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upstream portions of the sensor conduit, respec ively, and are provided with a constant current

I from a constant current source 901. As a result of the constant current I flowing through the

coils R, and Ry, voltages V| and V, are developed across the coils. The difference between
25  voltages V) and V3 (V-V,) is taken out of a differential amplifier 902, with the output of the

amplifier 902 being proportional to the flow rate of the fluid through the sensor conduit.

At a zero flow rate, the circuit of Fig. 1 is configured so that the resistance value (and
thus, the temperature) of coil R, is equal to the resistance value (and temperature) of coil Ry,
and the output of the amplifier 902 is zero. As fluid flows in the sensor conduit, heat that is

30 generated by coil R; and imparted to the fluid is carried towards R;. As a result of this fluid
flow, the temperature of coil R, decreases and that of coil R, increases. As the voltage
dropped across each of these resistors is proportional to their temperafure, voltage V increases

~ with an increased rate of fluid flow and voltage V, decreases, with the difference in voltage

being proportional to the mass rate of flow of the fluid through the sensor conduiit.
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bei ng proportional to the mass rate of flow of the fluid through the sensor
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relatively sinple in construction, and is responsive to changes in the

anbi ent tenperature of the fluid entering the sensor conduit. As the

anbi ent tenperature of the fluid enterhng the sensor conduit changes, so
does the resistance of each of the coils Rl and 5 R2. However, it takes a
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rate of th(e cfi{w d en % e sensor conduit than t
and temperafure o eac of the downstream and upstream coils Rm and Rig is set to the same

D

predetermined value and the output of the circuit is zero. As fluid flows in the sensor conduit,
heat from the upstream coil Ryp is carried towards Rja. As a result, less energy is required to
maintain the downstream coil R, 4 at the fixed temperature than is required to maintain the
upstream coil R;p at that same fixed temperature. The difference in energy rcquifed to

25  maintain each of the coils R;a, Ryp at the predetermined temperature is measured and is
proportional to the mass flow rate of fluid flowing through the sensor conduit.

The constant temperature mass flow sensor described with respect Fig. 2 is also
relatively easy to construct. In addition, the circuit of Fig. 2 stabilizes more quickly in
response to changes in the mass flow rate of the fluid entering the sensor conduit than the

30  constant current mass flow sensor described with respeét to Fig. 1. However, because each of
the coils Ria and Rp is set and maintained at a predetermined temperature independently of
- the ambient temperature of the fluid flowing into the sensor conduit, a problem arises when the

ambient temperature of the fluid flowing into the sensor conduit increases. In particular, when



30 constant current mass flow sensor described wth respect to Fig. 1.
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As should be appreciated by those skilled in the art, for the circuit of F ig. 3 to operate

properly, it is critical that the values and thermal characteristics of each element in the

25  downstream circuit match that of the corresponding element in the upstream circuit. Thus, the
resistance of the downstream and upstream coils Ryg, R, must have the same value, and the
same thermal coefficient of resistance. In addition, resistor Rsg must have the same value and
the same (ideally large) thermal coefficient of resistance as resistor Rup, resistor Rsg must have
the same value and same (ideally zero) thermal coefficient of resistance as resistor R, resistor

30 Ryp must have the same value and same (ideally zero) thermal coefficient of resistance as
resistor Ryop, resistor Rog must have the same value and same (ideally zero) thermal coefficient

of resistance as resistor Rgs, and amplifiers 911 and 912 must have the same operating and

temperature characteristics.



the sanme val ue and sane (ideally zero) thermal coefficient of resistance as
resistor R6B, resistor 30 R/B nust have the sane val ue and sane (ideally
zero) thermal coefficient of resistance as resistor Rl OB, rsiijxngBQB
nmust have the sanme value and sane (ideally zero) thermal coeffiti of
resi stance as resistor RIB, and anplifiers 911 and 912 nust have the sane
operating and tenperature characteristits. 1 5 JAN 2007 -4 Despite the
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upstream and downstream coils to a particular value, or to a particular value over the ambient

. temperature of the fluid flowing into the sensor conduit. A'disadvantage of each of these
circuits is that they require a close matching of corresponding circuit elements (i.e., resistors,

25 coils, and amplifiers) in the upstream and downstream circuits.

Summary of the Invention

According to one aspect of the present invention, a sensor is provided that includes a
first resistive bridge circuit having a first variable resistance resistor and a second resistive
30 bridge circuit having a second variable resistance resistor. According to one embodiment, the
first and second resistive bridge circuits share a common reference leg that sets a resistance of
the first and second variable resistors. The commoﬁ reference leg is alternately switchably

connected to one of the first.and second resistive bridge circuits. According to another

AMENDED SHEET



30 bridge circuit having a second variable resistance resistor. Accordlng
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Accordi ng to another AVENDED SHEET 15 JAN 2007 WO 2004/010091
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second amplifier and the output of the second amplifier, and the second variable resistor being

electrically connected between the second resistor and the reference terminal. The voltage

25  divider has an input that is switchably connected to one of the output of the first amplifier and
the output of the second amplifier, and an output that is switchably connected to one of the
second input of the first amplifier and the second input of the second amplifier. The output of
the voltage divider sets a resistance of the first variable resistor when the input of the voltage
divider is connected to the output of the first amplifier and the output of the voltage divider is

30  connected to the second input of the first amplifier, and sets a resistance of the second variable
resistor when the input of the voltage divider is connected to the output of the second amplifier

and the output of the voltage divider is connected to the second input of the second amplifier.



the voltage divider sets a resistance of the first variable resistor when -
the input of the voltage divider is connected to the output ofstjaR Jp7 st

ampl i fi efy@Bbafoigoput put of the voltage divider is 30 CQE{J,%%OS?,%égﬁ he

second input of the first anplifier, and sets a resistance second

vari able resistor when the input of the voltage divider is connected to

the output of the second anplifier and the output of the voltage divider
is connected to the second input of the_.second anplifier. 15 JAN 2007 WO
2004/ 010091 PCTI US2003/ 022337 -6- Accofgrng to anot her aspect of the

present inventi thod for use with a pair of Dbridge circuits is
provi ded. Each %&P@&@iap%tg?rtas eégofihcs@ﬁsscmmf’)‘%’&of”r?df‘etl‘%ﬁ%@fé§V1t§ afpai off
resistor bridgeairatsispbeided Skach OFidgtitcwit hARLAERIE Re el idMALls SBES rdisto
resi stance_qf th i abl e re% stor. The method Gonprises an act Of

var I
sharing at al]I%gfav 1 Fststar apd dre e legithat éfe erasistanproefiteovarieblerchistos t Thend 5
second ci rmethbdcdnipri¥ed sihact bEshb@sd & 138 @S oRfon o he\rBfelRl) lgg Pﬁg&eﬁttﬁ)é’ frst and _

According to other aspect of the present invention, W sensor
provi det t FCOMEYEHHsdo matghdhs regisiancerof thefveriabde resistorst | ow sensor conpri ses a

first variable Ad%ﬁﬂdﬁfg%an&thér%ﬁé@fjoft%?ﬂr&%}?ﬂiﬁ\{e{ﬂlgé,%}tfﬁ%v ﬁ%igésoFOSEd (ggwnst r eam of

the first variable resistor when a flow of Iui 5 Proyiqefl f
di r ect i on, mepspieadloveratecafiatfluice | Bhstflowcsansoy carpriskeal fitsovariable fdstsit, asagdnab! e

resistor, Ja8ablebiskf di ' | Lpdi cative of power provided to the
first variable resi st op@ghgécﬁ:%ﬁgﬁ'%?@%gﬁa?ma Feerfflftf’rc‘ﬁfel“? fL"&P Rsfiuchisime
second var4 fst directia, o fiost cireuit, plectvically caupdebtoic firsovasihbli Rdiseatd MBvigka power
provi degl t g Vel | .esi stor. and third circuit, to receive
the first g‘?lttl gg@g%%g/se iogkg?%pg%‘ég%rt%%&“é{ﬁ”% 53tos 2 5erqnd ifslitcat i ve of a
di f f er encesldséricatiy poupted t6 thestcond dariabiearesisiors togevige a 3dd6nd AEEn@EativB s OUt put

si gnal meﬂ%{\}ef‘ﬁroud? o%egelcmcg | S li nthe first direction is 15 symmetric to
t he range ‘o SVt Pute FCGRhYarRRIE Festsion apd g fhirsk citonis, t ragpiye the firshand second

di recti on setdudtsignsls appproiide ai outhitighaliifidicative 664 §iPBrend05Rldlh B 8 afly further
aspect of the .pr eslenjﬁlél nventtjstgn, a flow sensor to neasure a tlow rate of a
fluid is proveded®sThe PREvPIIRHURUL sighal whemthe flow offluid/ia in the fist dieestistior , a
second1s vaymatokre b e ratgerof it dutpud bigial Wit the AIBw R AR i Els fif#debond ik M
circuit, ng.sa()&gv%ert aéﬂ,ﬁl y..citcuit. The 20 first circuit 1s electrically
coupl ed t 0"9 WePHPPYE O Sslirectiabsi st or to provide a first signal indicative
of power provi dedorigtde fifrtheSisp¥Rbf BPhRsdnE S - GlICUW L 1S

el ectrical I%gf(?)gEJ ed to the ssgcond vgr?ggﬁlgéét@g’l %ﬁ%ﬁsﬁﬁ’g&gggﬁ}sgg all(flc’é’vecond

si gnal i ndf 1dds provided. Thedlawgesasor somprises e firsh variableresidtren seeidst or . The
third cirouhidblé ReloY, irbttchit & C Lgnal s, and provj des .an_out put
signal _indjcative of a_lrdi tter gﬁg%ﬁggi{mg’e%ﬁ?ﬁzhgpggidaaﬁodwgél% FEM NS, The
power Fuppisf cEFyitisielectpisaliycoapled to the fitst varieblanesist@rdo providt a fiesasignad nddicafive he

L1t and Sposaheah s 8 A ol B A AP B A ORIl o
t he fl ui d.second variable resistor to provide a second signal indicative of power provided to the second
variable resistor. The third circuit receives the first and second signals and provides an output
signal indicative of a difference between the first and second signals. The power supply circuit
25 iselectrically connected to at least one of the first and second circuits to provide a variable
amount of power to at least one of the first and second circuits dependent upon the flow rate of
the fluid.
According to yet a further aspect of the present invention, a method of detecting a high
flow condition in a flow sensor is provided. The method comprises acts of determining an
30  expected zero flow signal at a current operating temperature of the flow sensor, determining a
threshold based upon the expected zero flow signal, determining an actual flow signal
measured by the flow sensor at the current operating temperature of the flow sensor,

comparing the actual flow signal measured by the flow sensor to the threshold, and



According to yet a further. aspect of the present invention, ?ﬁh%ﬁ%w
~detecting a high flow condition in a flow sensor is pr’ovidé. e t hod
conpri se¥02004018¢91¢et er mi ni ng an 30 expected zero fl owREITHIRRDO3A22387 cur r ent
operating tenperature of the flow sensor, determining a threshold based
upon the expected zero flow signal, determ ning an actual flow signal
nmeasured by the flow sensor at the current operating tenperature of the

fl ow sensor, conparing the actual flowsignal nmeasured by the flow sensor
to the threshold, and 1 5 JAN 2007 WD 2004/010091 PCTI US2003/ 022337 -7-
det er ni ni igtetrhiatngtthes theitggh fldvovsrdnivdiekis@RviRY kit §ifie1 acbarknd | ow si gnal
exceeds trﬁﬁ_ trﬁr)eshol d. Brief Description of the Drawings 5 Illustrative,
non-limti §Sh8 odi nents of the present invention are described by way of
exanple with reference to the acconpanying drawings, in which: Fig. 1is a
constant current mass flow sensor according to the prior art; Fig. 2 is a
constant tenperature nass fl &sekBeseniption ofithdiDrgwingst he prior art; Fig. 3 is
a conssant tenpgxk " | bl e of responding to
10 changes in an sgér?%lé ,gr}ﬂﬁﬂ ﬁl#%%?ﬁ?og@fe}ég of;tl??‘f) G t%?%%?ﬁ?ﬁéeicgg?ﬁ@”ﬁﬁ roart;
Fig. 4 iscserlewitheferencerie theapgomnanying drawirgsfih ehickensor that is capabl e of

responding to h ' ' erature of a fluid according to
the prior art;F% gggﬁpg&é%ggﬁgmnggﬁo%%ﬁ%a&Wr-‘iﬁ’gg’tE%Pfé"cr&ﬁt t enperature
mass flow sensBig. disaovodstany temperature mesdfind semsdr aofordih@toRh@sredttarti NVent i on t hat

I ncl udes upstrg treamresistive 15 bridge circuits that share a
common r ef erengigp} gs%%%%eénﬂ tatdre E@Ffetﬁ% PSQ\FRat I8 Wbi;ﬁc’fde%’@i'@%afﬁt

t enpenét upmngmsiaaflhmhiesﬂamperatate&ﬁ'tadiuhgact:@'dir@m@ih@?ﬁoﬁ;ﬂ@odi ment of the

pr esent invent%%n in i ch th? comg%r} reference eg includes a

progr ammabl e voPt AEGHCH GyBstant Eemperafure mass o sanpes dhas isisapable of responglingto

I 11 ust r at chygesie as xmbishtateypérafiecsTa Muil dcOskdR téthe pRoCRASt ant tenperature

mass fl ow sensi:.)irg %n accordance with Fig. 6; Fig. 8 is a detailed schematic
t

di agram il | ust 1§ sshroatic oveEviewof a Fonstanbemperatuse mess flow semsocaeetdingtto

t enper at ubge dtsuRlirhdn® Wf the PRSdnt indendn it H&ﬁxd‘é&%@?&d SldRlGRGFahGdildg! udes a
programmFI.g vol t_ag(g divider; Fig. 9A IS a schematic OVerview ol '& constant
t enperat uPBIETEICUIES R skatr  spmmer tiwensg leg25 t 0 anot her enbodi ment of t he
present inventFigne isa sekbntafic bRvitw ot § BSHRAA resistive. bridge
circuits share lgnl S a porticon olf. tEaeec_onng%mﬂ%?eteﬁ%g%ggs;nﬁeTﬁc.corgg'git% a
det ai | ed mbedigtent Gt the nresentdnveationig vovieh tx comphar neferenob Rgemiules on of a

programmable voltage divider;

Fig. 7 is a detailed schematic diagram illustrating one exemplary implementation of a
20 constant temperature mass flow sensor in accordance with Fig. 6;
Fig. 8 is a detailed schematic diagram illustrating another exemplary implementation of
a constant temperature mass flow sensor in which the common reference leg includes a
programmable voltage divider;
Fig. 9A is a schematic overview of a constant temperature mass flow sensor according
25  to another embodiment of the present invention in which the upstream and downstream
resistive bridge circuits share only a portion of the common reference leg;
Fig. 9B is a detailed schematic diagram illustrating one exemplary implementation of a
constant temperature mass flow sensor in accordance with Fig, 9A;
Fig. 10 is a detailed schematic diagram of a flow sensor amplifier circuit that may be
30 used with any of the embodiments of Figs. 5-9 to provide a flow signal having a range that is
symmetric independent of the direction of flow through the mass flow sensor; and

Fig. 11 is a detailed schematic diagram of a variable output power supply which may be
used with any of the embodiments of Figs. 5-9.



constant tenperature mass flow sensor in accordance with Fig. 9A Fi
Is a detailed schematic diagramof a flow sensor anplifier C|1r5:uIAN Zﬂabt may
be 30 usgedvdslolivesny of the enbodi ments of Figs. 5-9 toP@EﬁJ‘éh@?/ﬂf’zsy ow
signal having a range that is symetric independent of t direction of
flow through the mass flow sensor; and Fig. 11 is a detailed schematic

di agram of a vari abl e out put power supply which may be used with any of
the enbodi nents of Figs. 5-9. 15 JAN 2007 WO 2004/010091 PCTI US2003/ 022337
-8- Detailed Description Enbodi nents of the present invention will be’
under stood nore conpletely throumtélpeggfol Itovm ng detail ed description

whi ch shoul d be read in conjuncti tached drawi ngs. Figs. 5,

6, 7 and 8 il | Bsbodimen ofiiherpeesend inveltidnewitine uﬂmxoddlmnesenﬁle‘re@ tamaglruﬂé ng to

5 vari ous odi of .the pr.esent,.i.nvention. In ea of _Fi
ond 6 Ot aSTTRRR: R ofubt A B0 el an SRR 18 b fragines
resi st or, and Fg‘éeSr e,rmmddaemumra&tanurrfﬂar 6&[3&&51&%& ﬂéxh@exﬂ&\éﬁa&ohﬁﬁg%cm | or
' sens circuits of or art, cojls RU and RD are

resistor. As in
di sposéd afm%%a@bef 5‘55‘:59 BQYCF?%HE'G%FE%#H aacgeﬁg’csﬁ Sebriaand 8. theFefesanetn)
t hrough V\Ifclbﬁéha&)rﬁlu%]ﬁescﬁﬂs Seupstiantidill SFeshishe, b Refert it d%ﬁéﬁ’ﬂtctrlﬂb' rgprbé‘éﬁfsUdes

any nmateri al conbination of materials in a 1o solid, liquid, or gaseous
state. Eadl¥ Wé&amscqﬂ@r ESitoRDAR sthe sensergircuitsof Siepsionsrt. icails Bu arwel%u areal

t hermal cgq e f | h coils
R RD Ve bt AR R St ol (S0 0 P B oot 1<
RU and RDflaies. Asflefined herein, ﬁeieémrﬂl@émcblgew matwlahm@gmumb@orequa@mamned t hat
the prigsenpyd, 'ﬂ}{ﬁatdr cods Rt so limted. For exanple, the upstream and 15
downstream coi l's ne not be coils that are wound about the exterior of
sensor condw tEamfcoﬂm&umRuiraﬁedlargfrmdlshmtialdmidbnﬁcalethml tefficient bfat  ar e

sinmply aff f condui Such t gensitive
resistors ne %’c ?éhﬁgz\i/tzﬁ%arg%%&{c g% H%OES%Q%%Phéﬁesndyl "Rmpgatgre. g’g&'ﬁ\éﬁi’tt fe or
ri bbon shapsreamsiné downstoar coibsrRy dndeRpsps tefeemdntalndein avtesils, ershaudd bes need not

be dispo of. t he [ dui t for certain fluids,
such as a;% gre?lﬂgé Q‘S‘i t]ﬁgprr% ?Pﬁéerﬁ’ﬁneﬁ% S%B’H‘t?/ﬂc't framiple, gl?r’r’é’ﬁ‘? uit. In
addi tiien, dammmgrcoemmmdnmwsumattanewpmmem thd dx¥weiot 6fsensdF Cornd@R Gt bed i n
terms of a

nsor, .t he esen in.veti s not so ljmted, as
aspect s ofmatyhgsf%rfrgggr?fn &gﬁsﬂﬁ“@rfeﬁ'ﬁ El?éatt ﬁrgé’di“ tg‘f‘?#etf’ tBESHTIORPT BRSENSGE whi ch
vari at i onsonduitt [Sach lﬂﬁsseﬂilﬁw}esmﬁrsaeédag)t Bdvea coR&d shhpey & they A@PhAlelaCUI t 1S
i ndicative of a ch p t varies ,wth resistance. 25
At hough. E0e e Gt aabive hffody Sioibvt e et SovpiEss cplsapaiot b
i nvention d&@@sed%ﬁlﬂ&re&tdﬁoﬂﬁﬁlﬁdﬁﬁmr@&fhuﬁpm&ﬁﬁmﬂh%'s%&li ¥Eail) e LB by U1 1S

to set thete %ture and
dispose 1n the sensor conduit. In addition, although embodiments of the present

invention are described in terms of a mass flow sensor, the present invention is not so limited,
as aspects of the present invention may be used in other applications in which variations in the
resistance of a leg of a resistive bridge circuit is indicative of a change in a property that varies
with resistance.

25 Although mass flow sensors according to embodiments of the present invention use
separate upstream and downstream resistive bridge circuits to set the temperature and
resistance of upstream and downstream coils to an identical value, the upstream and
downstream circuits share at least a portion of a common reference leg. As a result,
embodiments of the present invention do not require the close matching of component values

30  and characteristics that is required in the separate upstream and downstream circuits of Figs. 2-
4. Further, in those embodiments in which the shared and common portion of the reference leg
includes a programmable voltage divider, the range of resistance to which the upstream and

downstream coils are set can be varied to accommodate a wide range of ambient temperatures.



resi stance of upstream and downstreamcoils to an identical ige I;lg gﬁﬂ
.upstream and downstreamcircuits share at |east a portion of

ref erencWwQ 294/0091 result, enbodi nents of the presentpdcTruSbi/e@3o not
require the close matching of conponent val ues 30 and characteristics that
Is required in the separate upstream and downstreamcircuits of Figs. 2- 4.
Further, in those enbodinents in which the shared and common portion of the
reference leg includes a programmbl e ¢/0l tage divider, the range of

resi stance to which the upstream and downstreamcoils are set can be
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t he doMnsttereamal. The @QadltOQOm rim&tantsmeltarge@msmt atthe noremvérang input cefthetfiystt he
upstreamcir feanm | Slapeult 20,1 ncl ude ond anplifier
b and s STt Uoheadieo L REAR e 3D i BamEr o ERARE T
second varciratit 20.r esi stor RD that I s connected between the output of the
second anplifi 2 and the reference term nal. The,invertin -) input of
t he second arrpefﬁ'?g‘?msfﬁﬁa‘? grewd tlezfgdf?‘f“dlaﬂosﬁ c@ﬁﬁ?&%ﬁ“{tdaaﬁﬁé{"%‘éﬁ% of the
seri es conrdregit B@mcmﬂestafbeccﬁﬂ&ﬁipdﬁéﬁfoj il @rseriiofomitetidnte a seEO Fedista Rl €
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resistor RD.thr a resi.stor
capaci ¥or SR ﬁgﬂgw%w 1ahs¢ T‘?‘Sté’b adat IsEopscird g?fwf’?fbthﬁ Qytpviof e seedsecond
anpl ifier aHibhﬁBﬂJH]ﬂ thd WRFdnbd@rminal. mhetime& chﬁ} uﬁﬁﬁmﬂe AP d driphifieldd; is The

non- |nvert|ntgr(a I nput, of the second anp i er IS
electrically connected to a mid-point of the serles connectlon of the second resistor Rpg and the

second variable resistor Ry through a resistor Rp;, and a resistor Rpy, in series with a capacitor
Cn: is electrically connected between the output of the second amplifier U, and the inverting

25  input of the second amplifier U;. The non-inverting (+) input of the second amplifier U is
electrically connected a large valued capacitor Cp, that is connected to the reference terminal.

As shown in Fig. 5, the circuit further includes a common reference leg 30 that includes

a first resistor R, electrically connected in series with a second resistor R, that is switchably
connected to each of the upstream and downstream circuits 10, 20. The common reference leg

30 Ry, R sets the value of resistance to which the upstream coil Ry and the downstream coil Rp
are set and acts as a voltage divider. Switches 1, and 2, are connected between an input of the
voltage divider formed by the series connection R, and R; and the output of the first and

second amplifiers Uy, Uy, respectively. Switches 1p and 2p are each respectively connected to



el ectrically connected a | arge val ued capacitor CDI that is connected to
the reference termnal. As shown in Fig. 5 the circuit furtysrjingdppdes a

comon r@\f(?i(ﬁ)%ﬁmbleg 30 that includes a first resistor %T@h@@’éﬁg |y

connected 1h series with a second resistor R2 that is s onnect ed
to each of the upstream and downstreamcircuits 10, 20. The common
reference leg 30 RI, R2 sets the value of resistance to which the upstream
coil RU and the downstreamcoil RD are _set and acts as a vol tage divider

Swi tches 1A and 2A are connected betwséf-an i nput of the voltage divider
formed by the series connection RlL and R2 and the output of the first and
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the non-i N§¥ i‘tithﬁnc?“ﬁlﬂgetm%ﬁ mP‘I‘fé’%?lFer t%%ﬁ‘ﬁjm “lyﬂ*.“iysﬁ‘l’ﬁqgép? fyme H'%‘Y‘Hg“ t he
tinme interwith the combs fefirbie G THRO coficBicd B Be li6WndiRat efrcioMASFhed to the
downstream ci rcui t when 1o switches, 2A and 2B are 0{) ), th

i.e., > . 2F en), the
capaci tor %ﬁiﬁh%ﬁpéf?m%repﬁ@)m tapgeitor Cpemaigtainsihe voliags 1aved at theyepn-inkesting

term nal ofpit femBREOMAe KOMd dipfiifiel8,. | N operation, the sensor circuit
behaves as ?vvo constant tenperature driver circuits sharing a conmon

ref erence | eg. Isoperativasthe seaser circuif behgvstag meqicansipntdemperaurs shiMersircyitse
reference oo 0 ; Lheuits

al t er nat eléfllsl% 1c and r%%f%ré%é lﬁ%'l gkpﬁlgygg%?g%]s?@ §9g¥@§9?§€%§gﬂﬁmen t he
cor r espondeferenseiies A R and Koblpdlre upireant andgiownsingani discuits dlitrmetetyy 6% suk@pit hat

RUf RUR, = KAl : : . 5 / R1.
Qhor i e ibe sabileRARALe ML Wity e AT ARAMICRS R THTRE | i ¢ cam
vol tage |ampdifier Wuseaved sivib thas RuGur <t RefR s lihie second amplifier & serfvos soghat Rip&Rpr

P LA b B A ST 0ol B B o
vol t age | eewdlsViyahdVislbarDeanthe senies cinneation df the fipst essisthe Rag andthatirst Viaiables
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exanpl ey i Rp.OTie velthgdeveisVy add Wy edithen befusdd-to YEIIAS abigndl s intiiogiveioga!  t hat
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further bedoieRy,Rare disposed. For example, in one embodiment, the ratio of Vy-Vp/Vp provides
the signal that is indicative of the flow rate of fluid, although other comparisons of the voltage
levels Vy and Vp may alternatively be used as discussed in detail further below. The
25  remaining components illustrated in Fig. 5, namely Ry, Ruz, Cuz, Rpi, Rpa, and Cpy, are used
to stabilize the first and second amplifiers U, and U,.
It should be appreciated that because the upstream and downstream circuits 10, 20
share a common reference leg 30 that includes the identical components, the sensor circuit of
Fig. 5 dispenses with the need closely match these components. That is, because both the
30  upstream and downstream circuits share the same components of the reference leg, those
components are necessarily matched. Thus, in the circuit of Fig. 5, although the ratio of Ryg to
Rpr should be stable and the resistance of Ryg and Rpg preferably have the same value, it is

not required that they be identically matched. It should also be appreciated that in the



25 remai ni ng conponents illustrated in Fig. 5 nanely Rut, RU2, CU2, RD1,
.RD2, and CD2, are used to stabilize the first and second anpbi JAN2807U1L and
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downstreamcircuits share the same conpgnents of the reference I eg, those
conponents are necessarily matched. Thus, in the circuit of Fig. 5,
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and se_cond amplifiers U; and Uy, respectively. The circuit of F ig. 6 also includes an amplifier
or range circuit 40 that may be used to provide greater range for the voltage signals Vy and Vp.
In the embodiment depicted in Fig. 6, the voltage signals Vy and Vp, are provided to an A-D

25 converter 50.

In contrast to the embodiment of Fig. 5, the sensor of Fig. 6 includes only two switches,
switch A and switch B, that are used to switchably connect the common reference leg 30
(formed by resistors R; and Ry) to one or the other of the upstream and downstream circuits 10,
20. In the position shown in Fig. 6, switches A and B are both connected to the upstream

30 circuit 10, although at a different time they may be switched to be connected to the

- downstream circuit 20.
In further contrast to the sensor circuit of Fig. 5 which included a fixed voltage divider

forming the common reference leg 30, the circuit of Fig. 6 includes a programmable voltage
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20 _ In Fig. 7, the resistor Ryp is formed by a parallel combination of a number of like

valued resistors to achieve the desired precision in resistance values, as is the corresponding
resistor
Rpr. It should be appreciated that other ways of providing these resistors may be provided, as
embodiments of the present invention are not limited to the particular implementation shown.
25 The common reference leg in Fig. 7 is again formed by the series combination of R;
and R,. However, in the schematic of Fig. 7, the output of the voltage divider may be set to
provide a wide range of values. Specifically, based upon a course resistance adjustment signal
PWM_ICOARSE that is provided to transistor Q3, and a fine resistance adjustment signal
PWM_IFINE that is provided to transistor Q4, a range of resistance values may be provided
30  for the resistor R,. Thus, by appropriately modulating the course and fine adjustment signals,
in terms of frequency and duration, provided to transistors Q; and Q, a range of resistance

values may be provided.
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values, 1n a manner 51mllar t0 Fig. 7. It should be appreciated that other ways of providing

these resistors may be provided, as embodiments of the present invention are not limited to the
particular implementation shown.

25 In a manner similar to the embodiment of Fig. 7, the common reference leg 30 in Fig 8
includes a programmable voltage divider that may be used to provide a wide range of resistive
values and thus, division ratios. However, in contrast to the embodiment of Fig. 7, in which
the output of the programmable voltage divider varies in accordance with Pulse Width
Modulated (PWM) control signals PWM_ICOARSE and PWM_IFINE that are provided to

30  separate transistors Q3 and Q4, a single multiplying Digital to Analog (D/A) converter circuit
is used instead. In Fig. 8, the D/A converter circuit includes U50-B, U4, U13-A, and C109. In
the illustrated embodiment, U4 is a sixteen bit multiplying D/A converter that converts a

voltage level to a current. The current is converted to a variable output voltage through the use
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in the delay is believed to be attributable to the reduction in the time constant of the RC filter
incorporated into the sample and hold circuits (i.e., U32-A, R155, and C111 (Cy;); U32-B,
R156, and C112 (Cpy)) in the embodiment of Fig. 8 having a time constant of approximately

25 0.33us. Although the embodiment of Fig. 8 is significantly faster than the embodiment of Fig.
7, the embodiment of Fig. 7 provides a lower cost alternative to the embodiment of Fig. 8.
Moreover, it should be appreciated that response time of the embodiment of Fig. 7 is still
approximately twice that of conventional mass flow sensors.

Figs. 9A and 9B illustrate a mass flow sensor according to another aspect of the present

30  invention in which only a portion of the reference leg is common to both the upstream and
downstream circuits 10, 20. As in each of Figs. 5, 6, 7, and 8, the reference designator Ry
represents the upstream coil or resistor, and reference designator Rp represents the downstream

coil or resistor. As previously described, coils Ry and Rp may, for example, be disposed at
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connected between the non-inverting (+) input of the first amplifier U; and the reference
terminal. A resistor Ry is connected in parallel with the capacitor Cy;; between the non-

inverting (+) input of the first amplifier U, and the reference terminal. The resistor Ryy forms
25 aportion of the reference leg of the upstream circuit 10.

The downstream circuit 20 is similar to the upstream circuit 10. The downstream
circuit 20 includes a second amplifier Uy, and a series connection of a second resistor Rpg in
series with a second variable resistor Rp (the downstream coil) that is connected between the
output of the second amplifier U, and the reference terminal. The inverting (-) input of the

30 second amplifier Uy is electrically connected to a mid-point of the series connection of the
second resistor Rpr and the second variable resistor Rp through a resistor Rp;, and a‘capacitor
Cp: in series with a resistor Rp; is electrically connected between the output of the second

amplifier Uz and the inverting input (-) of the second amplifier U,. The non-inverting (+) input

i
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circuit 20 includes a second anplifier-U®; and a series connection of a
second resistor RDRin series with a second variable resistor RD (the
downst r eanPtihe pecondramplifier Boisredastrisalletnneded 4 large valutdetpacifor Chethaigs ond

anplifier r .  nal... The .inverti -), input of the 30
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(+) input PonaiN.2007 VO 20 /010091 PCTI US2003/ 022337 -16- of the second
anplifier %Ecl 2oy caErted 19 9ng 0 @‘HHBW@B% Aowrstrearn ciruifs d@PAvia avesi@Btivet hat i s
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second anpleFfiPbfau Rap yiashiches e prdrpdo fermhe eeforenri degrof sachtof theRpBirdaorand  a
portion of ddwisstrédei CiF GRS 80,260 TRE refdénct MEH BTG gyt %Fig%n?%é@ﬁ Pgﬂf’"‘“ In

Fig. 9A the circuit further includes a common re
swi t chibl yWiR ARk Koy andRaprfets gte valve of fesistaneato avhithdbewystreanacoitRy adithe 10, 20

via a resp@vskeam oM .5 ke k& iy C n s esistor. s eJectrically
connected in series wltgheongﬁ‘g%tszéeasvﬁgt?%er& oS ’W’ﬁ%&/}l’t 3B and 2B

to form t HeOnpesiethetiveen|an inpufofdkectoltage dinidenfostadayrthasetles chanasibn RABRCnECUI t S

10, 20. T f I | d by the_.seri connection of Rl 10
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As shoyn, swidlich I co ct.ed ween an_input_ of the voltage
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out put of andewiches 24 anti2swarb irtandsm, isidhethst sbitcheb2, afERRAA bivikley 2, S ,Ches

1B and 2B %gﬁ%@%ﬁggr%?%gggtg}%?s%%&%%nect ed to the output of the voltage

di vi der an on v put of the first and second anplifiers

Ul and U2, resgdcingepérptionSwitohBEE,, 14 and shvildRes %QB il Ghas) éﬁe&ﬁ% B work in
t andem sucq-hse%llgoaéo svm%ches | A apd 1B and sw tches 2A and 2BP&r & bot h open
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to one of ¢the. lII6)?t ream and. downstream circui
cireuit 10 (i.e., when switches 14, Ip are open) the capacitor Cy, maintains the voltage level at

the non-inverting input of the first amplifier U;. Similarly, during the time interval in which
the common resistor R; is not connected to the downstream circuit 20 (i.e., when switches 2, -
-and 2p are open), the capacitor Cp; maintains the voltage level at the non-inverting input
25  terminal of the second amplifier U,,
In operation, the sensor behaves as two constant temperature driver circuits sharing a
- portion of a reference leg. Switches 1 and 2 are switched rapidly to connect the reference leg
(Ry and one of Ry or Rop) to the upstream and downstream circuits alternately. Cy; and Cp,
hold the sampled reference feedback when the corresponding switches are open. The first
30  amplifier U, servos such that Ry/Ryg = Rau/R;. The second amplifier U servos so that Rp/Rpg
=Rap/R;. Other amplifiers (not shown in Fig. 9A) pick off the upstream and downstream
voltage levels Vy and Vp between the series connection of the first resistor Ry and the first

variable resistor Ry and the series connection of the second resistor Rpr and the second



20 20. During the tinme interval in which the common resistor Rl is not
.connected to the upstreamcircuit 10 (i.e., when switches | Al51BAMI20Topen)
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the common resistor RlL is not connected to the downstreamcircuit 20 (i.e.,
when switches 2A and 2B are open), the capacitor CD1 naintains the voltage
| evel at the non-inverting input 25 tenminal of the second anplifier U2. In
operation, the sensor behaves as two constant tenperature driver circuits
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now described with respect to Fig. 9B.

Fig. 9B illustrates a schematic diagram of an exemplary implementation of a mass flow

sensor in which separate upstream and downstream circuits share only a portion of a reference

25 leg accordihg to-an embodiment of the present invention. In Fig. 9B, those portions of the
circuit performing similar functions as described above with respect to Fig, 9A are indicated by
the same reference designators. For example, in Fig. 9B, the first amplifier U; may be formed
by the combination of the amplifier U53-A, capacitor C71, resistor R159 and capacitor C146,
transistor Q1, and resistor R153. The downstream amplifier U, is formed similarly from the

30  combination of amplifier US0-A, capacitor C105, resistor R160 and capacitor C147, transistor
Q2, and resistor R154. As in the embodiments of Figs. 7 and 8, transistors Q1 and Q2 are used

to provide sufficient current to each of the upstream and downstream coils Ry and Rp.



R2D may be replaced with a progranmabl e voltage divider. Thus, with
appropriate control of 20 the programabl e voltage divider, a programmble
t enper at U‘Q@ZB%Z? sinsor driver may be provided. An enbodi nent5 ofANa200T ow
sensor th NoRes a progranmabl e vol tage divider is PEIWR0BO22352d with
respect to Fig. 9B. Fig. 9B illustrates a schematic di agram of an exenplary
I npl enmentation of a mass flow sensor in which separate upstream and
downstreamcircuits share only a portion of a reference 25 |eg according
to an embodi nent of the present inventrdh: In Fig. 9B, those portions of
the circuit peg{ng; g m lar functions as described above with respect to
Fig. 9A are indida8ed Fh?TE%WSM@%&msdm@rmtd)b)sap&ﬂlelmﬁdt@n in
Fig. 9B, tbﬂaiﬁumt&;—oﬁ]ﬁ]&waidg he.conbi nati on of the
anpl i fier UB3-A  capaci tor %;%or%c@ﬁ){ﬂéﬁ%ﬁ °1513Bé&'iet°"6tf“““€i'ﬁlées ina

transi st or MéAner similar wfigs: §andg 5 Bowaves ldshmlsltbeaﬁpreaﬁrﬁdlthﬁt &herWyd f f or med
simlarly $loQilidsh D - capaci tor C105,

resi stor f’ 60 dagnﬁesgg%ggﬁ ﬂn%&‘,é Vfa%dr’ gggs)m J&Pe"t@ﬂh%wasm Qvetign arpgl. As in
t he errb6d|H’@H@%méhemlarmalnmeﬂatxmrshmm stors QL and @ are used to

provi de suffici of th st ream and downstream coils Ru
P R, w0 oo B e iR bRFiE A6 uRispblq ecBips Ro et pompgn g swclEpfthe 9B, each
of the res¥psireans R dovansticaRDrdusts agahﬁaﬁl@feﬁﬁt@riwt@m%i@éd §forfaQToi nation  of
a nunber olg % fhaﬁl@vﬂ si,st.ors t.o achieve esi reJ precision in

resi stance v i'n ‘ﬁ’ﬂﬂ‘f{éﬂ’c‘gﬁ'wa&P“ﬁ'@mwQ@Rﬂ)ﬁm Wsirddoveder , it

shoul d be @qmse@ammmmtmemhea vapyesia | i gtors may be
provi de, (?j 88m Ebrﬁgl nen 15 . he ngr esefﬁlt ‘;er:’ereugﬁrgntﬂ%fz Ie"Qﬁ@?‘ éuq% hted to the
particul ar ng eﬁ?“&? e@ BW’iitw? thatmey kemsedderdithoémbadimend Bf Fig BB mapr ed

resi stor Rfarjtfram approﬁlﬂmt’el)ﬁo 770 RALE3401n @h@?ﬂu B@& Enﬁgﬁﬁxﬁerg,rthMSt re%egl reuits
S avarlabl§ﬂ%§ &rﬁthat can _be used orma pro age
di vi der in¢ HAE PGS amyitipl F?ZSJIHQHI mbladﬁg (Dfﬁ@) Qqnsd:rmammﬁat itdestgeam
circuits tIOlﬂ@ArUli-BaCI@’mgﬂ refi isand. t hus i SI on ratios.

For 10 exar ref erence l eg division ra by t he
embodi nent® Yerigf that converia voltage level tm\@ppnb)d‘hmmeéry pﬂwﬁ%@ by ﬂxe(b/ﬁ%ﬂnvehgr the
i I'lustrat Gdc@ﬂ‘&ﬁdﬂtﬂﬁ% Hid\&ir e5| sto gl udes a

T ks HBiehhe LB FpBliac VI i adoendus,

mul tiplyi ng gltal to Anal og
U13- A, ULFEHSIOrERAE0 andryl 1r3e§ogmn§hm¢asamdm1c3nndd&d itSa Seldztor s@fRdh, bi t

~mul tiplyi NPusbakd &9 0 a,voltage level to a current. The
current prOVSI ded b Bé{%ftsgft&ﬁ on\éé&f?jér%s’t@at gerB%tﬁWgP’P@ﬂtql%Sl@“\ﬂaﬁl%We tout put

vol t age t HPETRIM and éowss@reem dawplstgﬁalsa(reg ltHCBdrﬁrearB SmB A enfitRsd &m &ﬁRllo
ctor s

and R113. ected . to_a sele
i1 lustrat e@ogimga%%ﬁﬁg t%%k stthgerslv S@Bcap%cﬁaiCHthéldetttettlynluatqaect t he

shar ed?0r e SREeW VolRige spike wpsd sveitching mdmdmhéﬁﬁﬂﬂcﬂddvﬁﬁuéing%}és §finGarive' N®
drive vol ts%ggsy gnal at the emtters of QI

In contrast to each of the previously described embodiments of Figs. 5-8, each of the
- upstream and downstream circuits of Fig. 9B also includes its own portion of the reference leg.
For the upstream circuit, this portion of the reference leg (denoted Ryy in Fig. 9A) includes
25 resistors R166, R139, and R27, and for the downstream circuit, this portion of the reference leg

~ (denoted Ryp in Fig. 9A) includes R127,R136, and R114. Each ofthese reference leg portions

is switchably connected to the common shared resistor R; by a respective sample-and-hold

circuit (U32-A, R155, C111 (Cu1), and U53B upstream; and U32-B, R156, Cl112 (Coy)
- Us0

and
-B downstream). As in the previous embodiments, during the time interval in which the

30 reference leg is not connected to the upstream circuit (i.e., when switches 1,4, 1p are open), the
4] ’

hold capacitor Cy; (C11 1) maintains the voltage level at the non-inverting input of the first

amplifier Uy. Similarly, during the time interval in which the reference leg is not connected to



@, hereinafter referred to as "the drive voltage"). The capafm @8%07 S
.used to elimnate a 20 narrow vol tage spi ke when sw tching be tream

and downwiOr29041919081r ces of the drive signals. |n contrar/vs0esaeks3of the
previ ously descri bed enbodi nents of Figs. 5-8, each of the upstream and
downstreamcircuits of Fig. 9B also includes its own portion of the
reference leg. For the upstreamcircuit, this portion of the reference |eg
(denoted RZU in Fig. 9A) includes 25 rggi.stors R 66, R139, and R27, and
for the downstreamcircuit, this portion of the reference leg (denoted R2D

in Fig. 9Ae &Msﬂ%ci%ﬁ@e”mﬁ,swﬁ@l%s?%%ﬂd 2526 Bpedl), thd W3 cdpalifer @B,&? | eg

portions is switchably connected to the common shared resistor by a
respect i vanagtains the yalaggdevel at dhenonrinvertinpinpyt teemirg! ofithe second anplifigntd:. US3B

upstream and 3dafs 38 Facebthlbod S RIS BT adheldy e

previous enbodi nents, during the tine interva rence
| eg i s notofedridgacditstitithe seheor gisentit ofdiig.GBr aparates (i the followirgmannet. (Fhes ' A, |1 B
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the non ] sisbfued MteabiaRA Gl refdlorlySr ol O Boneiciind b B8R Gt g e
time int erasslciated sedsordviltRyeand Rpdrmhihes itegmperatued) by clunging ek drive 1bltagédtd 2007
WO 2004/ 0%&0@1 PCT/ US200 /322337 -19- the downstream.cjrcuit %j . €., when
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| evel at tthesensoncoihioewdrinng. Baghibridgerinilidh a efferbve 1@RREi&TBMbinafdn JFR,

Recal |'i ng tQ t each of the .u&sﬂtr% m an ownstream sensor coils Ru and RD
are one | @99 Rap onthgserigggombipginnof Ky gad Kan) dhst proyides somedempsrajuressispesdent at es i n

t he f ool OHivigion kB.Sind aEmoﬂega&@ié'tiag QﬂmUE?e‘ilEdr%éﬂP Hcéadk\eﬂa_ﬁafﬁ‘egﬁb fleisiepr |
ITS asSSOoCl at ed sensor col

anplifier (Ul, U2) controls the resistance of 5 i
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bri dge. | s Rasisad 8 trtIRorMORE A9 thd NnSRIESILRE tﬁéj«{?ﬁﬁﬁlﬁe tcBﬁﬁée&fhﬁdéle
sensor coi], causing _the sensor coil to warm up. Eac rlgge I ncludes a
reference qoygst{e@méog&oipé@ its derdiend theapsiger Rar. Thagensulee s adhvdsiorentief

conbi nat i qQ/@c+k Al the FAR a&zﬂfi&er Qérﬂﬂlhgﬁ)ssemggcrpgr? T tgﬁélic‘fl'tﬂa‘%ﬂﬁfi"sﬁicﬁl%ti 1o

division ratio, and a sensor g consisting sensor coill plus Tead Re
and a Yer itetherdidsian vgtio ofkbe rqference leg fRrmed MORY serigpeombinatiop of Reamh Ruysaretiet 10,

t he sensorg.j: ji f e t ] i d the

resi stor I%Slll?&'g:fo gﬂrmt§ %@%ﬁv\n‘a\gcﬁ ?é%%ié@%?ﬂehgr@gﬁ@%ﬁﬁla'é‘é’slédoﬁgfg >of the _
downst r eaR1d6i and Ri)1) faedsiatprogranmatin fractivs of exchside's dRRRvoltipetosiemside's | eg has a
division ratin of ) t dr i |ifier ' servos,
att empt | nderRRlt e TRA RS, CF RS Bt i B %, e

r ef er ence UgB Bownstrdarh)y t he series conbination of R and R2U, or the
series,.conbi nat,i 0

n.of R. and R2D..The D/ A converter gircuit,. . UL3-A
U13- B,%°C109, F%f?ﬂ’b‘?m%%‘h‘d?ﬁq °T§)%Wét8&%s‘%°’d?3’§5r 3o on Flen F“&fh‘gi each side's
drive vol taampdifits, didiawhenithteD/s\ conaentdr és sentd-0) the YoRdge atiht oltpRiorAT1 3R, C111,
and Us3B y cségrrd?nagw, b(l)'%]% %irx?ple-lz?nlgiﬁéld %rcu]itzs'»’prgdage 0V at their outputs (U53-B upstream,

U50-B downstream). The non-inverting input (+) of each drive amplifier (U;, Us) sees

0.77032 times the corresponding drive voltage, and servos to set the sensor coil+lead resistance
25 1o 3.3539 times the corresponding Rs. When the D/A converter is set to 1, the voltage at the
output of each sample-and-hold circuit is equal to the corresponding drive voltage. The non-
inverting (+) input of each drive amplifier (U, Uy) sees 0.83398 times the corresponding drive
voltage, and servos to set the sensor coil+lead resistance to 5.0235 times the corresponding Rs.
Intermediate D/A settings provide intermediate sensor coil+lead resistances linearly
30 proportionalto the D/A setting.
It should be appreciated that sensor drive circuit of Fig. 9B provides a number of
advantages over conventional sensor drive circuits. For example, when the drive voltage

changes, the voltage at the non-inverting (+) input of the drive amplifier (Uj, Uy) sees the
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Impliementations of the embodiment depicted in Fig. 9B were incorporated into a mass flow

controller, settling times of 100 to 130ms within 2% of the desired final value were obtained.

It should be appreciated that the above results correspond to a settling time that approximately
one eighth that of conventional mass flow controllers.
25 Referring back to the embodiment depicted in Fig. 9B, this embodiment includes

several components that have not been previously described in detail. For example, resistors
R159 and R160 are provided to limit transistor base current in output transistor Q1 and Q2
during start-up and over-flow conditions, when the output of the driver amplifiers (U, Uz)
exceeds the sensor supply voltage (at the collectors of Q1 and Q2) by a substantial amount.

30  Back to back diodes CR14 and CR15 prevent damage to the base-emitter Jjunctions of Q1 and
Q2 if the outputs of the drive amplifier U53-A and U50-A (U1, Uz) go to the negative supply
rail for any reason. Capacitors C146 and C147 are not used at present but may be used to

implement future changes. Resistors R153 and R154 provide a small amount of sensor current
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cont r ol | erasstarap, A8 ERdurd thk ﬁ@p}iﬁ&&ﬁ&@%@@l@%fiﬁ@&ﬂ%ﬁ@%&%&iﬂ ch&h'veQF?/ this

enbodi ment includes several conponents that -have no €en’ previ ous
descri bed Tegatiyevelfage. E3P apd Happaavert g single prlse tranBWMAFLRNDInt@meopsripyi ded t o

limt trangl ' ' | 1S . i
start-up %ﬁ%léggirg?g$ F%&vﬁ(b:%gg%?%’%g?%hle?ﬁe ou ‘Bﬁ%w‘c%‘ efﬂ‘edmgr% f 3%#1{%%% ifiers
(UL, U2) ZexUeeatUBRe sensor supply voltage (at the collectors of QL and

@) by .a subst ! A di CR14 and CR1 revent
darmage to t he ggsl"g?}esn}?i {Itg glr?& F&ﬁfg?‘lﬁgc%éa%tg rs?%hﬁﬂ%le(ij@r?f’seaﬁ%pr(?‘(f?gﬁ?%spof t he
drive anpliréspprse uig-cértain dirdumistaticesUln padiulayintearly protonggsivherein sespryR27 ai |
for any r n acito Cl and 7 are not .uysed at present,  but may be
used to i%ﬁ%géh%ﬁ?‘%fcﬁﬂﬁ"%agﬁgé‘gé%gmﬁé% Geut ﬂi%@giﬁ‘fg tostapilizs, SOVIERE & sl |
anmount  of vstyﬂsmeCgainﬁﬂﬂheﬂﬁve}wrﬁﬁhiion%?ﬂﬁqeﬁgm@&l}ﬁ@g&ﬂ@@ 3%3;25137 -21
at start- t nsyr e t.amplifier offsets don't |lead to the drive
anplifier @{O?yﬁwg’ ?g‘; ?ﬂ'qtlg?g 4 treaﬁ'!&;'ggflpg lggo"rq 8 RAMAL0RYLATA) prdyeadt a
si ngl elopu|08&illitroﬁivﬂﬂimrﬂe%plﬁﬂ&@sld§xﬁxﬁﬁgrriiﬂto-ﬁh%@&le;%&@ Bgtlo% hise! ﬁﬁ&Zirég (U5

an

USanpl e, and DS e used to drive switches |IA and ] B and
and U32). ’?lﬁi\%’éﬁg%ﬂd Rl pandrapasitors C1ahend elradirevsnts theeptireshengeimdriver e used

to provi dgoRadedm sHOWERORSA thetFRE mﬁ%%ﬁ?e@hgﬁg{vaﬁffgy&%ﬁﬁﬁmkﬁaﬂg{j%%gr L

early prototypes wherein resistors R2 re connec Irectly to

ground, t H&luEs shewntandeghe B4 set o), eppreximetghyi 98.%% of the gltimatenhangeecgurs ow AC gai n

I n the drijmgk ; | ' o} Sri : d stream and

C105, C108, &%@9%3’““%“1? Iglgﬁﬁs‘{gﬁgés :‘9@%3"%‘ %élagﬁ%cﬁ%%%t?l}n 5?@57/ I°*OR114/ R21)

produckd shetsdasin fhe nosrinverting (hinputdienelelogspiuch higher AT gaiminthe drive - t o-r ai |

180 degre ine A i 4 an apacitors C
%ﬁgﬁﬂ&, thh&ﬁ?:?a@mg Ver un%ﬁﬁle,sﬁlgsr ﬁloﬁ?@%&%&aﬁéésgow g(f’rﬁ%

124 and C 125 prevents the entire change 1 n 0 oW ng up
at the drichangasmplifier non-inverting (+) input imediately. Wth the:

val ues shown, . oximately 98.5% of the uliiate
change otcurs ﬁ?%@?g&uﬁf%gw ér%m?%detﬁggﬁr%?pﬁgﬁéc I?4%Q?oegr"lﬂ(i‘\‘/‘1°‘ ™RiiE R i e
const ant @fe specifO® the desirhd speratioyal tharsdtéristits dfalie mmsstfloe seMNOr, iafy @e rirds of +)

constant_fe speil d aperaopel tharsitéstis a3 s Ry B i of
ki ngit ot s BAer htich 1 TRed e el it o Peicr ety dBoient kg

of flow and/or different operating conditions, it should be appreciated that the component

values shown in Fig. 9B may be adjusted accordingly. It should also be appreciated that other
changes to the implementation shown in Fig. 9B may also be readily envisioned. For example,
for lower cost implementations, the multiplying D/A converter circuit of Fig. 9B (including

25 U4, U13A, Ul3-B, C109, and resistors R110 and R113) may be replaéed with a D/A converter
circuit similar to that of Fig. 7, in which pulse width modulated control signals are used to vary
the output voltage provided by the voltage divider.

In each of the embodiments of Figs. 5-9B described above, although the ratio of Ryg to

Rpr should be stable and the resistance of Ryg and Rpg preferably have the same value, it is

30  notrequired that they be identically matched. Accordingly, each of the embodiments described
with respect to Figs. 5-9B above dispense with the need to closely match component values

and characteristics as required by the circuits of Figs. 2-4.
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20  fluid is calculated based upon equation 1, the resultmg flow signal is highly asymmetric,

having a linear range that is substantially larger in one direction (e.g., when the flow is from
the upstream coil to the downstream coil) than the other.
However, according to a further aspect of the present invention, rather than calculating
the mass flow rate of the fluid based upon equation 1, the flow rate may be instead be
25  calculated as: '
Flow = K*(Vu-Vd)/(Vu+Vd). Q)
The above definition of the flow rate of fluid is also (ignoring temperature-dependent fluid and
sensor material thermal properties) independent of temperature. However, because (Vu-Vd)
and (Vu+Vd) are both symmetric functions of flow, the flow signal is also symmetric. This
30  symmetry permits the sensor driver circuit to perform equally well with flow in either
direction. Thus, when it is desired to use the sensor in a reversed orientation wherein the
“upstream” coil (Ry) is oriented downstream of the “downstream” coil Rp),

it is not necessary
to physically reverse the sensor, or to change the electronics to compensate for the reversed
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circuits described above with respect to Figs. 5-9, as each of these circuits is capable of
providing sensor output signals Vy and Vp, that represent the voltage across the upstream and
downstream coils. For example, in Fig. 7, the lower right hand portion of the circuit denoted
“Flow Sensor Amp” may be replaced with the amplifier circuit depicted in Fig. 10 to provide a
25  flow signal having a range that is symmetric independent of the orientation of the sensor.
Moreover, it should be appreciated that that other amplifier circuits may be used that differ

from the implementation shown in Fig. 10, as the present invention is not so limited. Indeed,

as long as the output of the amplifier circuit provides signals that are indicative of the

difference in voltage (or current) provided to the upstream and downstream coils, and some
30 combination of these signals that is independent of the direction of the flow of fluid through

the sensor is used to detect their difference, the range of the flow signal will be symmetric

independent of the orientation of the sensor. Where symmetry in the flow signal independent
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the sensor in Flgs. 8 and 9B). A separate lead to the sensor common point (pin 9 of the sensor
in Figs. 8 and 9B) provides a ground reference to the variable output power supply 1100.
The variable output power supply 1100 provides a voltage on the "+7V" line that is 1V
25  greater than the greatest sensor drive voltage (defined previously above as the voltage at the
emitter of either drive transistor Q1, Q2, and not the upstream or downstream sensor coil
voltage Vy, or Vy). This provides a minimum 1V difference between the collector and the
emitter (Vce) on both drive transistors (Q1 and Q2 in Figs. 7,8, and 9B) that provides sufficient
drive current to prevent saturation of either transistor, but without wasting a lot of power in the
30  drive transistors.
Ignoring for a moment the operation of U8-A and the right half of dual diode CRS6, dual
diode CRS and resistor R60 produce a voltage (at pin 3 of CR5) of roughly one diode drop
below the highest "drive voltage." The left half of dual diode CR6 and resistor R59 translate
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too fast to be heated properly, thereby sucking power out of both upstream and downstream

sensor coils. This can have two negative effects. First, the output of the sensor circuit begins '
to decrease with increasing flow rates, leading to a phase reversal in most control systems and

25 consequent latch-up if uncorrected. Second the sensor circuit power consumption increases
dramatically at high flow rates, in some cases more than doubling compared to the zero-flow
power consumption. Because the output of the sensor circuit decreases at very high flow rates,
and because this can happen almost instantaneousiy, itis gencrélly not possible to detect high-
flow conditions by monitoring only the output of the sensor circuit.

30 According to an aspect of the present invention, a method of detecting high flow
c.onditions in a mass flow sensor is provided. The method includes acts of calculating an
expected zero flow signal at the current operating temperature, calculating a threshold based

upon the expected zero flow signal, comparing an actual flow signal to the threshold, and



15 sensor driver circuit may have its own variabl e output power supply,
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that 20 modulated signal (PWM_SUPPLY in Fig. 11) to limit the supply voltage provided by the

variable output power supply to the sensor circuit.

In the embodiment depicted in Fig. 11, a PWM (pulse-width modulator, not shown) is
used to drive an RC filter that includes resistor R37 and capacitor C35. Whenever the actual
flow signal (K*(Vu+Vd)) is below the threshold value, the output provided by the

25 microprocessor is set to the maximum possible value. This output is provided to the PWM,
and the output of the PWM (PWM_SUPPLY) forces the output of amplifier U8-A high,
reverse-biasing the right half of dual diode CR6, and allowing the partially isolated switching
power supply 1110 to operate normally. However, whenever the actual flow signal
(K*(Vy*+Vy)) exceeds the threshold value, the output of the microprocessor is reduced

30  proportionately. As the output drops, so does the voltage at the output of amplifier US-A. At
some point, the right half of dual diode CR6 turns on, reducing the voltage at pin 3 of CR6
below the normal value, and thus reducing the output of the partially isolated switching power

supply 1110. This prevents the actual flow signal (K*(V,+Vy)) from increasing further,
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be app ec |“?fls% OF REECT, Ttﬂ%'ﬁcug"ﬁ uligdfarseatierndreiemanufasiurisg proeesses) it age
that is prshouldibgappgeciated that embodiments of the present invention may be used in other

applications and processes. For example, embodiments of the present invention may be used
in automotive applications to measure the amount of a fluid such as gasoline, or diesel fuel, or
air that is delivered to a combustion chamber. Moreover, embodiments of the present

25  invention are not limited to mass flow sensors, as the present invention may bé used in other
sensor and detection circuits. For example, embodiments of the present invention may be
readily adapted for use in a hot-wire anemometer or any other applications in which variations
in the resistance of a leg of a resistive bridge circuit is indicative of a change ina property that
varies with resistance.

30 Having described several embodiments of the invention in detail, various modifications
and improvements will readily occur to those skilled in the art. Such modifications and
improvements are intended to be within the scope of the invention. In particular, although

many of the embodiments described herein involve specific combinations of system elements



the sensor circuit, it could alternative Iimt the supply current instead.
In addition, rather than wusing the conbination of (V'+Vd) astthgAtasirs f or
t he conpaqy,) may alternatively 15 nonitor other signals, such as the
drive voﬁ&gzgugy®§fded to each or both sensors, or the EEhA§R003/2233Ent
provided to each or both sensors, etc. In this regard, the conbination of
(Vu+Vd) is wused because this signal is already avail able fromthe output
of the flow sensor anplifier depicted in Fig. 10, but other conbinations
of signals may be used instead. Al thouy enmbodinents of the present
invention have been described wth respect to a 20 nmass fl ow sensor that
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i nventi ®n defmedby theifolidveng tiainnead telequivalems tegeto.aS t he present invention
may be used in other sensor and detection circuits. For exanple,

enbodi nents of the present invention may be readily adapted for use in a
hot -wi re anenonmeter or any other applications in which variations in the
resistance of a leg of a resistive bridge circuit is indicative of a change
in a property that varies with resistance. 30 Having descri bed several
enbodi nents of the invention in detail, various nodifications and

i nprovenents will readily occur to those skilled in the art. Such

nodi fications and inprovenents are intended to be within the scope of the
invention. In particular, although many of the enbodi nents descri bed
herein invol ve specific conbinations of systemel enents 15 JAN 2007 WO
2004/ 010091 PCTI US2003/ 022337 -28- or method acts, it should be understood
that those elenments and acts may be conbined in other ways. Thus,

el enents, acts, or features discussed only in connection with one

enbodi nent are not intended to be excluded from other enbodi nents.
Accordingly, the foregoing description is by way of exanple only, and is
not intended as limting. The invention is limted only as 5 defined by the
followng clainms and the equivalents thereto. 1 5 JAN 2007 29 CLAIMS 1. A
sensor for sensing a difference in a physical property at first and second
resistive elenents, conprising: a first anplifier having a first input, a
second i nput, and an out put;




5 a first resistor electrically connected in series with the first
resistive el enent between the output of the first anplifier 4'5dJRN§UU7
reference termnal, the first resistor being electrically connecte
between the first input of the first anplifier and the output of the first
anplifier, and the first resistive elengnt being electrically connected
between the first resistor and the reference termnal; 10 a second
anplifier hpuipmg a first input, a second input, and an output; a second
resistor electrically connected in series with the second resistive

el ement bet weenlt he Ausepsar forf sensing s diferancgripriphysical prepertyat fiest enénce

term nal, tetgg d segggggelgrensintsstgor bresiilp el ectrically connected between the
first inpu? or° the seton anp’ﬁ“?h " and the out put of the second
anplifier, and i Hfestasgtifier iesiga fivwe irpugrsstonddhpg, il 41 @it cal | y connect ed
bet ween_ t he second resistor and the reference ternmnal; and a voltage
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vol t age di xi der tin 0 i nt.ain 20 . resi stance of the first resistive
el emont whEist ERBITTRER GF TEHACY G ARt pF B loe L a0 ALRAE FALETsr8 Bt put  of

the first appldsdtRanant feh@eeti@tingtf the voltage divider is connected to
the second input of the first anplifier, and acting to maintain a

resi sthce of 2 peeosdevntifienkaving & Brseinpubnatseegndrinpiearidgnutpdt; t he vol t age
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of the voltage arsd i's con the second

anpl i fi er. el2mefttetwesmstie oofputbBthesdcondagptitior drddahy edférepe WinindEthd Ncl udes a
programmabl e vol tage divider. 3. The sensor of claim2, wherein the
pr ogr ammab$esoydresisis bging; edesitrically copprstedbepveandhe fipst iput ekthetsegondconnect ed
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and an output voltage o vol tage can be varied based upon which
of t hel$l uelattritallyodonnested bamsenmtte secomdaesiedr et the eefetehee @uhpiat; aall t he

voltage divider and the reference termnnal.. 15 JAN 2007, 30 4.. The sensor
of claim3, whef 381}?%6 Vlgfﬁ%fng\@ 'P_B'étéﬁl%tfls f‘ﬁ‘é"jl’\?g‘]ytc&é‘@e‘a?modg’te of the, further
be varied @@ﬁ@pbmn@ﬂrsaamﬁnﬁmndqﬁe bitpBt SFakdse@bnd BepRfisH hd do@put'tBatiist or
are connected between the output of the voltage divider and the reference

term nal . $vitchablysongestedio aieaf thexsecowdinpintrofithefiyst agphifierenddhe siconde
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20  resistance of the first resistive element when the input of the voltage divider is
connected to the output of the first amplifier and the output of the voltage divider is
connected to the second input of the first amplifier, and acting to maintain a resistance
of the second resistive element when the input of the voltage divider is connected to the
output of the second amplifier and the output of the voltage divider is connected to the
25  second input of the second amplifier.
2. The sensor of claim 1, wherein the voltage divider includes a
programmable voltage divider.
3. The sensor of claim 2, wherein the programmable voltage divider
includes a plurality of resistors connected between the output of the voltage divider and
30 the reference terminal, and an output voltage of the voltage divider can be varied based
upon which of the plurality of resistors are connected between the output of the voltage

divider and the reference terminal.



of the voltage divider. 6. The sensor of claim5, wherein the digital to
anal og converter circuit includes: a digital to anal og converter having an
out put arranged to provide a variable 10 amobunt of current; aha N 2007
anplifier circuit having an input electrically coupled to the output of the
digital to analog converter, and an output arranged to formthe output of
the digital to analog converter circuit and to provide a variabl e out put
vol tage based upon tige ¥&fsbPoH GainPTRHkeiR theBHip R Rbltadeofthe J&?ag%%%@ér of any
of clainms 1-6, further conprising a first capacltor e?ectrlc 'y connected
bet ween t heansfugbercbei vapigd basediupenfanagtouangfltinhé eachanf thet plaralief eff resisters arer mi nal

for maintajnin voltage | evel .at the second input of the first anplifier
when  the BOVEAES BYNeRE B ot e volee fiden nd g ereaet Temialond | nput of
the second anpbifieThe shsSr of IMEMSEREREeiR thehragiinmabldVd1RGE dpadeRT i Sing a
second capacitor electrically connected between the second input of the

second anpinchidey a digifal leanplogeppyter chey haying Froputpeli arrangsd tesef thedutpge

| evel at t i: of the second anplifier when the output of the
vol t age digﬁggssﬁggé%ﬁﬁgéted to the second input of the first anplifier. 9.
The sensor of a6y of Tht sénssr df-Baimvhevieirein theadigied ot dndlogp cdnveftet digeufti r st and
25 second arrﬁlldi fiers is respectively connected to a first switch and a
second swi ¢ %3ch having an open state and a closed state, wherein a

vol tage |evel af qidyal ROmARNY doRPsHer Rhvink B oliptBirrARHd $EERV A Wiablcer S 1S
arranged to be sa%%ﬁed mhg% t he f?ré?némﬁfcﬁ aﬁgﬁ%ﬁe gecoﬁ%’sm?tgh are in
t he cl Usedamouttef cadentTaral sensor of claim9, wherein the first switch is
arranged to receive 30 first. switching signal th SW t ches e first
S Lh Lo the cPbUBBISR S BRGPE thaHhBE TS e H R ATBs | s
connect ed §igithlNg afalbpYbnirtet,hAd fah lobipud ARArgkd & faamCtht BRpALSIME dRfital @3

vol tage divider is connected to the second input of the first anplifier. 15
JAN 2007 @mlogconypiersansyiangfo preyidsfa varighlgwutput goltagedassdunondhe varinbie
swtch is receive a second switching signal that switches the
second smﬁ?@%ﬁﬁgﬁgﬁg&glosed state after the input of the voltage divider
is contect ed t o7t he Thé patisondf dnfyefskiras d-6afipthet t@hpridngla tihe capdcpoi of t he

vol tage divider s connected to the second input of the second 5 anplifier.
12. The sefleghcyly %qweﬁfc? E?taieﬁ%ﬂfﬁf&?ndvm@ftafﬁhet tasplifar and the sefeence| ow

terminal for maintaining a voltage level at the second input of the first amplifier when

the output of the voltage divider is connected to the second input of the second
amplifier.

20 8. The sensor of claim 7, further comprising a second capacitor electrically
connected between the second input of the second amplifier and the reference terminal
for maintaining a voltage level at the second input of the second amplifier when the
output of the voltage divider is connected to the second input of the first amplifier.

9. The sensor of any of claims 1-8, wherein the second input of the first and
. 25  second amplifiers is respectively connected to a first switch and a second switch each
having an open state and a closed state, wherein a voltage level at the second input of
the first and second amplifiers is arranged to be sampled when the first switch and the
second switch are in the closed state.
10.  The sensor of claim 9, wherein the first switch is arranged to receive a

30  first switching signal that switches the first switch to the closed state after the input of

the voltage divider is connected to the output of the first amplifier and the output of the

voltage divider is connected to the second input of the first amplifier.



sensor. 13. The sensor of claim 12, wherein the mass fl ow sensor is
included in a mass flow controller. 10 14. The sensor of claimg, ;s ggei n
the voltage divider includes: a third resistor electrically connected
bet ween the input and the output of the voltage divider, the third

resi stor being swi tchably connected to Jne of the output of the first
anplifier and the output of the second anplifier; a fourth resistor

el ectrical ly corinectBgt fgabovagany beclarrPNdo] WiiitinQhe §de6nd bWith isheraagadl i fi er
and the reference terminal; and a fifth resistor electrically connected

bet ween t HE reasmasecomsdisWisthing dgaa dlat gwitehgs|the sespndisivitente the tlopesriate

term nal . Ly 4 L S first .eapacitor
el ectrical yrthggﬁ%lgg?ifgé%@{a\%ggﬁ)l%és csoen%gﬁg@ﬁl%g? Hﬁ’frlﬁ ?#&gfg ?crog aaﬁf hﬁ%?i er and
t he ref er eandeh¢ eutputneflthé voltag2@ividerris aormenigd o thelstagd ihpwelf tied seehel second

I nput the first amplifier when the output of the voltage divider is

f
connecged at‘?PlttJWé' second input of the second anplifier. 16. The sensor of

any of clains 1 15, TRddchbSorGRYBY LR -2 1 SRRIEH (RARFEHL 9 mAL gply | cal |y
connected between the second input of the second anplifier and the

ref erence ¥@%arfi nal for maintaining a voltage |level at the second input of
:E ge i ﬁ:cgggoﬁg ?fr;gslu![ le(;eer ﬁe\rﬁgc%n%f}c?az@qgﬁrg/ﬁ%rfefngtt}]? rr]neasél ﬁlo;[vas r(?so(%I iisv Jngﬁlﬁech ha onnect ed
mass flow controller.
10 14. The sensor of claim 1, wherein the voltage divider includes:
a third resistor electrically connected between the input and the output of the
voltage divider, the third resistor being switchably connected to one of the output of the
first amplifier and the output of the second amplifier;
a fourth resistor electrically connected between the second input of the first
15  amplifier and the reference terminal; and
a fifth resistor electrically connected between the second input of the second
amplifier and the reference terminal.
15.  The sensor of claim 14, further comprising a first capacitor electrically
connected between the second input of the first amplifier and the reference terminal for
20  maintaining a voltage level at the second input of the first amplifier when the output of
the voltage divider is connected to the second input of the second amplifier.
16.  The sensor of any of claims 14-15, further comprising a second capacitor
electrically connected between the second input of the second amplifier and the
reference terminal for maintaining a voltage level at the second input of the second
25  amplifier when the output of the voltage divider is connected to the second input of the

first amplifier.



