1 Method and device for measuring the conductivity of a pure or ultrapure liquid The present
invention concerns a method of 5 measuring the conductivity of a pure or ultrapure liquid, notably water.
Measuring the conductivity of a liquid is Important in many industrial fields necessitating the use of
ultrapure water, in particular the chemical, 10pharmaceutical, medical and electronics industries. The
conductivity of an aqueous solution is measured by measuring the resistance of that solution across a
conductivity measuring cell that generally consists of at least two conductive material components forming

15electrodes. A cORdUNIS TReaSUrAG c&fiis Hefindd ifitd ESII %I%ﬂgija%tt,l%h?éh Bfogortionately links
the measured resistance to the conductivitysf the solitie® UTise tefiebAstant determines the accuracy of
the cell's 20 measurements. It is therefore necessary to use cells with a low constant to measure the

conductivity of an ultrapureqiguid. -« SEhe condugctivity measuegment.is affected byithe gegmetry of the
cell: the total ﬁrea o&‘l ége ElreCtrodS?e zgo(f% SQQitQ§tdi5tgPC§ be&weeeg thgriqcr(:La?. ngs§ fwo.parameters
define the cell constant k = L/s. Conductivity is 4 measure of the flow of electrons tﬁroudh a
substance. It is direfh Progoridhar to the ion concentration, the charge on the ions (valency), and 30
their mobility. Their mobilityises funictipntofetemperatirevand; cohsequently,dthésmeasuredeconductivity
also depends on temperataig.  indubtthegretically pdre watess the gnhntywo kings afdens present result
from the dissociatioglogrvgg@]g dnto %ﬁa@ggpns and OH- jons.. . ,;AL.25C gheetheorgﬂigghggqquctivity of a

sample of water free of ionic contamjnation is 0.055 pS/cm, i.e. . , ,
10 pharmaceutical, medical and electronics industries.

The conductivity of an aqueous solution is measured
by measuring the resistance of that solution across a
conductivity measuring cell that generally consists of at
least two conductive material components forming

15 electrodes.

A conductivity measuring cell is defined by 1its
cell constant, which proportionately links the measured
resistance to the conductivity of the solution. The cell
constant determines the accuracy of the cell's

20 measurements. It is therefore necessary to use cells with
a low constant to measure the <conductivity of an
ultrapure liquid.

The conductivity measurement 1is affected by the
geometry of the cell: the total area of the electrodes

25 (s) and the distance between them (L). These two
parameters define the cell constant k = L/s.

Conductivity is a measure of the flow of electrons
through a substance. It is directly proportional to the
ion concentration, the charge on the ions (valency), and

30 their mobility. Their mobility is a function of
temperature and, consequently, the measured conductivity
also depends on temperature.

In theoretically pure water, the only two kinds of
ions present result from the dissociation of water into

35 H+ ions and OH- ions.
At 25°C the theoretical conductivity of a sample of

water free of ionic contamination is 0.055 uS/cm, 1i.e.



2 Its resistivity(resistivity is the reciprocal of conductivity) is 18.2 MQ.cm. The resistivity of a sample is
determined from the equation p = R/k, proportionately relating the measured resistance R of the sample
and the 5 cell constant k. Water is considered pure or ultrapure for resistivity values greater than 1
MQ.cm. One valuable application of water conductigity measurement is to any purification system
including a water conductivity or resistivity sensor. 10When measuring conductivity, it is necessary to
apply a potential difference to the terminals of the electrodes Immersed in the solution. A potential
difference in the forf of el&Eital pulsed InddSes s ctifren! reldted t61fe afdaoPihe8iectrddes. The 15
greater the area of tHe'€leetrodesythelldwe? tie e €dbnstiit ahd Iheé comimensdrately aidreaccurate the
measured current. Applyisigea potentiaf differenee alsoareatesgesistance andcapacitance phenomena

throughout the electrical cirgyit.Jndarticular acapacitapge that 20 s directly inked to,theigeometry of the
cell appears at the elegtrode;solution Ipterfage. A small cell with a low ganstant Indyces a high
capacitance. A conductivity measuring cell immersed in water is canentionaIR/ modele by an
equivalent electricalf 25 GiFSHif repteséntifg the résisthite afdtapaditafife effects of the system.

The conventional approachfighores: brebipensates: capacitancefand egsistancereffects speific to the

electrodes; thus thenmoslel ehthe water heiween, theu30 electrades begcomes pukelyuesisiivesor, after
simplification of the madel, &ggﬁigg@{j@&%g g@g@lgi@(}g«%} se k9L gxample, in the prior art the
35

capacitance effects of the cell are compensated Ctr)% gre ular calibration and by using electrodes with an

area that is SUfficiently larg® 15 tedliza tHe Pendiensh-OheWay t6solvd this pfobiémis toimmerse the

conductivity apply a potential difference to the terminals of the

electrodes immersed in the solution. A  potential

difference in the form of electrical pulses induces a

current related to the area of the electrodes. The

15 greater the area of the electrodes, the lower the cell

constant and the commensurately more accurate the

measured current. Applying a potential difference also

creates resistance and capacitance phenomena throughout

the electrical circuit. In particular a capacitance that

20 is directly linked to the geometry of the cell appears at

the electrode-solution interface. A small cell with a low
constant induces a high capacitance.

A conductivity measuring cell immersed in water is
conventionally modeled Dby an equivalent electrical

25 circuit representing the resistance and capacitance
effects of the system.

The conventional approach ignores or compensates
capacitance and resistance effects specific to the
electrodes; thus the model of the water Dbetween the

30 electrodes becomes purely resistive or, after
simplification of the model, is assigned a series
capacitance.

For example, 1in the prior art the capacitance
effects of the cell are compensated by regular

35 calibration and by using electrodes with an area that is
sufficiently large to reduce the phenomenon. One way to

solve this problem 1is to immerse the conductivity



3 measuring cell regularly in a solution of known resistivity and recalculate a cell constant to take account
of the state of the electrodes. Moreover, to be able to use the simplified model, 5 and in order to reduce
the risk of polarization, it is necessary to use electrical signals at a frequency that is accurately chosen as
a function of the quality of the sampled water. There aresvarious prior art methods for determining 10 the
resistivity of a liquid. The methods described hereinafter are based on water modeled by an equivalent
electrical circuit consisting of a capacitor in series with a resistor. Thecentralsamplingmethoddescribedin

15 international pat&fit' dppiication WO'88/0 74T 2bndistsift peflodiciléxditing the cofbiGétivity
measuring cell. Ther&stpet sigrial of2he cellds ahal/zddPoveér (e different i Beridls duriff which the
capacitance effectsdnherent to theicellare wifferenthEhe signalo20<0btained during the first Interval is

corrected for the capacitangg gffests-on the basis, gf the.signal differencespetiveensthg o time Intervals.
The central sgmplingg@ethodoapg&horg wigg% 1g‘)lirenir]ga}gg fr]cf)gn }(he ?'“tgol”a?%%%ﬂ%”% theiccap?gitance
effects of the wires 25and the électrodes. A'Second method for 8eterm|n|ng t%e’resistivny of a pure or

ultrapure liquid des&fSEF UG fatemtSapphitafion 2oy /002428 P mess ted i RBMAtIAG Turrent
passing through thelsordustivityameasurirrgoelt sThre Banresistivity of the liquidlis threrp Ealchfated from the
Impedance differensehetweensigrals at different frequencies. An alternating electrical current at a

precisely defined frequencwﬁeq_@plgeldetovtggit_gﬁ@i@% of the conduetivity measuring gﬁﬂnms current is

35measured and the operation is re ,etated with a sqnal a,tda diffTeﬁentfrqugngg.Tho?meas,%reotl:lvaluesbeing
proportional'td the IMfedances drthecell, the 4 +du+d: S metho escribe

hereinafter are based on water modeled by an equivalent
electrical circuit consisting of a capacitor in series
with a resistor.
The central sampling method described in
15 international patent application WO 88/01740 consists in
periodically exciting the conductivity measuring cell.
The output signal of the «cell 1is analyzed over two
different time periods during which the capacitance
effects inherent to the cell are different. The signal
20 obtained during the first interval is corrected for the
capacitance effects on the Dbasis of the signal
differences between the two time intervals. The central
sampling method and short wires eliminate from the
solution equations the capacitance effects of the wires
25 and the electrodes.
A second method for determining the resistivity of
a pure or ultrapure liquid described in US patent
application 2007/0024287 measures the alternating current
passing through the conductivity measuring cell. The
30 resistivity of the 1liquid 1is then calculated from the
impedance difference between signals at different
frequencies. An alternating electrical current at a

precisely defined frequency is applied to the terminals

of the conductivity measuring cell. The current is
35 measured and the operation is repeated with a signal at a
different frequency. The measured values being

proportional to the impedances of the cell, the



difference between the Impedances obtained at the different frequencies can be used to calculate the
serial capacitance and resistance effects of the sample. It is then possible, for a given frequency, to
determine 5mathematically the resistivity of the liquid tested, including compensation of capacitance
effects. The above methods have limitations. Firstlys they limit the size of the electrodes and the cell
constant. Then, to limit polarization, a conductivity measuring 10 cell must be used at a particular
frequency, as a function of a limited range of conduct%values of the liquid concerned. Finally, aging of

the cell electrodes (PaSSRAT ESrrosion &fc) cabidgs FEROTESE the'2apadfianceat th&™e
electrode-solution IRteffaEaRRichrESEEHot DR canmtrélfedised Tie esnduétvity 6f& sAtdiisdmple can be
measured using a conductivity reasuting €ell praviced avithe ntierocedeciredesaas descrithedi i French

patent application Ng, 0655276 fer example. This ishecauserotthe-small 20 sizesef theglgctrodes and

because a high Ievel(_iqgc ergqfrgnc%rﬁe of th?eser%sor I . alow cell cor%%tgnt,ﬁ rplglgtalgeeg It has

nevertheless been pundet at using %icro-electr%%ies, than _ toot%eir small size, can procﬁ?ce’ large
capacitance effects:Whicti¢aA MoPngR? det 25 IghofédAtistHEFnEEESSHr to revise the model of the

cell in water. As indicaféd-abgvey thenthelopeticahatodellofra tandaotvityfneasunng ¢élkimmersed in
water is represented fyian eguivalent electricad circuitdiagiam 30«consisting of numeseds fesistors and
capacitors, in series; L in pagallel, gharacterizing the hehavioy of the comnanents gf.the system. The

occurrence of capacitance phenomena when using micro-electrodes must then be taken into account in

the model. It i5 immeGtiately dSparent 35hat adding’a cRpatitsHin'deries witA e sing reststor of the
simplified model is AgIsTiger s fficient fotfepiesent iR sléckiRafibehavior of The eefl dufings tests.
The present invention dherefareruses; as.in LiS:6232 786,08 ngwanodeldoree tonduciivityadeasuring cell

Immersed in water, jpeluding inthe equivalentelectrical 5 cireyit diagramea capacifordr series with a
parallel-connected combinaction of a I‘%SiSE%I’ and a c%pacoiltor. Tlfe benefit for micro-electrodes of this new
anc S electroae- t£10 ce n

. . a Cl S S U, n in rra wnic
model is considerable’ [t is Revertheless Important to note that this new mo&eel oes not apply only when
15 cannot be controlled.

using micro-

The conductivity of a small sample can be measured
using a conductivity measuring cell provided with micro-
electrodes, as described 1in French patent application
No. 0655276, for example. This is Dbecause of the small

20 size of the electrodes and because a high 1level of
performance of the sensor, i.e. a low cell constant, 1is
maintained. It has nevertheless been found that using
micro-electrodes, thanks to their small size, can produce
large capacitance effects, which can no longer be

25 ignored. It 1is then necessary to revise the model of the
cell in water.

As 1indicated above, the theoretical model of a
conductivity measuring cell immersed in water is
represented by an equivalent electrical circuit diagram

30 consisting of numerous resistors and capacitors, in
series or in parallel, characterizing the behavior of the
components of the system. The occurrence of capacitance
phenomena when using micro-electrodes must then be taken
into account 1in the model. It is immediately apparent

35 that adding a capacitor 1in series with the single
resistor of the simplified model is no longer sufficient

to represent the electrical behavior of the cell during



10 electrodes, and that it is equally applicable to concentric electrodes and to measurements on solutions
of lower quality. Thanks to the present invention, it is generally possible to take into account the
effects of serial and 15 parallel capacitances in the electrical model of highly pure water to measure the
conductivity accurately. The invention also detects foreign bodies present in the sample. To be more
precise, the present invention proposes 20 a method of measuring the conductivity of a pure or ultrapure
liquid, notably water, using electrodes, which consists in determining the conductivity by modeling the
liquid in the form of%\%séﬁ‘uivalent electrical circuit diagram comprising a resistor R, a capacitor Cp in 25
parallel with the resistor R, Hiftl alset R Capasi¥erCscandtiB chafadterizeebity thatst Inéludésthe steps of
applying series of refepenes excitatiemw signalsiat different frequreacies] tgcanstraictingdhe-spectrum of the

output signal by aggrggating diserefg measurgmenis taken, 30.at bg.given drequencias, comparing the
reconstructed empirical signal fyvith a theoretical madel, minimizing, the diﬁgrence between the theoretical

model and the emplcrllc}é?&gna 5€t%|rnaénd {0 extract therefrom the trlpﬁgt F%’,l B S, BhdTurther determining

if the 35 extracted FPIGERED, ESEITESIGHUSID fsififatioh-6f digftifbance?bfthe Measdféiment and, if
so, the nature of thédistdrbancédy using eccaltalationdefsthe probaliility 61ewelongitola family of
situations recorded ¢y adatabasee . 1Accordingtepretarced features: svhere appropsiateneembined: 5-

the reconstructed spectrum of the output signal i§osybj§ég/helq{to 5%rp§)or‘%ggergglﬁqgn fo. Increase the
. > .

resolution of the signals at intermediate frquenmes,an r to extrar%c.)latlon of the uencies in order to

re
take into acéount er&&Sﬁ&%giﬁat ard'fRacceddible t0expefimentaiy: the C%Prﬁﬂiéﬁggﬂ’?s effétted between
the Fourier transforffetrRivetion of tRE Feeorstracted empiriealrierigorat sihat andtheFowrfer transform
of the theoretical madekar betweerythe reconstructed empirical 15temporal signal and the Inverse Fourier

transform of a Thanks to the present invention, 1t 1s generally
possible to take into account the effects of serial and
15 parallel capacitances in the electrical model of highly
pure water to measure the conductivity accurately. The
invention also detects foreign bodies present in the
sample.
To be more precise, the present invention proposes
20 a method of measuring the conductivity of a pure or
ultrapure liquid, notably water, using electrodes, which
consists in determining the conductivity by modeling the
liquid in the form of an equivalent electrical circuit
diagram comprising a resistor R, a capacitor Cp 1in
25 parallel with the resistor R, and a series capacitor Cs,
and is characterized in that it includes the steps of
applying series of reference excitation signals at
different frequencies, reconstructing the spectrum of the
output signal by aggregating discrete measurements taken
30 at the given frequencies, comparing the reconstructed
empirical signal with a theoretical model, minimizing the
difference Dbetween the theoretical model and the
empirical signal obtained to extract therefrom the
triplet R, Cp, Cs, and further determining if the
35 extracted triplet R, Cp, Cs corresponds to a situation of
disturbance of the measurement and, if so, the nature of

the disturbance by using a calculation of the probability



Fourier transform of the theoretical model; the minimization step uses differential norm multidimensional
non-linear minimization, preferably in the form of the Powell method or the Simplex method with 20linear
programming; the disturbance corresponds to the presence of a foreign body,notably a particle,a

non-miscible contaminant, or a gas bubble; thes excitation signals are applied in the form of
25pulses, preferably squarewave pulseS' the range of frequencies of the excitation signals is from 50 Hz
to 5 kHz or from 100 kHz to 20 MHz; a the conductivity is measured by means of micro-

30electrodes. Tt invehtioh alss reFate§ &l devils fo MessUHAY cor Uity Of a Buréor ultrapure

liquid, notably watefahdraéterized in that it includes control means for executing the method defined
above. 35According to prefetredreatidres of this device] whese appsopriate comibinedip the eentrol means
include a microcontiller; eq -

5 - the reconstructed spectrum of the output signal
is subjected to temporal interpolation to increase the
resolution of the signals at intermediate frequencies
and/or to extrapolation of the frequencies in order to
take 1nto account frequencies that are inaccessible

10 experimentally;

- the comparison is effected between the Fourier
transformed function of the reconstructed empirical
temporal signal and the Fourier transform of the
theoretical model or between the reconstructed empirical

15 temporal signal and the inverse Fourier transform of a
Fourier transform of the theoretical model;

- the minimization step wuses differential norm
multidimensional non-linear minimization, preferably in
the form of the Powell method or the Simplex method with

20 linear programming;

- the disturbance corresponds to the presence of a
foreign body, notably a particle, a non-miscible
contaminant, or a gas bubble;

- the excitation signals are applied in the form of

25 pulses, preferably squarewave pulses;

- the range of frequencies of the excitation
signals is from 50 Hz to 5 kHz or from 100 kHz to 20 MHz;
and

- the conductivity is measured by means of micro-

30 electrodes.

The invention also relates to a device for
measuring conductivity of a pure or ultrapure liquid,
notably water, characterized in that it includes control
means for executing the method defined above.

35 According to preferred features of this device,
where appropriate combined:

- the control means include a microcontroller;



themicrocontrollerisconnectedtoa conductivity measuring cell excited by a pulse generator or a reference
signal generator; and the or each conductivity measuring cell is 5provided with micro-electrodes.
Theinventionfinallyrelatestoawater purification system including the above conductivity measuring device.
Other advantages of the present invention will 1:0become apparent on reading the following description,
which is given with reference to the drawings, in which: figure 1 represents the equivalent electrical circuit
model of the present invention for a highﬁly, pure liquid; 15- figure 2 is a general diagram of a method of the

present invention for deterrﬁiningtﬁs?e cofductifi &ﬁ&’b%\?gmete]rg of samipigd Water; *°  Figure 3is an
electronic circuit diggtafi6féreé emmsdifient o acs/ster’of the présent invehtion Fer2oaieasuring
electrical propertiescaf waterf digete <l reipresentsetheralgorithraraf one embodiment of a microcontroller of

the present invention; figure 5 shawsdp mgrgcgetag&g@@gﬁpgwocgggggﬁh%se efthe algarithm; 25-
ﬁgumaGShom?in'ngg%gfggga£¥@§eﬁ¥gpg—electrodes.

The invention finally relates to a water
purification system including the above conductivity
measuring device.

Other advantages of the present invention will

10 become apparent on reading the following description,
which is given with reference to the drawings, in which:

- figure 1 represents the -equivalent electrical
circuit model of the present invention for a highly pure
liquid;

15 - figure 2 is a general diagram of a method of the
present invention for determining the conductivity and
parameters of sampled water;

- figure 3 is an electronic circuit diagram of one
embodiment of a system of the present invention for

20 measuring electrical properties of water;

- figure 4 represents the algorithm of one
embodiment of a microcontroller of the present invention;

- figure 5 shows in more detail a signal
preprocessing phase of the algorithm;

25 - figure 6 shows in more detail a phase of the
algorithm that determines parameters of the tested
sample.

It should be noted that the following description
is given by way of nonlimiting example.

30 To measure the conductivity of a pure or ultrapure
liquid, such as water, 1t 1is necessary to model it by
means of an equivalent electrical circuit diagram
embodying the cell-solution interface and the electrical
properties of the liquid.

35 The electrical effects of the connecting wires
between the electrodes and the surrounding electronic

systems are also taken into account, and are modeled by a



algorithm that determines parameters of the tested sample. It should be noted that the following
description is given by way of nonlimiting example. 30To measure the conductivity of a pure or ultrapure
liquid, such as water, it is necessary to model it by means of an equivalent electrical circuit diagram
embodying the cell-solution Interface and the electrical properties of the liquid. 35The electrical effects of
the connecting wires between the electrodes and the surrounding electronic systems are also taken into
account, and are modeled by a 8 capacitor. The resistances of the model, which are of the order of
one ohm, can be ighoRst ¢GMpared to the resistivity of the pure or ultrapure liquid. 5The model can then
be revised and the liquid médeled #f eEaitiadite With tHeepréssitinveritiofby &ieequivalehe circuit 10
shown in figure 1. Thisleompsises@aneapacitor 1lcknsenes withreoparallet-copaeeted ecambirtation of a

capacitor 12 and a resistor ;@igngg c'tqngl.ttg;ygycpg thgg%tgg@m@@@@etermined by a method
conforming tcg.)the general dli%grarpnolée@gucrgnzy t‘lk'lheirs1 m%@odriesvlilqsueicoil, n%tggly itrhgeteﬁsq Lallli)(gormal
modeled in accordance with the present invention by the
equivalent circuit 10 shown in figure 1. This comprises a
capacitor 11 in series with a parallel-connected
combination of a capacitor 12 and a resistor 13.
10 The conductivity of the tested sample is determined
by a method conforming to the general diagram 14 (figure
2) . This method is based on the characteristics of the
liquid, notably 1in a Fourier or Laplace space, and
detects abnormal situations by comparing the
15 characteristics of the tested 1liquid with wvarious
predetermined models.

To be more precise, the general diagram 14 shows a
conductivity and temperature measuring cell portion 15
excited Dby an electrical pulse from an electronic

20 excitation system 16 controlled by an algorithm executed
by a microcontroller 18.

The temperature measuring electronics are
conventional (for example a Wheatstone Dbridge) and are
not described in more detail here. Note, however, that

25 they 1link the measured parameters of the 1liquid to
temperature and therefore take into account the influence
of temperature on those parameters.

The excitation applied to the conductivity
measuring cell 15 induces an electrical current between

30 its two electrodes. The response to the excitation,
disturbed by its passage through the solution, is routed
to the microcontroller 18 by an electronic measuring
system 17.

The received signal is then processed and

35 interpreted by the algorithm of the microcontroller 18,
which outputs the resistance and capacitance parameters
19 of the tested solution. The algorithm of the



15characteristics of based on the characteristics of the a Fourier or Laplace space, and situations by
comparing the the tested liquid with various predetermined models. To be more precise, the general
diagram 14 shows a conductivity and temperature measuring cell portion 15 excited by an electrical pulse
from an electronic 20 excitation system 16 controlled by an algorithm executed by a microcontroller 18.
Thetemperaturemeasuringelectronicsare conventional (for example a Wheatstone bridge) and are not
described in more detail here. Note, however, that 25 they link the measuredﬂparameters of the liquid to

temperature and thgﬁle‘fgf’eéfe{k%r‘i?\%c}%c&@nﬁﬁéqﬁﬁﬁgn ofteffPeratiré on't 10s€ ?J%?&l%efé}s.
TheexcitationapplieBtoiecondugtivig ineastfing el 1% IngteEB h dEcthiealcurkarittieth®en 30 its two
electrodes. The response to theexekation, disturbed by its passage through the solution, is routed to the

microcontroller 18 by an elgctronic, measwring systemd 7 -Thergceived signalisthen psocessed and 35
Interpreted by the aleqorit]gm of the micro%ontroller 18, which Qutputs thetresistance antd cacpacitance
eCcrLr 1ta d easuremen part O ne

nic.:. e ion, “a
parameters 19 of the tested solution. The aFgorlthm of} the
embodiment of the present invention includes a pulse

generator 22 or a reference signal (squarewave, sinusoid,
sawtooth, etc.) generator. This generator <can be a
voltage or current source, but here it 1is designed to

10 have the following two characteristics:

- the peak-to-peak voltage between the electrodes
never exceeds 1.23 V, to avoid dissociation and
autoprotolysis of the water, and

- the mean voltage of the signal is zero.

15 Although a pulse defined by a current source can be
used, excitation by a voltage source is more practical to
use and control in an electronic circuit. Any type of
pulse can be used: squarewave, sinusoid, sawtooth, etc.
Here this signal 1is of limited bandwidth and meets the

20 above conditions, of course. In practice it is preferable
to use a squarewave signal Dbecause such signals are
easier to manipulate with an electronic circuit.

The pulse generator 22 feeds a conductivity
measuring cell the two electrodes 23 and 24 whereof (here

25 micro-electrodes) are shown in figure 3. The electrodes
23 and 24 are controlled by switches 31 and 32 of the
generator 22 to excite both electrodes with the same
reference signal, thereby eliminating the risk of
dissymmetry.

30 The signal from the cell is amplified and processed
by an operational amplifier 26, and resistors 27 and 28
accurately set the signal gain. A reference signal Vggr is
applied to an input of the operational amplifier 26. The
resistors 27 and 28 are selected by a gain resistor

35 selector 33. The voltage signal Vs from the operational
amplifier 26 1s converted from an analog signal to a

digital signal by an analog-to-digital converter 29, and



9 microcontroller 18 triggers an alarm 20 if the sample in question is contaminated, for example by solid
particles or air bubbles. As represented by the circuit 21 in figure 3, the 5 electronic excitation and
measurement part of one embodiment of the present invention Includes a pulse generator 22 or a
reference signal (squarewave, sinusoid, sawtooth, etc.1generator. This generator can be a voltage or
current source, but here it is designed to 10have the following two characteristics: the peak-to-peak
voltage between the electrodes neverexceedsl.23 V,toavoid dissociationand autoprotolysis of the water,

and the mean voltag&ofth&Signafis 2610, i%ﬁtﬁ%ubﬂ a PhISE GefMTEd by A ¢irrenfsource can be used,
excitation by a voltage soufEetis mdreegractiéaltocusetand edntréHifian Eleetronit cifclit. AR type of
pulse can be used: sfluarewave cSinasoid] Sawtooth, &iccHete thig signaldsof dimitecdbbandwidth and

meets the 20 above conditions, phGeurse: 1) Praclicedlisgrsierable todisea squarewave signal because
such signals are easler to .manigulate gvith an %ecfronic circL{ig.n The g%ls&ger}er%%rlzz feeds a

conductivity measurclﬁs acl:%ﬁttﬁg two electfodes 23 and 24 Whereof ()herlen mmro-é]ectroffesa) are shown

in figure 3. The eledtfSdBLES At 24 BFLPEStrolled By SWIRFHEESE and 32 Bt hé 'gentratdS2 to excite
both electrodes witliths samesreferancecsigaal, therstsy elimirmatmgythiesrisk of dissymmetry. 30The signal
from the cell is amplified anthprocessgegiby ag opetational amplifier 26,and resistars2Handi28 accurately

set the signal gain. A teferance signal MREF is applied tq.an jopyt,ef the, epgrational amplifier 26. The
resistors 27 and 28 are selected b aa gO%iﬁp resistor. 35 selector 33. The voltagbe signal Vs from the
f

operational amplifief 2% 8 tonbeft arCAN&13g ‘Shgrial 16 AHGital signdl by an Ahalog i digital

converter 29, and with a situation tested during a learning phase 33. The
parameters from the extraction phase 32 are then compared
to the prerecorded situations 34 during a detection phase
35.

15 Depending on whether the parameters identified come
from a contaminated or uncontaminated sample, the alarm
and post-processing phase 36 triggers an alert 20 1in
respect of the quality of the sample and/or communicates
its parameters 19 (cf. figure 2) to a display unit that

20 is not shown in the figures.

In practice, a series of reference excitation
signals 1is applied to the terminals of the electrodes.
Each signal corresponds to a given frequency between
50 Hz and 5 kHz. Referring to figure 5, during the

25 preprocessing phase 31, the digitized signal from the
analog-to-digital converter 29, corresponding to a given
frequency, 1s filtered, here by a median filter 37, to
eliminate aberrant measurement points. It is then
subjected to low-pass filtering 38 to eliminate high

30 frequencies. By aggregating all the series of digital
signals, the spectrum of the output signal is
reconstructed for the given frequencies in the form of a
curve of voltage as a function of period. Finally, the
signal is subjected to temporal interpolation and

35 extrapolation 39 to increase the resolution at
intermediate frequencies and to sweep a range of

frequencies that are not accessible experimentally. From



10 the signal is then routed to the microcontroller 18. Here (see figure 4) an algorithm 30 of the
microcontroller 18 for determining parameters of the system (conductivity deduced from the resistance,
series 5 capacitance and parallel capacitance) includes firstly a preprocessing phase 31 for improving
the quality of the digital signal to facilitate its analysis. 11 The signal is then analyzed during a vectorial
extraction phase 32 to determine the parameters of the 10 system. These are routed to a database to
associate them with a situation tested during a learning phase 33. The parameters from the extraction
phase 32 are then ¢SHipared tbthePrerdorasd Eittiations 32 duriy's ]g%tec?ioﬁpp%cats%u%.OfSDepending
on whether the paraiheters idetified comle ot a TontafinatedPsr Gicontamirated saripl®sthe alarm
and post-processing phasewdf tiggess adpalett 20 inaegpedtrafithe Quatity afthe sempleanidfor

communicates its pgeamsters o (ch.figwe2)Hg a displayunit hat 20is not shown inghe figures. In
practice, a segies of referené:e eggit%téocnasig alﬁﬁis ap .lgll?f(d %the #%rminals of the electrodes. Each signal

corresponds to a gi\%lr??rtehu%ncy between: zgan Hz. Re erﬁﬂaetgﬁ‘i;eusre %n uﬁﬁm%ﬁ{es 25
preprocessing phase’81, ¥R&igifizE &ijHat Font s ar&IogStoRdigitaPeoiietter 292 cBfrespbnding to a
given frequency, is filterethhere ppagnedian filteh37higklimiratelalhérant nidasumeerentpoints. It is then
subjected to low-pass diltering 38 ta eliminateshigh30freguencies By aggregating-all tbesesies of digital

signals, the spectrupn of the putput signal is seconstructedfor he.giyen,frequengies in,the form of a curve

of voltage as a function of period. Finally, the signal is subjected to temporal interpolation and 35
extrapolatio§%9 to Mctedse the FeSAlttidh At Intermediate frequencies and to sweep a range of
frequencies that are not acEessiblé ¥@efifféhtally® Frohin el Reenfediserete nebBareméEts for example,
a spectrum of 200 valhes of vottageiasia fundton of frequency car berearisitucted, sweepihg a range

from 100 Hz to 5 kHz This methed of precessing the signal praduges.a greatekitance cp)
are determined wusing an algorithm 40 applying the
15 extraction phase 32 to extract the solution triplet (R,
Cs, Cp). The preprocessed (notably interpolated) temporal
signal from the preprocessing phase 31 can be processed

by two methods.
The first way of ©processing the preprocessed
20 temporal signal (see the left-hand portion of figure 6)
begins with a transformation 41 to obtain its transfer
function in a Fourier or Laplace space. The fast Fourier
transform function (FFT) obtained in this way is compared
with the FFT of the model 42 of the 1liquid, which
25 corresponds to theoretical parameters of the output
signal. In the case of excitation by a squarewave signal,
the model of the output signal is given by the following

equation, in which T is the duration of the pulse:

. 1 R
H(jw)=(1-e7) +
joCs; 1+ JoRC,

30 Comparison of the Fourier transform function
obtained experimentally and that obtained from the
theoretical model 1is effected during a phase 43 of
establishing a differential norm between the empirical
vector and the model vector. Differences between the

35 experimental and theoretical results are determined

during this phase. At this stage of the algorithm



5 quantity of data at high and low frequencies and avoids the loss of measuring time necessary to sweep
the entire frequency spectrum with high resolution. The measured signal is at this stage a preprocessed
temporal signal with good resolution and a good signal-to-noise ratio, 10ready to be analyzed. Here
(see figure 6), the parameters of the system (the conductivity deduced from the resistance R, the series
capacitance Cs and the parallel capacitance Cp) are determined using an algorithm 40 applying the 15

extraction phase 32 to extract the solution triplet (R, Cs, Cg). The pr%@rocessed (notably interpolated)

temporal signal frorﬁliﬁg lapéﬁﬁ&%ssiﬁ}&epha%g]ﬁt&ﬁﬁ be Procedsed twocﬁ‘(ethoc_c})s). The fitSt way of
processing the preptoeessed 120 tenmsdiét Siynal-{see thédeft-heamaSg6rtion bifighte€ By bedifs with a
transformation 41 t@pbtain itsatradsfet dunctionph askourer os f aptace spacentherfast Foarier transform

function (FdFT) oztaipﬁgeiglﬂhﬁiwami%g@fﬁtﬁar%@wghéhgflff%%mgpdf@bé% %_él%%ggwdtw@ich 25
corresponds to thearetical parameters of the output si . In the case_of excitation by a squarewave
signal, the méc()jel ofnt%%egutpal?t%si %nt%? issgll\%lr?%y t ?erfc?ﬁ'nc?v%/ﬁn%. e%%at%%ﬁﬁecvsﬁgﬁ T]iSS th%ee&ur%tion of the
pulse: H(Jco):(l-e-Q?@ﬁeMé?l1+?@b?{t]f,530@bm’b%+%or‘l°8ﬁ‘ﬁ@?6E|‘i8Ptraﬁ%}f8rmdfhﬁEﬁ6ﬁ%Eﬁ§ined

experimentally and teatdobtaineddrorethe theoreticdlfmodel is effected wesing & phlase 4Bwfestablishing
a differential norm hetwees:thesermpiricat veetos aaditheimeadekvectot. Diffecences batweemthe

35experimental anqnglgpéﬁggqlcrﬁult%@ggﬂegg@mgd ggggg&gi,s phase. é;gm? gaggﬁ)f the algorithm 12
P

determining_the solutjon vector(R,Cs,Cp),the diSRaI’ItIeS between the two transfer functions are
10 kind wusing calcdulatio of first derivatives (gradient

methods), preferably the Powell method or the Simplex
method with linear programming. After optimization, the
parameters of the system can be fully determined (the
modeled curve has been determined that best matches the
15 empirical curve corresponding to the real data acquired),
and the algorithm therefore provides access to a solution
vector (R, Cs, Cp).
The conductivity of the sample is derived from this
vector using the equation C=R/k defined above.
20 The second way to process the preprocessed time
signal (see the right-hand part of figure 6) is for the
FFT of the model of the liquid 42 to be inverted during a
phase 45. The model of the liquid is then a time signal
homogeneous with the preprocessed time signal. The two
25 signals are compared 1in the same way as 1n the first
method of determining the vector (R, Cs, Cp), based on a
phase 43 of establishing a differential norm and an
optimization phase 44.
The parameters are therefore known. The present
30 invention nevertheless stores the wvectors of three
parameters associated with the measured temperature in a
database during a learning phase 33 (see figure 4). The
basic algorithm is therefore preferably provided with a
library of prerecorded situations and can throughout its
35 use enrich that database with results obtained from

tests.



optimized during a phase 44 of multidimensional non- linear minimization of the differential norm between
the 5 model and the signal for which an adjustment is being effected. Thanks to this optimization, the
differences tend toward zero on modifying the values of the three parameters of the theoretical model. It
is effected using mathematical optimization methods, farexample of the 10 kind using calculation of first
derivatives (gradient methods), preferably the Powell method or the Simplex method with linear
programming. After optimization, the parameters of the system can be fully determined (the modeled

curve has been determineos_%%lfbré%t nfatches the 15 @Miiticalurvé tohespdhdingttheTeal data
acquired), and the @getithim therefore proviees ateess tB-a sdlition vettor (R &S CpormaThe
conductivity of the samnpletisderivechftam thisseetor using the eguationezR6k defined abage. 20The

second way to procgsgihe praprocgssed fime, signal, (see:the right-hand part.ef figure.8)ds for the FFT of
the model of ghe liquid 4@ to be Ina/erteg during a phase 45. The model of%he liquid_is th%n a time signal

. and Cs, or exXa e the esence of an 'air .bubble
homogeneous with the pipeproce_ssed time S|gnarﬁ e two i?stagnafs.are_compared in ltlhe_ same way as
in the first method dt'determffindthetdor GRMERI Cp)r Blsel B alpiiase'43t3restabhdhing a differential

norm and an optimizaticiephaséd4.chsel pabametersedreithierefore kmbwreiiilze présentt 30risvention
nevertheless storesithexecjors of shreg pakameters assaciatedunith the-measuired teraperaidre in a

database during a learning phase 33 (ses figure 4). The basic algoithn, is.thexefore preferably provided

with a library of prerhecorded situations and can throughout its 35use enrich that database with results
obtained from tests. 13 "% St5fing a large number of situations enables acquisition of
vectors(R,Cp,Cs)under norfigl TonditibnsarluRdércthditionswheretferéigmple have Dbeen

determined, following the extraction phase 32, they are
compared with the situations stored in the database
during the detection phase 35. Using standard
15 mathematical methods (standard deviation calculation,
Gaussian error dispersion), the ©probability 1is then
calculated of the vector (R, Cp, Cs) that has been
determined belonging to a family of situations
corresponding to a normal condition or to a disturbed
20 condition, and, if so, which.

The behavior of the capacitances and the resistance
is closely 1linked to the type of contamination. One
example is the detection of an air bubble. The small size
of the micro-electrodes means that 1t is possible to

25 detect the presence of air bubbles that falsify the
resistance measurement and therefore the wvalue of the
conductivity of the solution. Thus in the presence of a
bubble the resistivity of the liquid is affected by the
resistivity of air. Note also that the wvalues of the

30 capacitances diverge. Note further that in this
particular situation the wvalue of the series capacitance
tends to fall relative to a solution free of
contamination whereas that of the parallel capacitance
tends to rise. In the presence of a resin Dbead, the

35 values of the capacitances vary very significantly and
more than in the presence of an air bubble, whereas the

value of the resistance remains substantially the same.



significant disturbance to one or more of the parameters 5 R, Cp and Cs, for example the presence of an
air bubble or a resin bead coming from the liquid purification system, followed by establishing polynomial
functions linking R to Cp and Cs based on the parameters obtained in this way and used in the detection
phase 35 described 10hereinafter. Thus when the parameters of the sample have been determined,
following the extraction phase 32, they are compared with the situations stored in the database during the
detection phase 35. Using standard 15 mathematical methods (standard deviation calculation, Gaussian

error dispersion), th%hﬁrobas_tﬁlﬁﬁjié tfen cAfdUiated BFthe Yéctor (R TCp, CRTtivltHas Beendétermined
belonging to a familyotisitietiohsortéspindihg toPe norriad €onRtition eftb atdisturbed<206dndition, and,
if so, which. Thedehavionof the apaeitances@ngd theresistante isclosahy linkedto thestype of

contamination. Onegxample-isthedetection of anair bubble.cThe smallsizenf thedpicrelgctrodes
means that itgs poss'}pi!le to %5 detect the presence of air bubbles that falsify the resistance measurement

and therefore the value of tﬁe conductivity of the solution. Thus in the presence of a bubble the resistivity

of the liquid is affected by tRB8T&sistivifiAst dif NoteHiss HartHe Vatles ofthB230 apatitandes diverge.
Note further that in this parstictdar siteiation the value of¢he series tapacitartettends tofalluetative to a
solution free of contasninatienwhereasithatef thenparallel-eapacitansettepds de siseadn the peesence of a

resin bead, the 35 g%lu%gg%egapggi&%%es Vary Mery gi/.gqiﬁg@ptlg@nq}q&rg t in the presence of an

air bubble, whereas the value of the resistance remains substan,tla,llg the same. 14 Thespecific variations

of these parameters afe Shfficlentlylarge 15 b& hotefortRY AHd the' figk of 2onfisTF withA sAmple free of
contamination is elifii&ErMy thé Ebmparissh folksvingthetetectién Spfiese 3sample  is

contaminated or not and, if so, the type of contamination
and how to remedy the problem. For example, the algorithm
can trigger purging commands to restart the tests under

15 better conditions.

A valuable application of this nonlimiting example
of the present invention is to measuring the conductivity
of a pure or ultrapure water solution, notably in water
purification systems.

20 Numerous other variants are feasible as a function
of circumstances, and the present invention 1is not
limited to the example described and shown.

Note in particular that the microcontroller can be
replaced by a generic processor or a dedicated digital

25 signal processor (DSP). More generally, any electronic
component comprising at least an arithmetic and 1logic
unit will be suitable.

In applications other than the typical applications
of detecting air bubbles or resin beads, the range of

30 frequencies of the excitation signals can be different,
in particular from 100 kHz to 20 MHz in applications that
are more oriented toward 1life sciences (cytometry,

identification of bacteria, etc.).



Once it has been determined that the parameters of the system belong to a given condition and their
values have been determined, the alert and post-processing phase 36 provides access to the values of
these parameters 10and/or to the value of the conductivity, for example on a display unit, and determines
if the sample is contaminated or not and, if so, the type 6% contamination and how to remedy the problem.
For example, the algorithm can trigger purging commands to restart the tests under 15better conditions.
A valuable application of this nonlimiting example of the ent invention is to measuring the conductivity
of a pure or ultrapure water solution, notably in wate%éi&gtion systems. 20Numerous other variants are
feasible as a function of circumstances, and the present invention is not limited to the example described
and shown. Note in pafticulettiabdheoihicreasnireher cdrebe oeplactd\oyty geifieric pracessor or a
dedicated digital 2% pigna erageseer (Pt doreeeasBllY. avatectrosippmepaeti-eagwrising at
least an arithmetic logjg unit ywll be sujtabl - In icati her, tha typical-gpplications of
detecting air bu bI(—)gg%r’?ée%i n beﬁs‘%&heéﬁﬁr%?eggfg 36#re%%%%cmgﬂfﬂ(ﬁe%Qgit%i%ﬁ%ggﬁgglﬁﬁ be

different, in particul¥frdfi?49b109, (57 MAAH dppliRatbhg thEPSPe Rbre FrierRBH WAL  Fife sciences
(cytometry, identificalieaof kerlerial €2t ) t 18 GoxVS (10) 1.aaetHodénNmeasurii gkotorRiuctivity of a
pure or ultrapure liqgicnotablyapatei tusingrel€e?ydds i ps Whithiconsists ¢ fletermiring the
conductivity by mod@ii@g’the lighyjd i_nathe farpy g_gan %ﬂgel%plec@gal c'{rfy'g ,c_iiaggg.m (_1()i)scomprising a
_re5|storR(13)_a capacitor g r?? n arﬂl@el wit tta% (r:(ialagosr F%ﬁ%?;étaendsa (;S?!’Ies capacitor Cs (11), and
is 10 characte?l%edﬁ%ﬁ{a%t ITgc&edsﬁb %‘é of. P
- applying series of reference excitation signals
at different frequencies,
- reconstructing the spectrum of the output signal
by aggregating discrete measurements taken at the given
15 frequencies,
- comparing the reconstructed empirical signal with
a theoretical model,
- minimizing the difference between the theoretical
model and the empirical signal obtained to extract
20 therefrom the triplet R (13), Cp (12), Cs (11), and
- further determining if the extracted triplet R
(13), Cp (12), Cs (11) corresponds to a situation of
disturbance of the measurement and, if so, the nature of
the disturbance, by wusing a calculation of the
25 probability to belong to a family of situations recorded
in a database.
2. Method according to claim 1, characterized in
that the reconstructed spectrum of the output signal is
subjected to temporal interpolation to 1increase the
30 resolution of the signals at intermediate frequencies
and/or to extrapolation of the frequencies iIn order to
take 1nto account frequencies that are inaccessible
experimentally.
3. Method according to claim 1 or 2, characterized
35 In that the comparison is effected between the Fourier
transformed function of the reconstructed empirical
temporal signal and the Fourier transform of the



- applying series of reference excitation signals at different frequencies, - reconstructing the
spectrum of the output signal by aggregating discrete measurements taken at the given 15 frequencies,

- comparing the reconstructed empirical signal with a theoretical model, - minimizing the difference
between the theoretical model and the empirical signal ¥®tained to extract 20therefrom the triplet R (13),
Cp (12), Cs (11), and - further determining if the extracted triplet R (13), Cp (12), Cs (11) corresponds

to a situation of distyrbance of the measyrement and, if so, the nature of the disturbance, by using a
caloulation of the 2% RORATHASAL LR Ph It S EHERB R S het A1 Method

according to claim Eefekakrisd@nahatiite fEeenkAHeEGS pEQHIHEST tHE dREFRIgral isasubjected to
temporal interpolatienue i eerebsarit€dthredolitien tihdos sioizdd anodedmediate frequencies and/or to

extrapolation of the frequengies M’é@ﬁiﬁ_{ tgé@l@ﬁ—_@ﬁﬁgacggu@rfpemc@ﬁ tlagtaqrrﬁasinqcc%si@[g _
experlmentally.5 cl;f’ %%tpgg@zcecfgrdlrig]to cﬁqg{l o%ﬁech%%t%lgg 1.3ISOW th%t%legrg copatison is

effected between the_Fourier transtormed function of the reconstructed empirica paral signal and the

Fourier transform of thEFQEeiEL tical mO®EIor betwBehtAE ¥aEBRARNRE D emplPRAT IRBBFal signal and
the Inverse Fourier tiiinbfdiza b1 aGount@fiediasfbym iof tiieehdoneticalfmbidel Powe l . mgdthed according
to any one of claimgi tehd Séhprrstefeathouthal the Niimgaizaieogsiapnsep.differential norm
muItidimepsiqnaI non-Iinearsr_r_mini,\Wéi%ﬁggn,é‘gggqrap%infge g;{w gh@ecﬁ_ovﬁgmh@ Y4he §implex
method with i gar By oo AP g, 20 Vet G A HAL U AN BARY BTt drlas to the

presence of a foreign body, notably a particle, a non-

miscible contaminant, or a gas bubble.

6. Method according to any one of claims 1 to 5,
characterized in that the excitation signals are applied

15 in the form of pulses, preferably squarewave pulses.

7. Method according to any one of claims 1 to 6,
characterized in that the range of frequencies of the
excitation signals is from 50 Hz to 5 kHz or from 100 kHz
to 20 MHz.

20 8. Method according to any one of claims 1 to 7,
characterized iIn that the conductivity is measured by
means of micro-electrodes.

9. Device for measuring conductivity of a pure or
ultrapure liquid, notably water, by means of electrodes

25 (23,24), characterized in that 1t includes control means
(18) for executing the method according to any one of
claims 1 to 8.

10. Device according to claim 9, characterized in
that the control means include a microcontroller (18).

30 11. Device according to claim 10, characterized in
that the microcontroller (18) 1is ~connected to a
conductivity measuring cell excited by a pulse generator
(22) or a reference signal generator.

12. Device according to claim 11, characterized in

35 that the or each conductivity measuring cell is provided
with micro-electrodes (23, 24).



10 characterized in that the disturbance corresponds to the presence of a foreign body, notably a particle,
a non-miscible contaminant, or a gas bubble. 6. Method according to any one of claims 1 to 5,
characterized in that the excitation signals are applied 15 in the form of pulses, preferably squarewave
pulses. 7. Method according to any one of claims 1 fo 6, characterized in that the range of
frequencies of the excitation signals is from 50 Hz to 5 kHz or from 100 kHz to 20 MHz. 208. Method
according to any one of cla 7, characte zed jn that the onductl measured by means of
micro-electrodes. rce % 'fﬁgasﬂ'rlﬁb %c?i@itysé’ %@re'&cjﬁibuge I?qu%eﬁé §ny water, by
means of electrode§‘2‘50 ’(93 79) tehaaytepRed o titkad mel et okérof fledMR2QWY ¥9Petduting the
method according tcamuartd vi tiaiok ad8r. 10. Device according to claim 9, characterized in
that the control means include a microcontroller (18). 3011. Device according to claim 10, characterized in
that the microcontroller (18) is connected to a conductivity measuring cell excited by a pulse generator
(22) or a reference signal generator. 12. Device according to claim 11, characterized in 35 that the
or each conductivity measuring cell is provided with micro-electrodes (23, 24). 17 13. Water
purification system including a device according to any one of claims 9 to 12 for measuring the
conductivity of water.



