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Str'ucture Espe ration or Angul ar Rate Sensor
Met hod for a Se u‘@mg “ﬁ)@ m‘" resent invention concerns a sensor according to
t he preanbl e of aim1l and 5 a device and nethod for a sensor
sel f-test accordi ng *6¥®he preanbl es of 'clains 10 and 15. Furthernore, the
i nvention concerns an accel eration sensor according to the preanbl e of

patent claim22. In general, sensors are used in systens to detect neasured

quantiti egenbér With of R@s‘oﬂaﬁée Straetuke, Edp@hmﬂ?'ﬂ%@él@ratw Riguis Rate¥RRe6S and
accel erati on sensors are, for exanple, used de ternmine quantities Of

notion. Since these appli eatdiadPevicesand Mptlnqﬂfqn@rﬁ&if—met y, the sensors nust
be extrenely reliable and securely determ ne neasured quantities. In DE 195
28 961, an angul ar rate sensor is described based on the tuning fork

principl eTﬂ@FFe@@ﬁt ihven&BA 8olersy 4 4¢nebr ac@dfdu@&o%’@b@%h@l@ ofth?enrt BRIMG ah@r ks
are excited to vibrate, and a sen sor elenent registers the torsion of the

turfi ng foakiesmspemmedmdtfhaa sensos exf-isbieaecoitingstoniBopreanbleses chimsuh@iamh axi s
paraIIeI tuni ng f.ork Sus ensi o ni ze_sensor . dj sturb ce or
G 1t ot ndSs Bttt e iBs PERR i nc R SEESRIPE AR R T LR eriar g

t he reI|abfbmﬁyt@md1g1eC|S|on of the determ ned neasured quantities. In EP
0708 925, a device is described to recognize errors in an inpact sensor
systemin which a test reaction is generated when a sensor elenent is

act uat ed, e r d
ehet oo RG-SRy SRS et it O (g RURFCE
setd - cal i binbdeneorspdngatar aateebresroast arm”azxelasam;on\sbmoes aesiensmpigssed o doved
relative to a frane, and t té[@ goverrent corresponds, t.o_be known accel erati on.

The i ni £1 45713 GHETF ed GTAOURD. STCEA S ARE oL gl ISTHFIER SERD): 1 PBIAE | on
|0 the sehius 58kl flosledint QoY BeferdMechidiEttaiBablicRs, 5 103, 667, a mass

is noved in a specif manner to tesSt or calibrate the sensor, and the
novenment i s neasured. 30

In DE 195 28 961, an angular rate sensor is described based on the tuning fork principle
15 that is made of silicon. During operation, the tuning forks are excited to vibrate, and a sen-
sor element registers the torsion of the tuning fork suspension that arises when the sensor

rotates around an axis parallel to the tuning fork suspension.

To recognize sensor disturbance or drift, the sensor must undergo tests during operation.

20 This increases the reliability and precision of the determined measured quantities.

In EP 0708 925, a device is described to recognize errors in an impact sensor system in
which a test reaction is generated when a sensor element is actuated, and the results are
compared with the results of an expected reaction. In U.S. 5,060,504, a method is dis-

25 closed for the self-calibration of an acceleration sensor where a sensor mass is moved
relative to a frame, and the movement corresponds to be known acceleration. The initial
value is used as a reference value for subsequent calibration. In the self-testing accelera-
tion sensor described in U.S. 5,103,667, a mass is moved in a specific manner to test or
calibrate the sensor, and the movement is measured.

30
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the actual neasuring nmust be interrupted during the sensor tes

and testing alternate, and the measuring signs! is not continuous over
time. Furthernore, only a specific, predefined nmeasured quantity is
generated for the conparison) i.e., the dverall neasuring range of the
sensor is 5 not tested. Acceleration sensors are, for exanple, used in
vehicles to control the chassis and for navigational systens, handling
dynami c sy g RY - [ T j sly

I ncr easi ngﬁ{ﬁm&a ch Stgg‘%?g}’%t%a '%?V?@?{?etaﬁgﬁf‘@ tgat?rﬁglﬁ%% rﬁ%sﬁﬁﬁé };]/ﬂ!;*]odrie t he
10 f ut ur e)intenrupteer RaisE Nige sensbetesbMeaywingrandwestingadtennat, wnd thfel measaenglr i vi ng,
and rigid mechani cal couplings wll be replaced by _electronic signals
(dr i ve- by- L. NCACaRHTUgLs BVel Kt URRRITTIOB, °BY % WECILEIN FIIned Meetlien s t o
test thenms@|anef it geIsRAbathe cEMPpAMRNIITY. &he 368 BeadUrAB rHRRP IR Rhoigi NY

i ncreasingly used in navigation systens for civil and mlitary air travel.
15 Parti cutditésted.n aut onobil es, capacitive accel eration sensors are
frequently used as) for exanple, described by C. Lemaire and B. Sulouff in
the article: "Surface M cromachined Sensors for Vehicle Navigation Systems
i N AdvancegkdWleedtnysehedrs afe) ForAbapR] e ifpdNidietol R oltRe cRassiSianlesr mnd W
Gessner, editors, Springer, Berlin 1998, p. 103-112). These systens can

al so use t&aiopplsystendelanding ByFaYs sYStaMs, ahdiBatsivesatatspistares (@dags)THies can
be 20 done, a4 .dl : L: r g ; J ent

5, 834, 646, C%%'Pg‘ss%ﬁéﬁ%r%%%@%ﬁ%ﬁ%@éﬁpgéggﬁ%@%k%gr@%érbéqggﬁﬂe "?41”3?“%@¥éﬁﬁeal ly
congi st s ofutume,pndberesdisgmpadbaef sysibms witexctivaih infipbredeadrivimigyasl régd metiemdnat or
whose resonance frequency is disturbed fromexternal acceleration, as well
Re 5 el S CRgES Wi 5 19BloGed BRGNS UER BLS PREVPhESgtatg St cReTol
Mess/ Spri ngt Ay abiRofRERsFSYRE HEAYLIASs bARNBEI AthePhoRCEQk RN AtldnQRnsdipOt her
resonant accel eration sensor is described in the docunment DE 198 12 /73 A
1. It has aretemngnidreasingy usedun eavigedion isgstene farediltapd wiltegtay tavel.ni ti al
electrical signals, and it emts 30 secondary electrical signals depending
on the nmeasured quantity. 300CT 200Z 3 A permanent self-test has not

begqy possi pdrgcigdy ihhatorhsies, CapLativeaRasiblative serRBRErS fraguaMBl lused 4s, Fd¥ ex-
however, conceivable to use additional structures such as additi onal

capaci t or ¥BpBsdaseriRdoiM Cid eaaie ad Bodulowhitn thaagticlis ubuiface Micremapiined Space
and cost LAl @tk .G Wy . only run
2 Staric st o depRls ReeBR IR SARRCEEUERR AR B oRbiiE oo
especi al | ytiensr(Bt BE. Ri¢kenandtW .aBessnerpedielr s Satingen, Beelivs ©998Mpt 0% 1 p2)eTHese sys-
resonant sjgnal eyal uat%on thac} ﬁan run.a per manea_t or ongoi Fg self-test.
It is ther @NERO YE At lRTEPISHY GHPATILYR FeRIRM AR FiSRlateMare AbiE can 88 nsor  and
of her a deydrfeeat Hcrdd B BR Gt @bt SortiRlsRty. sel f-test in which measurenment is
uninterrupted during the test and the neasuring signal is not inpaired, and
the self-test can run continuously during neasuring. This problemis solved
by the sensgqr.a i t i . S el f-1esting 15
devi ce acc@ﬁ‘é?'n%aﬁgrgcgpg%é%?é’(%ﬁélg%aig%&te E}Ga]t%tsgﬁs&rfsgpfrgéegi%éotrhaé%ls]egqaglgti ng
accordi ng tenhspas ofenblael cdrmpebsevanitihbe Tae prtesaidsen ssresnEtoradtoes sy to
patent claim 22. O her advantageous features, aspects and details of the
i nventi on B3CeGAHNGYHS HigRr EoTR KAl BFTReratieaiwelb?s HETIHAIC Mase: Tt
dr a9 n0s. - 20arbiAPESPles BREAELAY of thelists) IHRRIY QBmCAMRERAESIFuIERIAE AN
structure to detect a neasured quantity, an actor unit to excite the
structure effectabigeetmationiti al, periodic oscillation, an elenent to generate
an out put signal that depends on the neasured quantity) and neans to detect
or isolate the test signal fromthe output signal that is generated by a 25
second per p\Asther PekBaAt hedRIRhtidenSdrTisiBéderiBed Mahe HECUTMMEDEOSBT 2017t A1e Iff | 1 St
vi bration. The sensor can test itself and is able to sinmultaneously provide
a cont i nuobas areesenatphgfrusityirdhatanexcifed &xyib@teypainitiehelectyeal vigneals, andfibémit i on
on t.he fungtiani 1 ; i ot interrupted, and
3t0 g%c&ﬂg%]Q%ﬁ%tchhﬁgfﬁ?ﬁ%pg;ég% Weaﬁl85§1qg§auanﬁtw

t hé “nmeasur i

300 cr 2002 z The prior-art systens have the di sadvant age, Bw&r{n t hat
- 2082



30 The'sensor preferably also conprises nmeans or actor elenents to generate
the second periodic vibration of the structure, and the fi r&ﬂ nggg%g
periodic vibration can be gen 300CTZOQZ 4 erated e.g. by the sa
actor elements. The second vibration can al so be generated by nechani cal
crosstal k. In operation, the vibrations3f the structure are detected to
generate the output signal. 5 According to another feature of the
invention, a device is created for sensor self-testing, and the sensor

det er m nes\ GerARASH BA-tEHIRRE hbYbebhodsibIB SAMARELSeLditel dafachNE sBRed & K8 a
peri odi ¢ out put signal depending on the neasured quantity. The self-testing
devi ce hadt isgveven conasivable ta usesddidonghstrudtwep suriras asidijonplaapaciton cembs ef ul

o 002 COBSRGle LERAATE S L8 B gt o RERE  er

conponent tike kBnsdrPeadpbiaierd ay aodtorlly run 4 dtatic $etfstbsisdt@inteté PBerlglst he sensor.
A sensor self-test can be run with a device that is conti nuous and can

cover the entire measuring and dynam c range of the sensor without

| nf | uenCi sdas: Be4diRkd BASUEN Wratd 51 Fliiof B SeIPE AR vanLageous! y
conpri ses aS devri Ice 0 n‘or%gﬁat g]égrat estr %Iana or? ea Isi gna%d?f\@fr#' agﬁgc?]tg?’ng t he
resonant gsesanahusignal tvalgatehltbatsat hen g perimanestt ortonghieg aelf-test.ed over the
entire measuring range of the sensor. The sensor can have a nechani cal

unbal ance or crosstalk that generates the test signal 20 conponent which is
used to tagfs tﬁ&@f&@ﬂﬁq{roblgﬁ'o‘ﬁﬁ@ﬂ@%ﬁ ifvBRtidhUBRESatOh SEITPARE DS AdidicRer m t's
econom cal manufacture. The sensor advantageously has an actor-elenment to
geh@r at e tand reasborhtdr aisbnsariselfrtash it wivelugegsurersentas unigieguatedsonpg thertest and

the device preferably has peans. to.excite th ructure to a second
vibrati on ddge harere Enpls patatrdufd ant Fd bl Son Bl R e r ves 1o
det ect thenmaﬁp%_ed quantity. This allows specific 25 test signals to be

t

nodul at ed onto e useful signal, and the sensor output signal can be
eval uated according to the neasured quantity and response of the systemto

the test Sﬂhﬁsz}‘;}ékﬁleﬁhgsa%aoéft;\g:sgﬁ?clégiz%@ﬁgféf{)ﬁmtyclﬁﬁai YreshnlY, @iideatinge for

frequency a hase an can covér the entire asuring
and$ or dyroevice aceoding od pateet deins tl, this methoddarsensor3el-tékstiCg Ac@DOiag topat-

periodi cally changin he anplj.tude and/or, frequency of fhe test signal. In
parti cul are,”¥t°ﬁ5"ggn rtthﬁﬁﬁceg‘ga PN SERG N agrordiigdo é??é‘gll’/'?'"égé'el eration sensor
or pressure sensor. The sensor according to the invention has e.g. a
resonator as the resonant structure and a 5 |inked resonant mass that
changes t Hather dyantagesusifeaiufasceppenisyand detafie of the drvanihen avadeundtin the d#-spl aced.

The mass c ’Hd@r?t anahiﬁg’etﬂgtdga\/r{[p%gta%dq“é5@% asurenment to generate the test

si gnal conponent. cularl'y advarffageous to use the test signal
copponent to calibrate the sensor. 10 During operation, the actor unit e.g.

preferably vibrates a resonator and a |inked mass in different nodes)
wher eby t hE'erS88RRARECTREIBLC e INVRITLER ICPYPPESESAfESONAREST WiYR AP detept gmeas-

ured quantity, an actor unit to excite the structure to cause an initial, periodic oscillation,
an element to generate an output signal that depends on the measured quantity, and
means to detect or isolate the test signal from the output signal that is generated by a

25 second periodic vibration of the structure that is superposed on the first vibration. The
sensor can test itself and is able to simultaneously provide a continuous measuring signal
and a test signal that provides information on the functioning of the sensor. The measure-

ment is not interrupted, and the measuring signal is not impaired.

30 The sensor preferably also comprises means or actor elements to generate the second

periodic vibration of the structure, and the first and second periodic vibration can be gen-



guency 'of the resonator to generate the test signal corrponentBGS Etg
sensor e.g. conprises neans to denodul ate the neasuring signaV, V\Q tzDQZ]e

signal can be anplitude nodul ated or frequency nodul ated. The net hod
according to the invention for self-testjng a sensor with a resonant
structure conprises the follow ng steps: 20 A second periodic vibration is
superposed on a first vibration of the structure that is used to detect a
measured quantity; an output signal is determned that contains information
on the ne®satedq.gbuHe saynd aaireRiements Hierseennanfration eantalsccbe gandrated Iexst

genorat od Mop ENERRRUR I ppabn feiBtiht Gat ol BRI B hpistae

anpl i t ude thé oatpuexigndiati on signal is preferably nodul ated by a test signal
to generate the first vibration of the structure, and the frequency and/or
anplitude of the test signal can be varied while the sensor is neasured. In

t heg met ho@)c%g o%‘iho{ rfé%‘f—‘urb%‘(ﬁ{%tnh\%'ﬁ iof} %ede%@e‘?é‘&‘eét%dffé’rrk‘éhs&'&'el?—gesg&g,t he o o

sensor inc its ectron|cs can e 'veritied over 1ts
~ r 2002 Eandane sensangeterrﬂ‘ ihes armelasxdeglqeattitwvm acesmsaissttucaire ahd gereratesaf ety
of the sensaor

i ti.cul t t . f | t hat
1 e ne heapiie Puts slzna BRheiiige o Inetint R i Ty gsﬁﬁﬂf'e%%ﬁ'd%?@%% o
modul at ed fyacd tb 88as h 88 Ligh8l dobohBR SpeBbied G54 ulisNAaMRATR BN |1

particular, the test signal nponent |n t he out put signal can be used to
calibrate thheewns@mtputmenaépfﬁmetsan@n aswdmfeffeabafcﬂlso fsciotmpdrisan meédnsdoe at a

0 Gt e R R oo E gt el e R BB BE E

test si gnalensdth® sassopbEF-aist 84h senmemthaa:@wciltﬁ@t ib @orﬁtheowymalncu@v@m@rl ses a
resonator coupled to a mass so that its resonance frequency changes when

the mass ie§tigR HEpHFBd and dyrapisrangsiof thepseageli withophiaflyensingdhe actualiaeagur-
det ect or tlgg'generate an out put signal that depends on the

15 The sensor or device advantageously comprises a device to modulate a test signal on a
signal for exciting the resonant structure. This allows the self-test to be adjusted over the

entire measuring range of the sensor.

The sensor can have a mechanical unbalance or crosstaik that generates the test signal
20 component which is used to test the sensor. This reduces the number of components and
permits economical manufacture. The sensor advantageously has an actor element to
generate the second vibration that causes the test signal component, and the device pref-
erably has means to excite the structure to a second vibration mode that is superposed on
a first vibration mode which serves to detect the measured quantity. This allows specific
25 test signals to be modulated onto the useful signal, and the sensor output signal can be
evaluated according to the measured quantity and response of the system to the test sig-

nal.

The output signal is preferably analyzed by a device for frequency and/or phase analysis.

30 The test can cover the entire measuring and/or dynamic range of the sensor using means



15 resonance frequency, as well as a control unit to generat 63 mjrtzﬁgﬁn
signal that con tains at |east two frequencies to simultaneou D it

resonat or and mass, and an eval uation step that separates fromthe output
signal the vibration node of the mass ag a test signal conponent. 20 The
sensor according to the invention allows all relevant conponents of the
eval uation electronics to be tested during the self-test. Recalibration can
al so occur at set intervals. An exanple of the invention will be described
in the fofdr@mia@caruytchamg'met’r@rwmlittwetamé/w ferauency @ﬁm\kesaﬁenalm PRitigulan a view
of a nicrgpechanlcab an%h ar ? i ent of the
i nventi on, eﬁeas‘”zcaa &N ANBY aF e geé]spr @gse[lqrﬂtéorb%ng?rrﬂjlpéﬁer& S&HS‘Hnbal ance;
Fig. 3 acircuit for self-testing by simulating an angular rate; 30 Fig. 4
an accel eration sensor in another enbodi nent of the invention; 300CT
2002 Fi gThesenspr areRrdingigrtaminyentipnshaste. §. JeeASRECr P8 ShaRenant slsyduraang B
sensor A ifkeFeldraHt Aoyt Ol AELCthaPIHRIILERL, PLodehSy AINERib ftor bt © @
control or ‘evaluation circurt testin e accel eration sensor in
Fig. 5; amcﬂlfpl@edﬂraa rﬁmsraaarbeaxaake;dsﬂo&nbmétetdlueng)mtepwremérgrtaIgemérattehee test
accel eration sensor in Fig. 5. 5 The sensor 1 shown in Fig. 1 is an angul ar
rate senséﬁ”@ﬁ&WPBBaFates according to the tuning fork principle and is
made of silicon. Two parallel prongs 2a, 2b forma resonant structure that
serves to detect the angular rate. On the top prong 2a is a dual el ectrode
3a, 3b thétis partiowigrioadventaghousge use theuseldsignal eoropanent teecapbrategiie 2ensozb t o
periodic vibration in the Z 10 direction. The tuning fork suspension 4 is-
g%gned as a torsion bar to which is attached a piezoresistive el enent 5.
The pi eZoDaRhSbperetic, EREEAttoturHed. ¥ §FefeRbIAMRARE @ rasbrattr BHE aSihkdtehadshat is
created when the tuning fork suspension 4 experiences torsion. The torsion
i s peri oddgreny mpsieerwhasebyf the iesoRantaagssperigdiedly coangesdhe resorangalfar rate
sensor X- e tuning fork suspension
while t hetqa‘g ?{525?%2{39%3}?@%tBIggﬁéeé}entH?ﬁés@%g&@ gHﬁQn%rﬁon The piezoresistive
el ement 5 together with a down-streamel ectronic unit also serve to detect
and |solate a test signal conponent fromthe out ut SI nal, that is

geWer at ed Tb%/ S&1$6¢ ﬁérc%@risﬁﬁlf"@a(ﬁ B camQsiylade t nga§ BhgEs a’rH@%%%F‘e pierdlodi ¢
vi brati 0”0§NB§5B§§1‘E%e %dhfé?eo‘érrf?etqué{h%@du@ﬁe&a” e.g. arise froman unbal 20
e.g.

ance in the sens try of the vibrating nmasses. In this
case, the sen

The method according to the invention for self-testing a sensor with a resonant structure

comprises the following steps:

20
A second periodic vibration is superposed on a first vibration of the structure that is used
to detect a measured quantity; an output signal is determined that contains information on
the measured quantity linked to the resonant structure; and a test signal component con-
tained in the output signal is monitored that is generated by the second periodic vibration
25 of the structure.

The amplitude of an excitation signal is preferably modulated by a test signal to generate
the first vibration of the structure, and the frequency and/or amplitude of the test signal
can be varied while the sensor is measured. In the method according to the invention, the

30 entire functioning of the sensor including its electronics can be verified over its entire dy-



sor 1 has nechanical crosstal k whose signal conmponent in the ﬂgir { 31 a
i s superposed on the actual useful signal or angular rate signal %HB a a

used as a test signal. On the other hand, the prongs 2a, 2b can al so be
excited by the dual electrode 3a, 3b to a 25 different vibration or
torsional vibration that is superposed a@n the excitation vibration in the Z
direction and that produces the test signal conponent in the output signal.
Close to the torsion bar 4 is another piezoresistive element 6 on the top

Phe oot (A B e e BBkl b huhdhid e of SRk a0 Ry Bl O <

vi br at e i nicpladg énp@pEes fdriapplidatiobdthaZinflugreetsafeny. WWhen the systemrotates
around the X-axis, torsion vibration is registered by the piezoresistive
300 ¢cT 200z elenment 5 on the torsion bar that is phase-shifted 90 from
the prong T%HPJebEé&%-of %e%cﬂaﬁéh%i%%ﬁ‘b‘érﬁéﬁé&ﬁé &Qdﬁlgﬂe@rb%%& s‘?g’é\a| L ERtHonal
asymmet ry, anot'her “measuring sighal 1s generated by the piezoresistive

el edrent 5 selfdestidsrinppohepsamemant. of t he angul ar rate, and is phase-shifted 90
fromthe actual nmeasuring signal or angular rate signal with sensors that
have sufficient distance between the intrinsic frequency of the torsion and
the intri ngbsrticlialuentest kndl REmBYSKd: ¥ thedutplifbignfican 8L LSQIRAREatd that 1S
generated by the nechanical crosstalk is used I'n an enbodi nent of the
present i rfeesari B1e dchure ésprefeiraphaexciedprovieiate atramisvadnaf b frequehelesensor

Comonent T en e bighato#eeFOTRE Moo By BT tihi et aend &

theotest Siqgnahcycrmpsrasprebémpatibe sbiput signal can be isolated and
eval uated or nonitored. When the test signal conponent deviates froma

specific value that is characteristic for the sensor, and error nessage is
gener at ed. ; i : LK b L

Sl at od i eRouE AL e BRL oy e e Hheh bl e RRE Fesbu Bl ERRHE 5o, 3
i s controlrad sonhghssesapposiredguencpyhaged Ween thiegmesk isdispibatd, dhectpr aiigs 2a,
2b vi brate under torsion arouq? the X axis, and this vj r%%%%n [

super posed®&KCtaNEe PRGN A FEFFIPNORReReR} RttpYisTEnaTihat drpends PR tier ode
3ay53b i s [BedHaRcCRBEURLY,8d Willltal aadnBEdinit t8RBherBRI dnQdkRatntal thBBdonl S
super posed on the excitation signal to 20 generate the prong vibration in
the Z dir daink ehleasitwodtppupngies toisgneltaneoysdy ¢x¢itp thes@sorpiter and omapsaand aoxci t ed
by the additj or i | in.th i ' i ] i gnal _of the
o ezor cai SuplrEia) le Abtsepdelsiont R RERCBE e platEn REbP Y] Biriges

gener at ed taét sighabttghibdiient.at e. A test signal is accordingly nodul ated onto
the signal to excite the prong vibration in the Z direction, the results
are added to the excitation signal) and the sensor output 25 signal is
evahuat ed 4 f : ' | and
e measur ol aane Ty g G RTEE ol S e R bR of e ab A

expl oi t s tdiectfoacs to batedtérbdyremtths sglfittist. Rengibraion copatsaionew ait Rettitenalst put
signal is phase-shifted 90 fromthe useful signal conponent 30 contained in
the output signal. This self-testing nethod has the advantage that there
can be no AQVeLhRIMbMEe MvERUSNRIIRARBEErDRE IS th@alowdaC RS Rf&Endd® thEASRes.
selectivity to the angu 300¢cTzooz lar rate 1n the frequency range of
the test s¥hgM&lareBy changing the anplitude of the test signal, the
sel,f-test can be run over the entire nmeasuring range of the sensor while
thé sensor supplies a neasuring signal or angular rate signal. 5 A

di fferent Rglf -4 @sk of amibrenmeghanicsal agguidreatielsansoy as ampkefamglit@bodimbet emsor
shown in Fig. 1 in which an angular rate is sinmulated by the test signal,

i .e., the excitB¥§"¥Ai bration is nodul ated with a signal that corresponds
to an angut:ar, rate. ab.l i ; .rate equival ent signal can
be attai ngfzig'bzy aﬁégcsugy?ﬂéggl?hée u%ﬁr?glgéggﬁ?s@%%?haﬁoni toring the anplitude of
t he prongsFigad @tirouitdeagelfdgsting tylsém@ating arcangolar tdéing t he pi ezoresi stive

el nt 6 10 with which the anplitude of the pefriodic test signal is
nngﬂrated.%$ﬁ% %h%ﬁ?@&g@“ﬁsaﬂvgi@HH%?éwﬁPdP¥”ﬁﬁéﬁmé@ﬁBEOWo the periodic
control signal to vibrate the prongs 2a, 2b in the Z direction. Both
signals are 90 out of phase fromother. In the sensor 1, this results in
torque being exerted on the torsion bar 4 which corresponds to an angul ar
rate that changes with the test frequency of the test signal. In this case,
a bandpass filter re 15 constructs the test signal conponent in the output
signal of the piezoresistive elenent 5. As is the case when sinulating the
mechani cal crosstal k) the test signal conponent in the output signal is
conpared with the test signal fed to the sensor via the dual el ectrode 3a,
3b when the angular rate is sinmulated. In the sensor output signal, the

o o - o . v I T M



tested'wthin a nmeasuring range of small angular rates, and t n
run a self-test within a neasuring range of relatively high éﬂﬁLtﬂf7?29§2
when the anplitude of the artificially-generated torsion vibration is high.
By nodul ati ng the anplitude of the signal that generates the torsiona

vi bration of the prongs 2a, 2b via the dual el ectrode 3a, 3b that is 30
super posed on the excitation vibration of the prongs 2a, 2b in the Z
direction) you can continuously run through the sensor neasuring range. 3

0 OCT 200Zig.G Byolyek dtagrgmtidia seiséstitieepsonant aofelérbBort sdkosdsgngdrtiomstyl at ed
onto the useful signal, you can also run through the entire dynam c range

of the sensor iPefeRed §@Ide'fT@§f of thgEyyenidul ating the signal with an

angul ar - r gj ‘69%%0‘6%%%@@{?&{ c.ré&?}tf& éeﬁ%st?n%%& 58&%‘{3&% s%s&rh‘r‘?rgeéitanﬁ' gnal
5 nodul ated® onto the use test frequency, es outside
of the fr éTaglé’ncayFo_urlelpmajyswmee dutputasignal afrthe ateeldratidnesemearsoFigd5. | f t he
freguency spectrum of the angular rate is not known or if it is not
possible to select a test signal that has a different frequency fromthe
angul ar 1 ahg sbﬁ’so@q s'ﬁS@ﬁhH ﬁg 1 %%%Eblﬁﬁr‘at&éé?ﬁ&t@bko&é@ﬂe@@cc’%‘r&lﬁ%ﬁitﬁ@ te
descri bed above. Fig. 2 shows a circuit for a tuning fork angular rate
sensor t hamg fﬂrkmmrmrms anthis roadeatfsiticen.diwotpaealisbproogs 2 12btferen g edsbrargstruc-The

arrplltude he vi br.at.i a, 2b Is,meas d b

o o, <fe htseyaRiE tpiy ebBtab i St P8 soiahd af i ek PloRtodefa sy 17
and a 90 nh@@@mshg bther thinks! i@ usbetabi@lte Blequbligadm, 380 P&riddR IRBBSAhehdZ
resonant vibration of the 15 prongs 2a, 2b in the Z direction. An anplitude

coh@r ol | erdireationoihe tuningiork siepensirintiisaiesigned 2%e tOISO%Bﬁtth\Il’%Cht'ﬁéttéﬁ’ﬁﬁﬁ at ude
of the ex The
out put si gdn Féﬁ%ﬁ'&%%@@%ﬁﬁ h\gg)?erz?{ae%%ﬁ\éés?@rtn%tg@ \égr?gﬁtg% gerg{e atrﬁ&h gngln bar

4 is fed tthatas mdatedp,{/mmthélurarﬁgferk 689 S I 4hxpmg|h1cea tpnse;antﬂel tbrse:m i2Perdnd a
bandpass flltﬁr 27, Q? Ia%%dl er filters out the useful nal conponent,
i e. the cSiRFOnERRETed e (PG EoVhaNdharng tra‘ies‘;e@%q‘ié?té SA'WIBt ati ng
the syst e pis kAgin¥ tRobugh thEﬂhﬁlﬂ%?&f('éhsp%hgaﬁl/vhﬁ@mécﬁ?&% 225 29 Qo Rigd motf'\e ghase
fromthe prong vibration mthe direction. The phase shifter 22 and

nulibi pl i erdirzttierc doe dieagfleyistivesaiérdentthiogetbef with sdgwarlstreamptmtmmlcﬂnmmso he

out put si gnal nal Qr 30 gener erlodlc
test si gnaervgttofdleée&?grﬁ?o@ e%f o5t ﬁ'ﬁ?m%gmﬁﬁ nlﬁ' Bﬁ“@“ﬁﬂ%&‘ﬁ'@f éarge@ “onto

t he si gnalaté@bpgﬁdth@( F;ela.ed“@rmgldhlda)maép,@ngg n the Z direction. By neans of an
anplifier 32, signals in phase opposition are generated that are added by
an adder 33a, 33b to the signals to excite the prong vibration in the Z
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di eeéct i on,anandh thetsensirore.g.i duead aeymroétry biethpvibrajmg amaseesd It thes cdsaxhs sérs
superlrrposed n thi rati o Thetoélsmn vi br.ati on gene rated in this

manner hasS¥ H a§§?ﬁ§ﬁ?’?’8 Gé‘??éﬁﬁq‘- WROSS BNl SPMRAFSNLA the QUtRYL SIENZL IS SHPSIPHEAt i on

in the Z difpetacRRl @eulaEnardlangusieratd1aint a0 e sscB Q6 aQedtGainkly Wi th the test
frequency f~es~. The test” frequency can also be zero so that the anplitude

of the additional torsion vibration remins const ant 5 The torsional

vi bration [ y..control,li has n I ctrode
3a, 3b) i sé'g%ﬁtﬁ%en ? th a P§y" % {bﬁ A" al?o ?engxﬁq%gg? qﬁ’ %Qﬁrwg%g ﬁ% Txcite
t hesprong wiféreat vibratibm of %l&\&(ﬂhlb&ﬁbh 613 |§|'£1£petpbséd S gmeéxcmrmommonq@nt ai ned

in the output, signal of the piezoresistive el enent is therefore 90 out of

phase wit hhe l?éj'ﬁ%%%?”ds‘ih@h%llo%%ﬁ%ﬁﬁ%@ﬁ signg AMBANEHE %Qétﬂuéﬂgﬁg@%ﬁt% at e,
and it is I 2b in
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t hi s reasoprongvibtdtion i therZ didectisn asmdnitas fhid armhtlmﬂofttlhlevmmtponent fromthe
out put signal of the sensor that is in-phase with the prong vibration. This
conponent of the output si gnal that represents a sinulated unbal ance of the
sengor is {afe M'eé‘su'?‘mg e&sgslealzw.béﬁe mhta&eomlsfmmsﬂweardwe&@dn dhehhat

conmpares the anplitu t e test signal with the anplitude of the test
si gnal conthe system rotates around the X-axis, torsion vibration is registered by the piezoresistive



15 ponent in the output signal of the sensor. These anplitudes g
fixed relationship with each other that e.g. can be determ ned rﬂeaﬂat'faZUOZ

| aboratory and represents a set function for a functioning sensor. If the
sensor or a part of the electronics is f@ulty, the anplitude ratio deviates
fromthe setpoint, and an error nessages is generated. 20 The anplitude of
the periodic test signal is also periodically changed in a sawtoothed
pattern by the element 37. This yields particularly precise error

recogni ti celeroerrs érhthedntsianebamelzes is phage-sbiftge 967 from mheranglarmmlegie Bmptd t ude

i s adapted, over entire measurjn a.circuit nmeans
of wh ch <6 SguleaRrina e aatEs Shintefiotel BV ime e et Meatrine HEnatiuhRint <

W th the sapRdflynsd piePorasistivetddthértisadaiis idchERIcRROBNE BRANSNER, gTRers as in
Fig. 2. The prong vibration is generated by neans of the pr earrpl ifier 17,

t he phase hsé-skirted 30° froen thmaciualimeassioing sighdler angllaraat sigrel withieensa®ahat33b
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the systemis rotated 90 out of ase with the E)rong anplitude. The

conponent @PsstHk isgipedin a%ﬁ@ha@m@m ¢ftthe PergeRtipyantiAR a7 35y SigAPIcompaeent s
filtered q S& 22 0 00CT 2002 12 and the multiplier
21, and yie éh%gg%g%%gé@ﬂfe %?@é%ngul ar rate of the systemafter passing
thr ough the Iowpass 23. The si gnal gener ator 30 gener ates the test signal

requeng ~eb~ that i1 s nodul at onto 5. the a ni tori.ng. signal
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non- phase-shifted signal of the prong vibration is nodulated with th
si gnal . Amal parabeissiatarsdns eyaleatpdros nangdred Whem Hee testrmﬂahqumﬂentedeveeest hat

are added t he adder 33a,.33b t ude control a xcite
the prong VYBPAPFEE HhE e s trHE FTRF ot ot B nether PashErBlt r odes
3a, 3b. ThIS simul ates the effect of an angul ar rate. The output signal of
the sensor is checked for the test signal at frequency f~e5~ nodul ated onto
t hdSanpl i t FE-MeANRDIGA Ghepssligethe Sﬂﬂﬁ%aﬁéﬂéﬁp bgfsirpHated Without tae gersior being
through a hapdnass, f1hkt S t. I To
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prongs 2a, 2b is nodul ated corresponding to e neasuring 20 range of the
serSor . Bysameeais thsf prohgvietagineiin the'Z, dutelqeorameretbu@etros!grtaﬂmars irpefrgseskd

bt ain o rogneo ranrd i BEAORLER 4 FAREATE LRGSR R RRUSTHR W

Fig. 2, thgenpdistive@deentdntBhephstshifiegral foonenseful signat gemsted avat in-t he
sel f-test arrpl itude to determne flaws in the sensor or downstream

el ect r oni c&ularaste, A taidignabig aceRiBIa MIUERSRHYHS At BeNab P R&He B8 PBsYBEd i n
sensor 1t of I

1 ai g er b T 2 B e Pl e gl AP Sk T A 11
tuidibng f or igreent guevatuatesitie regand br thp oedpoageeef thesysténs tathpdedtisenbeandyther ef er r ed
enbodi ment _of inyenti In general, the invention can be used for systens
in which am ﬁﬁ%fﬁl Efgvan 300 c-r zooz 13 tity is to be deternined via a
resonant structure. There are nunerous applications such as accel eration

sensors, pressure sensors or G mbal tgul ar rate sensors. Fig. 4 shows a
schemati ¢ W%amrpmwlaied arpsalelkds usedt thenmetbad explaits tha fagh e the tealssignel corgpat 5
tached to I el i f the X
directi on, ﬁerﬁ%o tja%e ;chsreeog)%( t%@hgles %ﬁ s‘?\ fgetdldr?mtfﬂom %&s?@@ rﬁal%g’w&nent

acgel er at i egntaineésd mSthe ﬂuttphEsqudJ mselfqesturtgmethemBas)urnecaﬂvatriwgehaat therechanges
so that the frequency of the vibration of the mass in the Z direction al so
changes anBe AR A¥sIaPRpE ¥4IBINE MeaRu B HERabICCLENT dhaphasA 59*?6"'Vr‘tl)ir‘i° Hesdgeor
self test, a second vibrational node is generated in the bar 12 that is
superposed on the 10 first vibration node that serves to determn ne

accel eration. The bar 12 is excited to experi



ence flexural vibration in the Y direction. Both vibration nod f
12 ‘are determ ned by a piezoresistive el enent 15. The usef ul s?@;r@lﬂtﬁezaﬁé
conponent is isolated fromthe test signal conponent that causes the second
vi brati on node by neans of a frequency and/ or phase analysis. The test

si gnal conponent in the output signal c&n be nonitored 15 while the

accel eration sensor is working or registering acceleration. |n another
enbodi ment of the invention (not shown), the self testing sensor can be a
pressure ; | m i ! vi brat e
to rreasurZﬁgﬁfeégga}hé;ﬁéa&c]{eiﬁﬁgra@%é? E@eﬁrgér}%ggﬁlé.gyme @EE‘? gﬁg%gﬁélﬁ%ﬁ&%épends on
t he pressisignaktite seffftest 20 berroeoveriike entirg neasyringfrangecofths savant whiletthat i on.
Pressure can_accordi n%%/ be maa%gred u |q% theI resonant nenbrane. To run
the sel f - %6837 SHARIERAB7asHENS Y8TAL Q0 A8 "8hS8 "dhot her vibration by means of
an actor unit, i.e. two vibrational nodes of the menbrane overlap. The
frequency and/or phase of the output signal of the nenbrane vibration are
anal yzed thodiffergnhsad-tepiecanditpn ¢aing theolwninBdork @nguler rgfeggrason hawninsFigeher at ed
by the super.pose . [ j e. of e . i S case
as well ; %@n%o&@%ﬂgt? ésgg%g}élﬁ%@;ﬂp 8E@%g&ﬁ%h&jﬁ?t‘hggﬁ?%ﬁmﬁ&@%ﬁ%uemé Yt he
test signadtetlith at dignahitiak toruskponds folem dngslar sit@ Nddduteiop asiapthecanglalr reeel i n
the output signal wthout interrupting the neasuring signal. The actor

el enent s teguiyalgBy Ugn2! £arebe plhzined Bhaeasusing dte qutpytisinat o mawitegreelhe athe
excitationy; | By Sacti C :

el ectrost &glﬁg,qu?}eegﬁg %sg%'dr,gg%bdrr&g@ﬁ&%@gf%cﬁgﬁ{a g‘shﬁék%%ﬁ)gg?ﬁg?g%nregts?sti ve
el eédrent s avith wintly thereen@iptdeoof the peribalictent signadistrhed weded. The 3mPlit0dF- 2002 14 ous

vi br ati onal es of the sensors.. In thjs case .as ||, .the vibratign can
be. | nt er prRbApEy SEneles PTPaTIL o PaeHs vita SE RtPte st el
sel f -t est ijReheSEHPQIioR! BAtH 8igh 81 lafee9 @N6Litlof ghakRtripd other. 1S BiS@hssrel, frid @sting.
enabl e ongoing self-testing without interrupting or inpairing the neasuring
si gnal , arsdlts hetorgetbengrexptied an thptersiarkar drivhielecoreessondsig aamagdar Btedynani ¢
range of t nsQr., [ | J n frequen f the test
signal no H?ta‘%gagegn\?"gy Eh%géﬁsfgégﬂ%#cgiog% fegllusﬁfn 5@#\%#@%?astehégbl?%\cpé%@fltgﬁrecan al so
be1s npl enedheduds the test dighahborapghiehin thab@tpaesiga ofthe fpidzbRwstiveldleMiritise t he
angul ar rate sensor i s working, the second node of the systemis directly
exci ted i risdadfia §a5R when siruiatinedhe msgbanisal Gostgkathsitaienetromacgeridufied to
the excur s @ilQlenhe cbhpsied TRAGNE Dt bignA Yt fd RBbicky AR dulereomhy B ed
with an alternating test signal. TRe signal for the system novenent in
t he secondimwitn themnhgilarsrate is cimpdatedt In tieasenser gemersaneld theymédsarddesntitygnal
in addition to the actual neasuring, sign based on the Conolis effect. The
masur i ng DGRBS R Y HOE ot e CBIRBREAL BNt FRsPaRga It DD hpYetrent
of 2o he sysdigm 4 dvligaggcond node can then be isolated fromeach other by
using a frequency and/or phase analysis. Then it is tested whether the
rel ati onship between the 20 test signal conponent in the second node and
the test sji l: 1 | £kl f il - ] Ld A IS 1S not
the case, DRENLYEEENpIE s the EaCilleFRRERERIRE, BRISA) BB obd porlbinge
second nodewithtEha@sensniucteditbet sigmabaamioneht it hiee dutpsitsignage sel-téstobrded- e. g.
by sensors on %%{’i ngs. The Coriolis conponent of the_second node is con 25
trastingl yIrGeRP B Pp Bt PEFRsHBe REVEMATEUTHTE EREE- T SRMRisiat @ lepms
schemat | Caﬂli'tddeoé?rtﬁé %Y§o@yi§%%h%Bn&%te@@viﬁﬂﬁ@Hﬁ’él%iéc%dé95‘,5355 tHACEAELHiag bk o _t he
i nvention. The accel eration sensor consists of an excitation structure 7
t hat functtested vathirenmaeswinguange, of amdll angwaaateatansitthe sensoecaroOn atsatf-test
conpri ses a_r.esonator or resonat.or, bar 1 30 and | i nked sei sm ¢ .nass
1207 The: raLbR AT ins ok SRR AR el A B M E I MNEEER 2Bt her
bar 125, igigly-deReatedy rdiet vis@ibn e, BY ercaluBtingtie dehmitiietof tife gl alaer
generates the torsional vibration of the prongs 2a, 2b via the dual electrode 3a, 3b that is
30 superposed on the excitation vibration of the prongs 2a, 2b in the Z direction, you can con-

tinuously run through the sensor measuring range.



300 cTzooz 15 elenent 25 provides piezoresistive detectio f t zhﬁéﬁc
node of the resonator bar 110 that is excited thermally to viﬁ@t@

excitation structure 7. In a preferred enbodi nent, the basic node of the
resonator bar 110 is 400-500 kHz. \When acceleration arises in the X
direction, the mass is displaced due tolGts inertia, and the resonator 110
experi 5 ences tension or pressure. This changes the resonance frequency
and can be detected as a neasuring signal. The described excitation
structure 7 is designed so that it can excite the intrinsic nodes of the
seism c mass 120. The basic node of the systemis the |ateral vibration of
mass 120 tByatryirgstha tdst égoesmcy obfheaaﬂrs@nbhmbmjlg/tedﬁnﬂol-ﬂhe useftlhstgrat, gbecared

enbodinent. The vibration of this npde corres riodic
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resonator bar and the l|lateral vibration node of the mass 120. The signals
genfer at ed nmdutah@d oeD dhe eyefdSiganle. @.uwjeéeaté@qu@wcam@mtw &f tbe frFmﬁﬂmer
anaIyS|s means
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structure or actor unit 7 can e.g. be thernmal, capacitive or piezoelectric.
To save spReethar@swanEe taohf We@%edame@ham%a*e@éératkd:a@%%u*@w ap H8HHIREDr bar
1 10 and ss 120. It is, however, also possible to excite the

resonator bar 1 10 and the nmass 120 20 wth two separate actor el enents.
Any0 conbi nation of the two actor el enments using thernal capacitive and
pi ezoel ectri ctors.is possihle, The etectlon unit ves t

¥ s

both vi br &t OfF aFirBYILTa" GriunpeIiack angy ﬁteﬁéni"éﬁ'&a&sﬁ H?ee%éﬁél‘&%?u c or
pi ezor esi $hd ¥&hsorl 1P tRERALBSETHILA Rt Ao URE UiSratBR ofl h%cbré)@gs%egb &mé4a- moni tor
the two vibrations or vibration nodes, whereby any conbination of

capaci ti ve:)eqobxem@n@etwscvaeddmpnte(z on & top iprangdatandifebyia agpresoepdifipt & arthese

el enent s c .al,.so bhe.co n m | e |te det ect
both o1 ond D-The8e AT TR RE obils HiBhe a8, s e e fosh Rl YErdsor R thel 5

si gnal detesids@a; 28 the 3 drebtidn. An2@pRtube coholled 13 ioWAstidien RagiLohapagn of
the control and evaluation circuit as a bl ock dlagranl The accel eroneter 90

conpri ses fifet heFariroleshe atnanmm of tgexgitatien \dationwheredB i pongsife, 126 are

vi br at e, lecration
Vibrte, SePTHORSER R ok ARURY B NEPINS)EYonRDLH e REGP6R

pi ezosensded 83a trmltqbﬁeuezt aftehepavsuhg ﬂntmuglhsa wearhpliftee 26 esd)aatmdpaias mmer 2%; Blel
circuit 95 represents the he rt of the evaluation circuit rises a
Vol t age- cOMIRBIeT Besgut Meaiar 638l AMBREE |ColisdoaioP oYt oS Bhpacs
9569 The vl hp@8r €QRhEQ édetq, r@f‘-‘a@lh% ke Q5teaPHeRLESKS. hﬁls%@ﬂut ﬁgda(PBorﬁth{éﬂ{
during operation that is he eéxcitation step 91. phase

conpar at oris Q%Ou;tcnfwaﬁ&fr@méhq)mgév@fatnon@ Bed diggctionh Tsp gh@ﬂe afuften 2219a€ of t he

detection I i ul t,
the phase TUABEr 213eCyalstERTEELER0Y) HeBLeHEERIE RO oyl Jeh el 62
frequency sefisdrhe vol tage-controlled oscillator 95a so that the resonator
bar continuously resonates. This control voltage is also used as neasuring
signal in the preferred enbodi ment shown here. An adder 51 serves to

Suggrposeeﬁgg&g%}gﬁ%gﬁ?bp%ﬁérta%ts'a r|}§9 tt@sQ%|g9€I l?rgggé%%kd“ttﬁaq gtﬂgljedjo t hat
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lateral vig RuRbIi&B0dntd bR eﬁﬁaﬁﬂ ExclBafe Prdfg villiakion rathe zadire¥iidH, &Y infiand &7 1 N
the X direction, i.e. in the |lengthw se direction of the resonator bar 1 10

(see Fig. ap_v\)ammwebéznsngr@tson BB epResitiereercteraeratidi thalcraRdesddivt aadgar $&.t age,

can bo ad) 1 B4 SERE SRR hETFElethAT, AE2 4108 o Byl a o 0°

obt ai ned Zdedrdde 3at 3R Thrsqmotm@yacvfbr@tmnrcmmermbﬁgsyzal@bmrtm d tonathdt dimplitude® t he

S|gnal to excite the basic node of the resonator 1 10.
in the Z direction, and a torsion vibration of the prongs around the X-axis is superimposed

on this vibration. The torsion vibration generated in this manner has the same frequency



The nodul ated excitation signal is fed to the accel eroneter 9 I

the resonator 1 10 to vibrate at its intrinsic frequency Iike%@ﬁs@iﬁﬁhﬁi
mass 120, and this produces vibra25 tions at a different frequency. In the
present case) the basic node of the resonator bar 1 10 has a frequency of
approxi mately 400-500 kHz while the sei$hic mass vibrates at a frequency of
approximately 16 kHz. The vibration of the mass 120 corresponds to an
internally applied periodic accel eration. 30 The output signal coning from
the pi ezoggmsdéxcRatiGH vibRBoAFCERE STHMEBI ardtinRAssisdc thEodaRgheriBBichifyl er 96
and a bandpass 97 to an adder 98. Qther signals 99a, 99b are fed to the

0 0 CT 200th the tabtl Erq@cy iat Thedestdranoemdyi oan aksbdetzam soteanthk acpbde af k
(signal 99a) and electrical crosstalk (signal 99b). After the adder 98) the
measur i ng tR§ gEfilionshipsdan viRrasign kerpaias penstal.squar ewave converter and enters
the PLL circuit 95 described above. 5 The output signal of the PLL circuit
95 is anplified by a controllable anplifier 60a. Then the signal is

subj ect ed Thetasibnagiteation (geedry®id dy cBytratimis pbhseofdposipars theGla| eledteodeidgnal

o ghal ) iseOHE WG § S0t i ShSE WiR SiR SR B S eMBAELoREEn o The
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is isolated using a bandpasS 60b. Then the difference between the self-test
si gnal andive Rlemeatd istheraferei®r ot ghetiase with dheeusefn signalrcoswionentibagededre ment
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el ext r oni Qbah AU directibe thasd mbeneed W eeSidtotesjstivt elehRnSE TR thidtase, 80 t he
mai n conpol5 nents of the evaluation electronics. Since the voltage Uoe is

a measur e "yltiRlien4il i5 yaedyo filter Ul gheneorprangnt frors dhe outaytsignat of thpeensehdal . The
vol tage i C i ; J CORn

anpl 1 11 er AT YpaE e fhofs GBRSIA e ARheptRntE bR SERIbRR IR efioe. 20
Fi g. 7 shoeimulateBaubalenceaafahy sersonik fédhda e bbpdpassfilgerads tofthd bef-btoarbitaleiscr i bed
eval uation electronics. Inp this case, the basic npde of the resopator bar
st hor a9 RPN S A B 4L R s 18O E08 ARDLLE A et SR (Rse modes
of 14 he seiAbm iMBRSoukg@ BRI & tRE sEnseh. ITREse dARitRASIafe AR obliGhsPyS M IS a
| ateral vibration of the mass 120 at a frequency of 16 25 kHz. The

vi br at i on egth phiesthabde. eay bedgiomesed o adaparriondang repieseniodat fuaciisi fer at i on
in the X gi ] i q. A per e el f-1es s_rupn i,n this case
by per mandh oM saREer s teneh ok e BR B Ghoyilics LB R abblui Sty 110
and the | ale@ibtds fronbthatdeqrvintpstel of ertdrendm@sgesiP@enckigedlg a vi brator, a

si nusoi dal acceleration of 1 kHz was generated in the X direction while the
sensor was al so operated in self-test node. The Fourier analysis of the 3
0 8 C ~ 2602 4AB iRk Rt e Il BRUWAa| i8 afsb Peridaisdh i7h Sflkodedpther nal
accel erati onaéﬁ) If1udlkHz, adne'é tke és}i g@g" gfs ?’ﬁﬁu%'i%?g@acﬁ gr”z% ?é(}ﬁltooo?ﬁet e

sel f -t est tatn yppe elermeat 87 yThivyiKiz partihdarlcecies poodiengdntiomaef ihe@ptitehe
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functions according to a resonant readout principal, and a permanent
self-test can be run during nmeasurenment. A test acceleration is applied
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acegr di nglé(erﬂg{tmﬁ%é ¥arﬁlé’ﬂjnl:ﬁa"| ﬁ'e%enkiﬂgd QHh B same reference numbers as in Fig.
2. The prong vibration is generated by means of the preamplifier 17, the phase shifter 13,
the amplitude controller 14, and the adder 33a, 33b as in the circuit shown in Fig. 2. The
signal to excite the prong vibration in the Z direction precedes the prong vibration by 90°.
The torsion of the torsion bar 4 determined with the piezoresistive element 5 arises when
30 the system is rotated 90° out of phase with the prong amplitude. The component of the

output signal shifted 90° from the prong amplitude is filtered out by the phase shifter 22



10 Overall, the invention creates sensors that test thenselves w
interrupting the actual neasurenent. Expensive additional corrpo\rlaﬁ]buél.’rezoﬂz
not necessary, so that the self-testing sensor can be manufactured with a
smal | and econom c design. 30DCT ~(~02 A sensor with a resonant
structure (2a, 2b; 1 1; 100) to detect & neasur ed gquantity by a first
periodic vibration of the structure (2a, 2b; 11; 100), an elenent (5; 15; 5
25) to generate an output signal that depends on the neasured quantity)
nmeans (41)and%he ®QARDIIGOD), ah@ yidRis @IMédereXodtherang@ol @teofahé eyteriiaiBApassing
conponent fromthe output signal that is generated by a second periodic

vi br at i on tbfoughthedowpssiide (2a, 2b; 1 1; 100) superposed on the first

vi bration, characterized by an actor unit (3a, 3b; 7) to excite the
structure (2a, 2b; 11; 100) to a first periodic vibration, and 10 neans

(3a, 3b, 3IBasigdalendrat&r®BO gehrdtés B¥ st Sighiart Fefuicyre tHad & Abduldtedontk00) to
a second vibration node that is superposed on the first vibration node that

serves t o theamplitutéereromisating sghadawasirey by the plezoeasistive alementé wighthe ot af m 1,

cha act ot e iyl S Bl e tolpd SR Yl bl Al = 0
according rioﬁ—plhbé?é-ﬁﬂi&ed)éigr?al oﬁh@@@ﬁge\ﬁﬂ)réﬁgn it ddtated mﬁh@rtb&adigdanmhance of
the structure is used as a neans to excite the second vi bration npde. 20 4.
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semnsor acded b thg tivo eleaEodds 34)SbpTHiOgimaladdsthe effedttofen aghidarasiceThez®dpdty nmeans
(30, 25 37) to periodically change the anplitude and/or frequency of the
t est si gnaignabof the sensopis cheeknddphietest sigaalart frepeensy ifieomasubgitersonto the am-

characterized in that it is,an angular.rat ensar nd accel erati on sensor
or o pr esdUreqBaigine sgns A RouBnes Shikar iR §E et ppr e S .
char act er iseshd i tHehdbd 18 séIPReNADIterS4T. U6 idolate thelO&)sidhabcanpopepnatiy odt- 1 10)
and a linked resonant nmass ( 120) that
put signal from the useful signal component when a simulated angular rate is used, the
15 test frequency f.. must lie outside of the frequency range of the measured quantity or an-

gular rate.

The second vibrational mode of the sensor, i.e. the amplitude of the artificially-generated
torsional vibration of the prongs 2a, 2b is modulated corresponding to the measuring

20 range of the sensor. By means of the element 37, the amplitude of the superposed peri-
odic test signal is periodically changed in a saw-toothed pattern to obtain a highly precise
self-test for the various measuring ranges. As with Fig. 2, the amplitude of the test signal
component is compared with the self-test amplitude to determine flaws in the sensor or

downstream electronics.

25
In addition, unbalance compensation 61 can be provided in sensor 1 that uses an amplifier
62 and multiplier 63 to ensure that any arising error tolerances do not generate additional
vibration modes.

30 The tuning fork angular rate sensor portrayed here is a particularly preferred embodiment

of invention. In general, the invention can be used for systems in which a measured quan-
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test signal conmponent while per formng the nmeasurenent. 5 8. A sensor
according to one of the prior clains, characterized by neans to calibrate
the sensor with the test signal conponed®. 9. A sensor according to one of
the prior clains, characterized in that the actor unit (7) causes a
resonator ( 110) and a linked mass ( 120) to vibrate in different nodes, 10
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frequency of the resonator ( 1 10J to generate the test signal conponent.

10. A deviaceeleratioebénsoes pressererssosors habimhet angvianeaie semwasur ed quantity
using a reso nant structure (2a, 2b; 1 1; 100) and generates a periodic
out put signal depending 15 on the neasured quantity, characterized by neans

to isol at &id 4 dhowd a;schePati®&ainple bfefmtacsbigntibn 66NTRPNEMH whibRh mass JuRestposed
on a useful signal conponent fromthe periodic output signal of the sensor,

andd conpartaghegddo gewnd 2( pamean theceelpighipe of the seesor 19jiyHgI X dicaspomdhe with a
defi ; i t. i d , i d
by “an act o galt oeSse Wty hiAE 254 RERL o) Bio i BRE T NAERGY' 15
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mined by a piezoresistive element 15. The useful signal component is isolated from the
test signal component that causes the second vibration mode by means of a frequency
and/or phase analysis. The test signal component in the output signal can be monitored

15 while the acceleration sensor is working or registering acceleration.

In another embodiment of the invention (not shown), the self-testing sensor can be a pres-
sure sensor. In this pressure sensor, a membrane is excited to vibrate to measure pres-
sure acting on the membrane. The membrane tension depends on the pressure and influ-
20 ences the frequency of the resonant vibration. Pressure can accordingly be measured us-
ing the resonant membrane. To run the self-test, the membrane is modulated onto another
vibration by means of an actor unit, i.e. two vibrational modes of the membrane overlap.
The frequency and/or phase of the output signal of the membrane vibration are analyzed
to isolate the component from the output signal that is generated by the superposed sec-
25 ond vibrational mode of the membrane. In this case as well, a sensor self-test can be run
by comparing the amplitude of the test signal with the amplitude of the test signal compo-

nent contained in the output signal without interrupting the measuring signal.

The actor elements to generate the vibrations are not limited to electrodes. The excitation
30 can be provided in many ways, especially e.g. by electrostatic, piezoelectric or thermal

elements. Likewise, piezoresistive elements are only one option for determining the vari-



21 13: A device according to one of clainms 10 to 12, characterized in that
the isolating means (41, 45; 60a, 60b) have a device to anal yzae[]t 9{;'[ %002
frequency and/or phase of the output signal. 5 14. A device accordi 0
one of clainms 10 to 13, further charactﬂized by neans (30, 37; 50) to
periodically charge the anplitude and/of frequency of the test signal. 15.
A nethod for self-testing a sensor with a resonant structure (2a, 2b; 1 1;
100), characterized by the foll ow ng steps: 10 superposing a second

peri odi ¢ wubvitatmnalonddesaf the sanswrisbinghis easeods wélk trst vikration ean(2ainte2fretelil;
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by actor units. (3a - 33a 3b; .7,.50, 5 t Q ,superpose .vibrati.ons in a
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quantity anshuldied b&slihs igia@lsighamponent. 20 1 b. A nethod according to claim
15, characterized n that an excitation signal for the structure (2a, 2b; |

1; 100) is nodul ated by a test signal. 17. A nethod according to claim15
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mechani callows:osstal k of the sensor. 18. A nethod according to one of clains
15 to 17, characterized in that the output signal is subject to a frequency
and? or phase anal ysis. 30 30O0OT ~~~z.

While the angular rate sensor is working, the second mode of the system is directly excited
in addition to the first mode by using a signal that is coupled to the excursion of the first

mode and is additionally amplitude-modulated with an alternating test signal.

15 The signal for the system movement in the second mode contains a component that is
generated by the test signal in addition to the actual measuring signal based on the Corio-
lis effect. The measuring component and the test component of the signal for the move-
ment of the system in the second mode can then be isolated from each other by using a
frequency and/or phase analysis. Then it is tested whether the relationship between the

20 test signal component in the second mode and the test signal itself fulfill the predeter-

mined conditions. If this is not the case, the sensor generates and error message.

The excitation of the second mode in phase with the movement of the first mode is re-
corded e.g. by sensors on springs. The Coriolis component of the second mode is con-

25 trastingly 90° out of phase from the movement of the first mode.

Fig. 5 schematically portrays a section of an acceleration sensor according to the inven-

tion. The acceleration sensor consists of an excitation structure 7 that functions as an

actor unit, and a resonant structure 100 that comprises a resonator or resonator bar 110
30 and a linked seismic mass 120. The resonator 110 and the resonant mass 120 are con-

nected by another bar 125, i.e. they are not combined into a single element. A detector
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s generated y the detector 25 are subjected to an analysis or Fourier analysis by
means of suitable evaluation electronics to isolate the test signal (generated by the vi-
brating mass 120 at a frequency of 16 kHz in a preferred embodiment) from the measuring

15 signal.

The excitation structure or actor unit 7 can e.g. be thermal, capacitive or piezoelectric. To

save space and money, only one actor is used to excite the resonator bar 110 and the

mass 120. It is, however, also possible to excite the resonator bar 110 and the mass 120
20 with two separate actor elements. Any combination of the two actor elements using ther-

mal, capacitive and piezoelectric actors is possible.

The detection unit 25 serves to monitor both vibrations or vibration modes and can be
capacitive, piezoelectric or piezoresistive. Two separate detection units can also be used
25 to monitor the two vibrations or vibration modes, whereby any combination of capacitive,

piezoelectric and piezoresistive detection is possible.

These elements can also be combined to form a single element to excite and detect both
signals instead of using two different elements for excitation and signal detection.

30
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control voltage is also used as measuring signal in the preferred embodiment shown here.

An adder 51 serves to superpose an additional excitation voltage on the excitation signal
15 that is supplied from the voltage-control oscillator 95a and thereby generate a lateral vi-
bration of the seismic mass 120. This lateral vibration is in the X direction, i.e. in the
lengthwise direction of the resonator bar 110 (see Fig. 2). An oscillator 50 generates the
additional excitation voltage, whereby the frequency and amplitude of the additional exci-
tation voltage can be adjusted. At the output of the adder 51, a self-test signal is obtained
20 e.g. at a frequency of approximately 16 kHz in addition to the signal to excite the basic

mode of the resonator 110.

The modulated excitation signal is fed to the accelerometer 90 and excites the resonator
110 to vibrate at its intrinsic frequency like the seismic mass 120, and this produces vibra-
25 tions at a different frequency. In the present case, the basic mode of the resonator bar
110 has a frequency of approximately 400-500 kHz while the seismic mass vibrates at a
frequency of approximately 16 kHz. The vibration of the mass 120 corresponds to an in-

ternally applied periodic acceleration.

30 The output signal coming from the piezosensor 93 of the accelerometer 90 passes through

an amplifier 96 and a bandpass 97 to an adder 98. Other signals 99a, 99b are fed to the
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10 The self-test signal at a frequency of approximately 16 kHz in the present case is isolated

using a bandpass 60b. Then the difference between the self-test signal and the test excita-
tion signal is determined in switching element 60d to produce a voltage U... If the voltage
User exceeds a specific threshold, there is an error. The entire sensor is tested including

the electronic circuit. The test hence covers not just the sensor but also the main compo-

15 nents of the evaluation electronics.

Since the voltage Uar is @ measure of sensitivity, it can be used to self-calibrate the sen-

sor. The voltage is controlled to a constant, set value using a controllable amplifier 60a.

The circuit is represented in Fig. 6 by the dashed line.

20
Fig. 7 shows a Fourier analysis of the output signal of the above-described evaluation elec-
tronics. In this case, the basic mode of the resonator bar is thermally excited at a fre-
quency of 400-500 kHz, and the intrinsic modes of the seismic mass 120 are also excited.
The basic mode of the system is a lateral vibration of the mass 120 at a frequency of 16
25 kHz. The vibration of this mode corresponds to a periodic, sinusoidal acceleration in the X

direction (see Fig. 5). A permanent self-test was run in this case by permanently super-
posing the excitation signals of the resonator bar 110 and the lateral vibration mode of the
mass 120. Using a vibrator, a sinusoidal acceleration of 1 kHz was generated in the X di-

rection while the sensor was also operated in self-test mode. The Fourier analysis of the
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hen correspondingly modified, the self-testing acceleration sensor shown here can also
5 be used to measure other quantities that exert force on the mass 120. The acceleration
sensor functions according to a resonant readout principal, and a permanent self-test can
be run during measurement. A test acceleration is applied using a continuous test signal,

and the associated acceleration signal is accordingly permanently available at the output.

10 Overall, the invention creates sensors that test themselves without interrupting the actual
measurement. Expensive additional components are not necessary, so that the self-testing

sensor can be manufactured with a small and economic design.
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(41, 45; 60a, 60b) to determine and/or isolate a test sngnal component from the

t?’wat de)pen s on/ﬁwe measgn)ed quantity, means

output signal that is generated by a second periodic vibration of the structure (2a,
2b; 11; 100) superposed on the first vibration, characterized by an actor unit (3a,
3b; 7) to excite the structure (2a, 2b; 11; 100) to a first periodic vibration, and

10 means (3a, 3b, 33a, 33b; 7, 50, 51) to excite the structure (2a 2b; 11; 100) to a
second vibration mode that is superposed on the first vibration mode that serves to

detect the measured quantity.

2. A sensor according to claim 1, characterized by a device (30, 31; 50, 51) to modu-
15 late a test signal on a signal to excite the structure (2a, 2b; 11; 100).
3. A sensor according to claim 1 or 2, characterized in that a mechanical unbalance of

the structure is used as a means to excite the second vibration mode.

20 4. A sensor according to one of the prior claims, characterized in that the means to
isolate the test signal cornponent (41, 45; 60a, 60b) comprise a device to analyze

the frequency and/or phase of the output signal.

5. A sensor according to one of the prior claims, further characterized by means {30,
25 37) to periodically change the amplitude and/or frequency of the test signal.
6. A sensor according to one of the prior claims, characterized in that it is an angular

rate sensor, and acceleration sensor or a pressure sensor.

30 7. A sensor according to one of the prior claims, characterized in that the resonant

structure (100) has a resonator (110} and a linked resonant mass (120) that
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(7) causes a resonator {110) and a linked rmass (120) to vibrate in different modes,
10 whereby the vibrating mass (120) periodically changes the resonance frequency of

the resonator (110) to generate the test signal component.

10. A device to self-test a sensor that determines a measured quantity using a reso-
nant structure (2a, 2b; 11; 100) and generates a periodic output signal depending
15 on the measured quantity, characterized by means to isolate (4 |; 45; 60a, 60b) a
test signal component that is superposed on a useful signal component from the
periodic output signal of the sensor, and comparative means (43; 60d) to compare
the test signal component with a predefined value, or with a test signal sent to the
sensor, characterized by an actor unit (3a, 3b; 7) to excite the structure (2a, 2b; 11;
20 100) to a first periodic vibration, and means (3a, 3b, 33a, 33b; 7, 50, 51) to excite
the structure (2a 2b; 11, 100) to a second vibration mode that 1s superposed on

the first vibration mode that serves to detect the measured quantity.

11. A device according to claim 10, further characterized by a device (30, 31; 50, 51)

) to modulate a test signal onto a signal to excite the structure (2a, 2b; 11,100).

12. A device according to claim 10 or 11, further characterized in that the second vi-

bration mode is generated by a mechanical unbalance of the structure.
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37; 50) to periodically change the amplitude and/or frequency of the test signal.

15. A method for self-testing a sensor with a resonant structure (2a, 2b; 11; 100),
characterized by the following steps:
10 superposing a second periodic vibration onto a first vibration of the structure (2a,
Zb; 11; 100);
detecting an output signal that contains information on the measured quantity
which is coupled to the resonant structure (2a, 2b; 11; 100), and
monitoring a test signal component in the output signal that is generated by the
15 second periodic vibration of the structure (2a, 2b; 11; 100),
characterized in that
the resonant structure (2a, 2b; 11; 100) is excited by actor units (3a, 3b; 33a, 33b;
7,50, 51) to superpose vibrations in a first and second vibration mode to simulta-

neously detect the measured quantity and the test signal component.

20
16. A method according to claim 15, characterized in that an excitation signal for the
structure (2a, 2h; 11; 100) is modulated by a test signal.
17. A method according to claim 15 or 16, characterized in that the second periodic
25 vibration of the structure (2a, 2b; 11; 100) is excited by a mechanical coupling or

mechanical crosstalk of the sensor.

18. A method according to one of claims 15 to 17, characterized in that the output
signal is subject to a frequency and/or phase analysis.
30
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component in the output signal is used to calibrate the sensor.

21. A method according to one of claims 15 to 20, characterized in that the structure is
excited to vibrate with at least two frequencies, whereby the first frequency repre-
10 sents the quantity to be measured, and the second frequency represents a test

signal.

22.  Anacceleration sensor, especially according to one of claims 1 to 9 with a resona-
tor (110) that is coupled to a resonant mass (120) so that its resonance frequency
156 changes when the mass (120) is displaced,
an actor unit (7) to excite the resonator; and
a detector {25) to generate an output signal that depends on the resonance fre-
quency of the resonator (110), characterized by

a control to generate an excitation signal that contains at least two frequencies to

20 simultaneously excite the resonator {110) and the mass (120) to vibrate in different
modes, and
an evaluation step that separates the vibration mode of the mass (120) as a test

signal from the output signal.

25 23.  Anacceleration sensor according to claim 22, characterized by a self-testing device

according to one of claims 10 to 14,



