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INTRODUCTION

Kinetic energy recovery system (KERS) also oftelledaa “regenerative braking” has been known toabhtmotive
world for more than half a century. In such a systa braking torque created by normally driven idheé a vehicle is
allowed to back-drive an electric motor to chargbagtery or to spin up a flywheel. Later, the kioatnergy of the
vehicle stored in the battery or the flywheel igdiso boost acceleration of the vehicle when neeNewvadays, this
technique has been introduced in parallel hybridsyatems where either an internal combustion engiman electric
motor or a combination of both provides motive pnwe

In 2009, FlAinspired optional addition of KERS to Formula 1 s to promote the energy saving technology and
increase the excitement of F1 by increasing overtgkpportunities. However, according to the Fl4gulkations, the
maximum amount of the stored energy should not exke®0 kJ per lap that would allow adding about libése
power to the engine for almost 7s per lap. In otddre able to constantly monitor the amount ofatditional power
generated by KERS, FIA required a direct measurémértorque transmitted from/to the KERS electriotor
mechanically coupled to the engine crankshaft. @heere two candidates for the role of the non-axingad non-
compliant KERS torque sensor: a magnetoelastic amé a SAW one. After careful consideration of die t
requirements including the accuracy, the tempegatange, mechanical tolerances, expected vibratiodsavailable
space, one team of the KERS designers opted fdothae sensor based on SAW resonators.

The use of SAW resonators in torque sensors has diseussed in a number of publications. The ide@oa-contact
torque measurement by SAW devices was first padeintgl1]. Initially, two separate SAW devices and Rotary

couplers per sensor were used with an interrodsdsed either on two SAW oscillators [2] or two freqgcy tracking
loops [3]. Later, an integrated sensing elemert wito SAW resonators on a single substrate havimgaved torque
sensitivity was proposed and the CW frequency tracliterrogator was modified to be able to uséngle RF rotary
coupler [4]. The next step was to add one moreisgralement containing two more resonators in otdecancel

influence of bending on the torque sensor outputlBe growing number of resonators in the sensquired changing
the measurement method from CW frequency traclong pulsed interrogation in the time domain [5].dAin of the

third SAW resonator to one of the sensing elemfartsemperature compensation helped to improve iderably the
accuracy of torque measurement [6]. The SAW tospresors were developed for a number of applicatioms those
with relatively slow variation of torque like inghcase of electrical power assisted steering [Bjidbly dynamic ones
like the engine output torque sensor [7].

However, the environment of the F1 vehicle is mhelsher than the one that all the previously deerlosensors
faced. First, the speed of rotation in F1 engir@ssgup to 18000 rpm creating a significant centaipf@rce applied to
the sensing element. Second, there are very intengme vibrations with the expected magnitude ad@0g and
unknown spectrum. Third, the operating temperatange starts at around " and extends up to 180, far beyond
the normal automotive limit of 128. Fourth, a very limited space does not allowaittstion of a traditional planar RF
rotary coupler [8] connecting the sensor to theriiigation unit. The last point is that the instéaeous torque seen by
the sensor can considerably exceed the specifiehge torque due to very strong torsional vibrati@l these factors
have required considerable modifications of thessehardware and the interrogation algorithm. Tine af the paper
is to describe these modifications.

The structure of the paper is as follows. Sectias devoted to the torque transducer design andhigsacteristics.
Section |l discusses the RF rotary coupler desigtational errors and errors caused by mechanmakances.
Modifications of the interrogation algorithm aresdgbed in Section 11l and the dynamic performantéhe sensor is
presented in Section IV followed by conclusions.



. TORQUE TRANSDUCER DESIGN

The crankshaft of the engine was connected to thRX electric motor by a short shaft that was amligert for
installing the SAW sensing elements and thus tgrritninto a torque transducer. Bearing in mind vémense
vibrations of the engine one could expect a stremgable bending force applied to the shaft. Ineortb minimize
parasitic signals caused by bending, two SAW segnsleaments had to be attached to the two opposies f the
shaft. The first one, HFSAW [7], contained threeV&Ane-port resonators on Y+34ut quartz connected in parallel.
Two of them, with resonant frequencies: 437 MHz and, = 435 MHz, were at45° to the X axis of the substrate and
the shaft axis so th&t,, =f, —f, linearly depended on the applied tordieThe third resonator, with the frequerfey
433 MHz, was used for temperature compensatiorceSinwas positioned at a different angle to thex¥s of the
quartz substratelr; = f, — f; depended on temperatufedifferently compared td~,; [6] allowing an independent
measurement of. The second sensing element, LFSAW [7], contaomdyg two SAW resonators with frequencigs:
431 MHz andfs = 429 MHz positioned at45° to the shaft axis so th&,, = f, — f5 also linearly depended dv.
Orientation of LFSAW relative to the HFSAW was subhtF,, = (Fy + Fip)/2 was sensitive to torque and insensitive
to the bending force applied in the plane of thaASdevices (the influence of the bending force ndrinaghe SAW
devices was cancelled due to the differential attaraof the frequency measurement).

The SAW sensing elements were packaged in metal icaall previously developed sensors [5, 7]. Hosvethese
packages could not be used for the KERS sensoubedaey would experience centripetal acceleratjpio 40009
producing the force up to 36 N. It could easilyadbt the bonded packages from the shaft, espegiliiyn combined
with violent vibrations. Besides, available spats made it difficult to use packaged sensing etdm As a result, it
was decided to bond the 4x6 mm SAW die directiythe shaft surface that was specially processednfirave
adhesion (see Fig. 1). Delamination of the SAW dewvifrom the shaft was never observed even aftgrdesmanding
“long run” tests on engine dynamometers generatitoge vibrations than real F1 vehicles. De-bondihghe gold
wires was also never observed due to the factrtiust of the bond wires’ length was covered by aneaitve. The
SAW devices were protected from the environmenalaylindrical sleeve pressed upon the thicker geatf the shaft
where they were installed. A specially designed peavided sufficient hermeticity and the absentea anechanical
hysteresis. The assembled torque transducer basd¢ldeoKERS shaft is shown in Fig. 2. The shaft di@nin its
thicker part was selected to provide a 10-fold st capability without causing a mechanical falon one hand and,
on the other hand, the resolution better than @r2cdrresponding to 9 bits over the read range.

At the initial stage of the project, each transduwd to be individually calibrated over the spiedftorque read range
+50 Nm and the temperature range fromiQ@o 160C. Simultaneous calibration of three shafts wasopered in the
static rig shown in Fig. 3. Typical sensor charasties are presented in Figs. 4 and 5. They wppeaximated by the
mathematical model of the sensor described in T6p DSP in the interrogation unit calculated terapee T and
torqueM from the measured values &f,, and F; by solving simultaneous equations of the model.i@@ns of the
calibration characteristics from the model at<® < 13C°C did not usually exceedr, = +2 kHz forF, and4F,, = +1.7
kHz for F,,. The error irF;,consisted of a non-linearity error £0.7 kHz) and hysteresis caused by the bond. Tter lat
increased with temperature so thi#t, reachedt4.5 kHz atT = 16C°C.

Fig. 1. The KERS shaft with the bonded HFSAW Fig. 2. Assembled torque transducer

sensing eleme



Fig. 3. A string of three sensors being calibratitiin an environment:
chamber over the full operational range of torque @mperature

Apart from the systematic errors mentioned aboeeethvere also random errors of the non-contachesgdrequency
measurement. Typical standard deviationsHgand F, were gr,, = 300 Hz andor = 420 Hz respectively if coherent
accumulation of several SAW responses was not imsélte interrogator. The total maximum error incioe can be
estimated as

IM = (30km + AFm+ AFg + MAS)/Sn @

wheredF, and4S,, are the errors in determining the torque charatieoffsetF, = F(0, T) and the torque sensitivity
S\, = dF./AM due to the error in the temperature measuredi€nt (3o, + 4F,)/(dF/JT). Theoretical variation afiM
with temperature is shown in Fig. 6. At low temparasT < 100°C, the errors were dominated by random nois€,in
and non-linearity of the torque characteristichfgher temperatures, the error increased mainlytadee hysteresis of
the torque characteristic and, to a certain extdng to errors in the torque sensitivity estimatmaused by the
temperature measurement errors (the latter incdeasith temperature becauss, and d~/JT dropped with
temperature). Nevertheless, the global accuracy stiflsat the acceptable level of 1% FS even at Highest
temperature.

II.RF ROTARY COUPLER DESIGN

Both HFSAW and LFSAW sensing elements needed tedmmected to the interrogator through a non-corfRi€et
rotary coupler that strongly influenced propertidghe system. The shaft diameter and the availshéee were such
that the coupler circumference could not be latlyan approximately 0.2 It is noticeably smaller than the optimum
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Fig. 6. Global maximum torque measurement errdf at35 Nm

length of a coupler based on coupled microstripdifMoreover, only one half of the circumferenceldde allocated
for each sensing element that could make the cowgffeciency even worse. Finally, the requiremefittiee high
rotational speed also dictated the use of a cytitaticoaxial design rather than a planar desigi8]4hat was easier to
reinforce with a glass fibre wrapped around thenothe rotor couple can be seen in Fig. 1 andd¢hdorced one can
be seenin Fig. 2.

Electrical connection of the sensing elements aerdrterrogator to the coupler is illustrated ig.F (ground planes of
the 50Q microstrips are not shown). Simulations of thepteushowed that the insertion loss wag| F 11 dB for the
nominal 1mm rotor-stator gap and it varied with te¢ation angle only by 2.2 dB. Angular variatiohtbe output
impedance was also minim#iX,, = ARy, < 1 Q. Based on this data one could expect a small ti@migless than 0.8
kHz) of the measured resonant frequency with tiation angle. In reality, the angular variatiortled measured torque
turned out to be less thai®.04 Nm (see Fig. 8) which corresponded toRhevariation belowt350 Hz. It was well
below the sensor resolution.

A relatively high insertion loss of the couplerlfaled from its small size has not seriously affdctiee amount of
random errors in the measured frequency. Due tgladensitivity of the receiver of the pulsed intgator, they were
still determined by the phase noise of the localllasor rather than the Rx additive noise. In #iesence of coherent
accumulation of the SAW response the standard tieniaf the measured frequency was 200-300 Hz anduld be
reduced down to 100-150 Hz by means of cohereninagiation of five SAW responses.

It was also important to minimize variation of threasured frequency with the relative position &f stator and the
rotor couples in order to ease the requirementechanical tolerances. The cylindrical design tdrosat to be quite
insensitive to the axial displacement of the stadtative to the rotor by up to 1 mm — variationFgf did not exceed
200 Hz if the radial displacement was below 0.1 Mariation ofF, was larger, up to 2.6 kHz, probably due to theé fac
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Fig. 7. Electrical connection of the sensing eletsi¢m the coupler
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Fig. 8. Angular variation of the measured torque tamperature (40 readings are averaged)

that the temperature sensitive resonator had tegmalifferent from the other four resonators. dthiowever less
critical because of a smaller influence of the temafure errors on the torque measurement errors.

[11. INTERROGATION ALGORITHM

Non-contact measurement of the SAW resonant fretjeemnwas performed by the interrogator containimmised RF
transmitter and a double superheterodine receiescribed in [5, 7]. Similar to the interrogator ggeted in [9] it
measured the frequency of each resonator, one afigher, by analysing the spectrum of the natasalllations
excited in it by short RF pulses. The main differemwas in the ability of the interrogator to acclates coherently
several SAW responses for reducing the influenceaide. Besides, it was based on the transceivireifiorm of an
RF ASIC that allowed a considerable reduction ®ize.

As soon as the unit was switched on, it performadaxch of all five resonators by sweeping all idssnterrogation
frequencies covering the entire range from 42838 MIHz with the aim to find the best onés, fi, fiz fis, fis, that
were as close to the resonant frequencies as pmsaifter that, by using the selected interrogaticegquencies, an
accurate measurement of the resonant frequencepaeviormed. The cyclic sequence of interrogatibihe five SAW
resonators was as followg:—f, —f, —fg—f; —f, —f, —f5 ...—f; —f, —f, —f3—f5 — ..., as shown in Fig. 8e in [7]. The
frequencyf; needed for temperature measurement was intergalg once every\ = 500 cycles since the variation
of T is much slower than the variation Mf

After thek-th cycle of interrogation of the torque measuriaganators and-th cycle of temperature measurement, the
new interrogation frequencies were selected tddmest to the previously measured resonant fredgegnc

fir2as(ktl)=f1245(K), fis (K+1)=[f;3(K) +f3 (K-1)]/2. )

This way a continuous tracking of the instantaneegsnant frequencies was implemented similar eéarécking used
in the flexplate torque sensor [7]. Accumulationfisgé SAW responses gave the resolutionFgraround 3, = 450
Hz and hence, the dynamic range of 65.6 dB (forgpecified measurement range#§0 Nm). It took 250us to
measure one frequency and 5@ and 0.5 s to updated the torque and the temperatiues respectively. The
assumption was that the variation of the resonaqiencyf, during 1 ms satisfied the tracking condition

A = fi(k+1) —f.(K) < (B - 4f)/2 3)
whereAf; = 55.6 kHz was the distance between the neighbgunterrogation frequencieB,= minBprr, Bex), Borr =

700 kHz was the range of Fourier transform &g = 880 kHz was the bandwidth within which the SA@éanator
was efficiently excited by the RF pulse, i.e. thealp of its energy spectrum exceeded a certainhtbiedproviding the



required value obr,. However, it was impossible to guarantee validity3) in the absence of information on dynamic
behaviour of;.

The first experiments performed in realistic coidis on the engine dyno rig have shown that (3) quate often not
satisfied. A typical measurement result for thetdantaneous resonant frequerfiggampled every 500s during the
positive torque pulse at 11000 rpm is shown in Bag(green and blue traces represent measurensetftsrehifted by
250us). Its expanded section is shown in Fig. 9b. Caresee that there were a lot of sudden dropoutseaheasured
frequency happening in the areas whigrearied very rapidly with time. Sometimes the p&akiation exceeded 550
kHz and the rate of change was up to 1 MHz/ms, riloslly due to very intense torsional vibrationdhi§ variation
corresponded to the torque change by 130 Nm thiiteweeeded the specified measurement range ofrB0@early,
the dropouts could easily happen due to the nexjuincy reading being outside the SAW resonatdtagmn range
and the range of the spectral analysis, espedi@éring in mind that the previous interrogatiorgfrency could be
either at the bottom or at the top of the frequendge.

There could be another cause of the dropouts. Eheg of the frequency oscillations was comparatith the time
needed for coherent accumulation of five SAW respsrso the vibrations could easily destroy cohgreBicnulations
have shown that, depending on the phase angleedbthkional vibrations and its amplitude, they dowlduce the peak
energy spectrum of the accumulated SAW responseerto due to destructive interference. For this geag was
decided not to use the coherent accumulation intieerogator. This deteriorated the frequency ltgBm up to Ig, =
900 Hz but allowed better frequency tracking ardliced the frequency measurement time toi§3he torque update
period to 31Qus, the interrogation frequency update period to|2@nd the temperature update period to 0.31 s.

It was also necessary to broaden the range of éoamialysis up t8p-r = 1.1 MHz by expanding sin/cos lookup tables
in the DSP. The SAW excitation bandwidth was alsoabdened up t@B.. = 1.2 MHz by means of reducing the
interrogation pulse width. Both measures helpedsfgathe tracking condition (3). To further reduchances of
dropouts it was decided to switch from trackingtted instantaneous resonant frequencies to trackireir average
values so that

fi1245(k+1)=[31fi1245(K) + f1245(K]/32, (4)

fis (K+1) = [63fi5 (K) + f3 (K) + 4f2 ]/64, (5)

with the time constants of the digital low-pastefit around 20 ms and 20 s respectively. The diwrefactor4f, was
introduced to take into account variationfpflue to torque after the last measurement and stamated on the basis of
the measurements &f Fig. 10 shows the measured frequeficgturing the positive torque pulse after modifyig t
frequency tracking algorithm from (2) to (4) and &nd implementing all other changes.
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One can see from Fig. 10 that the measurementdwahi® much more stable in the dynamic mode aftelifiroation
of the interrogation algorithm. The measured peeffency variation reached 620 kHz correspondinbdqositive
torque variation of 140 Nm. Thus the sensor waslslpof measuring variable torque changing:bg#0 Nm without
loosing tracking. The achieved static torque rasmbiuwvas close to 0.1 Nm giving quite a high dynamainge of 69 dB.

IV.DYNAMIC PERFORMANCE OF THE SENSOR

Fig. 11 shows the results of testing of the torgemrsor as part of the KERS on the engine dyndath positive and
negative torque pulses were applied to the shafewlne speed of rotation varied from 9000 rpm 89d0 rpm. As one
can see the measured torque, after low-pass fidfedlosely followed the expected average torqubowit dropouts.
The temperature varied slowly between l@@dd 130C and did not affect the accuracy of the torque sueanent.
This test proved that the temperature compensafitite sensor worked correctly in the dynamic regim

Apart from a correct electrical performance of semsor there was also a challenge of achievingcmiff mechanical
robustness of the design. A lot of attention waisl po providing a good adhesion of the SAW #uatdes to the shatft,

Fig. 11. Measured torque filtered by LPF (lighteme10 Nm/div), expected torque (orange), rpm véled) and
temperature (gray) against time (5 s/div)



mechanical strength of the RF coupler and a goatll lietween the rotor couple and the shaft, reltalof electrical

contacts between the coupler and the SAW devicgsaagood balance of the assembled sensor. As i, t@gthe end
of 2009 season the sensors supplied to one ofteeteams worked successfully and enabled therartmuistrate the
benefits of the KERS.

V. CONCLUSIONS

The torque sensor capable of working in the extremgronment of race cars has been developed &Fihkinetic
energy recovery system. The sensor was based oSAW® sensing elements containing five one-portmesmrs that
were attached to the KERS shaft. The achieved digneamge of the sensor was 69 dB, the update pevaxi310us
and it could work at the rotational speed up toQBfpm and temperatures up to 160 The mechanical design of the
sensor ensured its small size and provided suffici@chanical robustness allowing to survive vatgrse vibrations.
Despite its small diameter, the non-contact rof@Fycoupler connecting the sensor to the interrogatinit ensured
strong enough SAW response at its input, very snadditional errors and small sensitivity to theadxnovement. A
number of changes in the interrogation algorithm,particular, in the frequency tracking procedwsignificantly
improved stability of the sensor performance inaiyit regime. At the end of the development stalye, Sensor
successfully worked on race cars.
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