o‘}, wherein s — distance between the designated point

in the source of the electromagnetic field and the central layer of the strip;
d - strip thickness; o — strip electrical conductivity, x—strip magnetic
permeability.

According to the method of the present invention, a simultaneous
measurement of some or all the components of the vector w is performed by
solving the following system of equations:

L, (), - L(w,§,a,), =0
R, (@), ~R.(w,&, @), =0 (0.1)

s, +s, =const, J = (£,b)

Wherein, index m shows that the circuit’s inductance /resistance is

measured by the inductance/resistance measuring means; index c shows

 that the circuit’s inductance/resistance is calculated using the Maxwell’s

Equations application to the particular configuration of the mégnetic system
of the preferred embodiment.
In the preferred application example, the mathematical model of the
electromagnetic circuit has the following view:
L(@0), ~ Lo, Fy(4,E,0) ;= 2Ry F (4, €, 3,),1 = 0
R, (o), —[2Ly 15 (u, 6 0} + Ro jFi(u, 650 );1= 0 (0.2)
s, +s, =const, j=(t,b)
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Wherein, I,denotes the inductance of the source of electromagnetic
field with no presence of conductive medium; R, denotes the resistance of

the source of electromagnetic field with no presence of conductive medium.

The vector u in the (0.2) is defined as follows:
u={s,d,z}
3 24, (0.3)
ey
The transition from the vector w of the (0.1} to the vector u of the (0.2)
equalizes the number of unknowns with the number of equations in the
system (0.2).
In many practical cases, it is challenging to build a mathematical
10 model absolutely adequate to the physical object this model represents. The
source of the electromagnetic field, that in the present embodiment includes
an oscillating circuit having an inductance coil as an important part thereof,
may belong to this class of physical objects. Therefore, the system of

equations (1.2) can be transformed to the following two
er(a)O)j —[Ly;F (.S ), = 2Ry [ F(w. & ), +L, @ ¢, @,);]=0
15 1 ‘Rm(a)o)j_[ZLOjF'Z(u’gia)O)j+R0j};;(u’§’m0)j+Rcr(u*5§5w0)j]=0 (0'4]

5, +8 = const, j =(t,b)

(u, = F, uu’,@,)
J L@y, =1L, R &0, = 2Ry, B (0,6.),1 =0 0.5)

R, (@), ~ (2L, Fy(u,&,00,); + Ry, Fy (. £, ,),] = 0
5, +8, = const, j =(1,b)

Wherein in the equations (0.4}, L, denotes a correcting member for the

20 math model of inductance and R, denotes a correcting member for the math

model of resistance, 4" is a vector of initial estimate of the vector u serving
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also as a solution guess value vector in the case of numerically solved
system of equations (0.4). In the system (0.5), vector u denotes a more

accurate corrected solution of the system of equations (0.2) whose solution is

denoted by the vector u . The procedure returning the initial estimate vector
is titled the Initialization Procedure.
In the preferred embodiment of the method of the present invention,

the functions F(u,¢,m,); and F,(u,£,®,);can be presented in the following

format:

EZ+1)Y = (Z-1) +E* -1
[E(Z+1)=Z+1 +(E+1)°

2EZ
Bl ) = 2P + (B4 1) . (0-6)

E(u=§3 a)ﬂ) =

E = gt

An inclusion of the expressions (0.6) into the equations (0.4) or (0.5) returns

an approximate analytical solution for the variables (£,,Z)),j=(t,b) and
4 J

consequently for the sought variable d representing the thickness of the

strip: .

H
U(Q,R)=(Q* +8Q°R* ~20° +16R* + 248" +1)2

o 0 +[8R2 —4R+2+U(Q,R)]Q2 +16R" —16R* +24R* +4R+[4R(R-1)-1JU(Q, R) +1
v [Q2+4R2+U(Q,R)—1:|(4R2+Q2"2Q—1)

Z, = Z%[QZ +AR +U(Q,R)~1]

Q' +[8R? —4R-2-U(Q,R)|Q* +16R* ~16R* +24R" +4R-[4R(R~1)~1]U(Q, R) +1
[0 +4R* -U(Q,R)~1(4R* + Q' 20 +1)

O’ +4R*~U(Q.R)-1]

E,=

v

Zv2 ,= Ilé[
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Q _Rva(lv+L0va)3me
" Ll R,
1 I, R -L_R, |
= — (v my = 0v 0.7
K= B wi K, 0.
v =(t,b)

1
d =Gap ——ﬁln(EbEl)

The formulas (0.7) provide a mathematical description of the coarse
subsystem measuring the metal strip parameters — components of u*and
feeding the values of the vector ¢ at the beginning of each measuring cycle
into the fine numeric measuring subsystem described by the equations (0.4)
or (0.5), thereby generating the solutions guess vector required for the
execution of the algebraic equations solving numerical algorithm of the
method of the present invention.

Depending on the technical application specification, the entire
measuring system of the present invention can be constructed with or
without including the coarse measurement subsystem in its architecture,
The selection criteria is based on the estimated range of variables that are
supposed to be measured. For example, measuring the steel strip thickness
between 0.5 mm and 1.0 mm can be achieved by using a mono-type system
having a block diagram shown in the Fig. 10. Measuring the steel strip
thickness between 0,25 mm and 9.0 mm may require using a combined
system having a block diagram shown in the Fig. 11.

The Initialization Procedure is an important block in the measurement

algorithm and therefore should be described with more details. According to

(0.4), the values for the correcting members L, (w',&,a,) iR (w',&,a,),can be

determined using formulas:
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{Lcr(w',f,a)o)f = Ly F (W', &, @), = 2R Fy(W &, a), — L, (@y,5",d"), 0.8)

R, (W& ay), =2L, F,(W ,&,a5), + Ry, (W' .&,a,), — R, (@,5",d"),
Wherein the measured members L, (@,s",d ), and R, (@,,s ,d"), are associated

with the measured values (s*,d"), prior to rolling. Measuring of the (s",d"),is

achievable by means of any measuring instrument which accuracy and
precision satisly the requirements of the measurement application. For
example, acoustic, laser, or mechanical measuring devices could be
employed. It is important to note that an application of the above-described
initialization procedure to any non-invasive thickness gauge utilizing a direct
measurement paradigm that does not require the simulating model to
participate in the measurement process, includes a built-in calibration into a
measurement algorithm that in the case of radiometric thickness gauges
obviates the need in expensive, maintenance-heavy magazines of material
samples, which matching with the physical-chemical composition of the
measured strip is a prerequisite of the accurate thickness measurement by
radiometric gauges.

Another substantial problem affecting every high-accuracy
electromagnetic measuring system is thermal drift of the device’s output
signal. Despite the fact that drift at the output of the measuring circuit was
no greater than 0.05% per C°, it produced unwanted deviations of the
measured thickness in laboratory trials; the targeted repeatability of
measurement was 0.1% of the nominal thickness set point that in the case
of 1 mm thickness sample equaled to 1 micron. Therefore, the measurement
system of the present invention was equipped with a drift monitoring
channel (DMC), which algorithm is disclosed below. The DMC switches the

entire measuring circuit from being excited at the driving frequency @, -

“measurement” to being fed by some DC current, thereby providing for

monitoring of the internal changes in parameters of the measuring circuit,
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the coil primarily — “drift monitoring”. The DC output is associated with the
shape of the
Ly, =Ly (0,0 = Ly ;(wp,tp) BNA Ry, = Ry (@, 1) = Ry (@, 1pc) - (0.9)

It follows from the expressions {(0.9) that the dependence of the
measuring circuit impedance with no metal present is converted in the
equivalent dependence of the circuit impedance on the circuit output value
originated by the DC voltage o current feeding the circuit. In one
embodiment of the method of the present invention such dependences are

represented by the formula:

So, () =S'(fu); +(a)+ajAuy) f; + B + BiAupy (0.10)
S=(Ly,Ry), ] =(1,0)

To illustrate the method of the present invention, an application of the
method to the case of an immobile flat metal sample having uniform
electromagnetic properties throughout the sarriple thickness is presented
below.

Wherein, (u,o) denote standard values for the material sample’s
magnetic permeability and conductivity respectively. It follows from the {0.6)

that the values for the correcting members L, (w',&,@,),, R, (W ,&,a),were

determined using formulas:

L, (o), ~[Ly; (W, &, @), = 2Ry By (W, &, @), + L, (W, £,09);1= 0
Rm(a)())j _{ZLosz(waé:swo)j +RojE(w>§;wo); +Rcr(w‘!§5a)0)j]=0

s, +s, = const

(0.11)

ww{s,d,,u,cr},w‘ ={S‘,d*,;,;},j=(f,b)

Wherein, (u,0) denote standard values for the material sample’s magnetic

permeability and conductivity respectively.
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The system of governing equations (0.11) was solved numerically

against the vectorw= {s,d,;gcr} in three case studies described in the tables

of Figs. 6-8.
Although not limited thereto, in these case studies, the pre-measured
5 components of the vector w had the following values: Metal Sample: flat
metal strip, 12 x 12 in?, carbon steel alloy 1020.
Case 1. Material Sample Moved Vertically from Initial Position

Between the Two Non-Interfering Sources of EMF. See Fig. 6.
5, =0.06840937 m

tap

s, =0.06859063 m

£ ]

d =0.00317625 m
By =100
/L_l—rbolmm = 1 00

Cwp = 6.54-10° Siemense | m

G bouam = 6.54-10° Siemense | m

10
Case 2. See Fig. 7.
S =0.074729 m
Sponom = 0.062271 m
d =0.002998 m
Hyy =330
Hrsoam = 330
Cup  =25-10° Siemense | m
Cbottom = 25-10° Siemense / m
Step-Thickness Material Sample
15 (Initialization on the first thickness sample area, d* =0.002998 m;

measurement on the second thickness sample area, d*=0.004033 m)
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Case 3. See Fig, 8
s =0.0775965 m

fop

s, =0.0594035 m

d’ =0.004033 m
Emp =100
Ebmram = 100

Gup =6.54-10° Siemense | m

O botiom = 6.54-10° Siemense [ m

Measurerrient System is Initialized, Material Sample is Fast-Heated
from 25 C° to 65 C° before Measuring

The above-presented application of the method of the invention
supported measurement of thickness of the flat metal strip with an average
measurement error no greater than 0.1% of the sample actual thickness
regardless of the material vertical motion and changes of the material sample
temperature that makes the proposed method applicable to the majority of
industrial technologies utilizing measuring thickness of flat conductive
materials.

It follows from the proposed method of measurement that any
component of the vector of substantial coordinates w of the oscillating circuit
could be determined by sequentially performing the operations of the method
after the variables are broken down in coordinates and parameters of the
oscillating circuit. The composition of the vector w is defined by the technical
specification regulating the particular application and implementation of the
method.

The practical applications of the method of the present invention
include a system in which the thickness of a metal strip may be measured
during various metal rolling processes, such as cold rolling or slitting. Such

measurements may be done for recording of quality assurance data or any
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other suitable part of a thickness control process. Another potential
application of the present invention is the measurement of a coating or layer
thickness in a plating process.

Figure 9 is a schematic diagram of a portion 100 of a metal rolling
system in which the thickness of a metal strip 102 is measured. Electrical
information from EMF sources 30, 31 is coupled to a computation system
103 which uses the above described process to calculate thickness of the
metal strip 102. Computation system 103 passes the resulting thickness
measurement to any suitable control system 104 for the process of system
portion 100. Thickness measurement data may be recorded on a computer
readable medium 112 for quality assurance purposes either directly from
computation system 103 or indirectly through control system 104.

In the manner described above, the present invention provides a
method and system for linear dimension measurement, wherein distance
and thickness are the particular cases thereof; the method invariant to
electromagnetic properties of the flat, electrically conductive material
including its conductivity and permeability

The present invention also provides a method and system for
determination of the flat material basic electromagnetic parameters
including but not limited to the material conductivity and magnetic
permeability; the method invariant to the thickness of the material and the
distance between the material and the source of the electromagnetic field,
and the material speed.

Although the preferred embodiment has been described in detail, it
should be understood that various changes, substitutions and alterations
can be made therein without departing from the spirit and scope of the

invention.
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WHAT IS CLAIMED IS:
1. A method for measurement of parameters of a conductive material,
comprising the steps of:
generating an oscillating electromagnetic field (EMF) interacting with a
sample portion of flat conductive material, from a source remotely
positioned from the sample portion;
measuring values of components of impedance of an electromagnetic
system including the source of the EMF and the sample portion;
populating a system of equations including a theory of
electromagnetism-based mathematical model of the electromagnetic
system and the measured component values;
solving the system of equations to calculate values of a distance
between the sample portion and the source, thickness of the
sample portion in proximity to a point of projection of the source
onto the sample portion and electromagnetic properties of the
sample portion;
outputting the calculated values as the measured values; and
repeating the steps of generating, populating, solving, outputting and
repeating using the calculated values for the step of populating in

place of the measured component values .

2. The method of claim 1 wherein the step of generating the oscillating
electromagnetic field interacting with the sample portion of the material
includes using a source comprising resistive, inductive and capacitive
electrical elements.

3. The method of claim 1 wherein the step of measuring values of
components of impedance of the electromagnetic system including the
source of the electromagnetic field and the sample portion of the material
includes setting at least one driving frequency for the source in the

presence of the sample portion.
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. The method of claim 3 wherein the components of the impedance include

magnitude and phase angle presented in the form of gain-frequency and
phase-frequency characteristics of the electromagnetic system.

The method of claim 3 wherein the components of the impedance
includes real and imaginary parts.

The method of claim 3 wherein the components of the impedance are the

electromagnetic system’s inductance and resistance.

. The method of claim 1 wherein the step of populating a system of

equations includes determining an initial estimate of a positional

coordinate and a thickness of the sample portion.

. The method of claim 7 wherein the positional coordinate is a distance

between the source and the point of projection on a surface of the sample.

. The method of claim 1 wherein the step of populating a system of

equations includes determining an initial estimate of parameters and
characteristics of said electromagnetic system.

The method of claim 9 wherein said parameters include electrical
conductivity and magnetic permeability of the material sample and said
characteristics are the components of the theoretical impedance of said
electromagnetic system obtained with no presence of any conductive
material, and
further wherein the components of said theoretical impedance are
predetermined during the construction of said measuring system.

The method of claim 9 wherein all initial estimate variables make a
vector of initial estimates.

The method of claim 11 wherein in the rolling mill application of the
present invention, the initial estimate of the material sample thickness
and positional coordinate is obtainable prior to rolling by measuring with
any linear dimension measuring means including but not limited to

mechanical, acoustical, laser or electromagnetic devices,
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such measurements implementing a calibrating function for any non-
invasive thickness measuring gauge that does not include a mathematical
model of the measurement process of the object of measurement in a
measurement algorithm.

13. The method of claim 1 wherein the step of populating a system of
equations includes measuring a value of a non-zero linear velocity of the
sample portion.

14, The method of claim 13 wherein the step of populating a system of
equations includes using material velocity as a known input of the
mathematical model.

15. The method of claim 1 wherein the step of populating a system of
equations includes building at least one correcting function meant for
determining adequacy of said mathematical model.

16. The method of claim 15 wherein said correcting function is
incorporated in said system of equations.

17. The method of claim 15 wherein said correcting function is applied to
a solution vector of said system of equations. |

18. The method of claim 15 wherein the step of creating includes
application of a vector of initial estimated values for building said
correcting function.

19, The method of claim 1 wherein the step of populating the system of
equations includes monitoring changes in the values of the components
of said theoretical impedance of the electromagnetic system.

20. The method of claim 19 further including monitoring changes in the
values of the components of said theoretical impedance of the
electromagnetic system by periodically switching a periodical excitation of
the electromagnetic measuring circuit to feeding the same circuit with a
direct current, thereby effectively nullifying the circuit’s ability of sensing
surrounding conductive media and delivering at the circuit’s output a

signal modulated by changes in the circuit’s coil resistance and circuits
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analog electronics transfer functions resulting from changes in the circuit
surrounding temperature and ground potential.

21. The method of claim 19 wherein said monitored changes in the
components of the theoretical impedance are used to modify the
mathematical model of the electromagnetic system eliminating
dependence of the solution vector on thermal or thermal drift and ground
electrical potential disturbances accompanying the process of
measurement.

22. The method of claim 1 wherein the step of solving the system of
equations may include using a recursive numerical solver.

23. The method of claim 22 wherein the step of solving includes creating
an initial guess vector comprised of all or some of the components of said
vector of initial estimates to be used for feeding the numerical solver.

24. The method of claim 23 wherein the initial guess vector is
subsequently replaced by a solution to said system of equations obtained
in some preceding executed step of solving.

25. The method of claim 1 wherein said step of solving the system of
equations may include using a set of formulas analytically representing
the solution to said system of equations.

26. The method of claim 1 wherein said step of solving the populated
system of equations is comprised of two operations and,
further wherein the first operation returns an approximate values for
components of the solution vector; and
still further wherein the second operation returns accurate values for
components of the solution vector. _

27. The method of claim 26 further including using the approximate
values of the vector of solution generated by the first procedure for
inputting the second operation to return accurate components of the
solution vector, thereby increasing computing speed of the method of the

present invention.
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28. The method of claim 26 further including using the approximate
values of the vector of solution for generating the guess values vector
inputting the numerical solver returning accurate components of the
solution vector.

29. The method of claim 1, further comprising the step of recording the
outputted values of the measured variables in a computer readable
medium as a quality control record.

30. A method for measurement of positional coordinates, thickness and
electromagnetic parameters of a flat conductive material, comprising the
steps of:

generating an electromagnetic system of oscillating electromagnetic
fields interacting with the sample portion of the material from a
pair of sources positioned remotely on opposing sides of the sample
portion; |

measuring component values of impedance of the electromagnetic
system made by each remote source of electromagnetic field and
the material sample;

populating a system of equations including the measured impedance
component values and a theory of electromagnetism-based
mathematical model of the electromagnetic system;

solving the system of equations to calculate values of the sample
portion distance to each source of EMF, thickness of the sample
material in proximity to a point of projection on the sample material
by each source of EMF, and the sample material’s electromagnetic
parameters,;

outputting the calculated values;

repeating the steps of generating, measuring, populating, solving,

outputting and repeating.
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31. The method of claim 23, wherein the pair of sources are coaxially
located on opposing sides of the sample portion.
32. A method for adjusting the thickness of flat, electrically conductive
.material under compressive and tensile forces, comprising the steps of:
generating an oscillating electromagnetic field (EMF) interacting with a
sample portion of flat, electrically conductive material, from a
source remotely positioned from the sample portion;
measuring component values of impedance of an electromagnetic
system including the source of the EMF and the sample portion;
populating a system of equations including the measured component
values and a theory of electromagnetism-based mathematical model
of the electromagnetic system;
solving the system of equations to calculate values of a distance
between the sample portion and the source and thickness of the
sample portion in proximity to a point of projection of the source in
to the sample portion;
using the calculated values for adjusting compressive and/or tension
forces on the material;
repeating the steps of measuring, populating, solving, using and

repeating.

33. A method for recording quality control measurements of thickness of a
flat conductive material, comprising the steps of:
generating an oscillating electromagnetic field (EMF) interacting with a
sample portion of flat conductive material, from a source remotely
positioned from the sample portion;
measuring component values of i.mpedance of an electromagnetic

system including the source of the EMF and the sample portion;
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populating a system of equations including the measured component
values and a theory of electromagnetism-based mathematical model
of the electromagnetic system,;

solving the created system of equations to calculate values of a
distance between the sample portion and the source and thickness
of the sample portion in proximity to a point of penetration of the
sample portion by a normal vector to the source;

recording the calculated values on a computer readable medium; and

repeating the steps of measuring, populating, solving, outputting and

repeating,

34. The method of claim 26, wherein the material is metal and further

wherein the compressive and tension forces are created in a rolling
process.
35. A system for measuring positional coordinates and thickness of a flat
conductive material, comprising;
an electromagnetic source adapted for generating an oscillating
electromagnetic field (EMF) interacting with a sample portion of flat
conductive material, wherein the source is remotely positioned
from the sample portion;
circuitry adapted for measuring component values of impedance of an
electromagnetic system including the source of the EMF and the
sample portion; and
a computing system for solving a system of equations including a
theory of electromagnetism-based mathematical model of the
clectromagnetic system and the measured component values to
calculate values of a distance between the sample portion and the
source, thickness of the sample portion in proximity to a point of
projection of the source onto the material sample portion and

electromagnetic properties of the sample portion.
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