TWENTY-FOUR POSITION TILT
TEST FOR ACCELEROMETER
CROSS-AXIAL SENSITIVITY
COMPENSATION

Miodrag Z. Maloviéa, Ljiliana M. Brajovic®,
Tomislav B. Sekara®

@ University of Belgrade, Faculty of Technology and Metallurgy,
Innovation Center, Belgrade, Republic of Serbia,
e-mail: ofis@malovic.in.rs,
ORCID iD: @http://orcid.org/0000-0002-0691-4626
® University of Belgrade, Faculty of Civil Engineering,
Department of Mathematics, Physics and Descriptive Geometry,
Belgrade, Republic of Serbia,
e-mail: brajovic@grf.rs,
ORCID iD: “http://orcid.org/0000-0002-2265-7308
¢ University of Belgrade, School of Electrical Engineering,
Signals and Systems Department, Belgrade, Republic of Serbia,
e-mail: tomi@etf.rs,
ORCID iD: @http://orcid.org/0000-0001-8031-3135

http://dx.doi.org/10.5937/vojtehg65-13137

FIELD: Electronics
ARTICLE TYPE: Original scientific paper
ARTICLE LANGUAGE: English

Abstract:

Cross-axial or transverse sensitivity of an accelerometer can be
compensated by digital processing of the output signal. To perform this, it
is necessary to determine coefficients that describe a sensor’s response
to excitation experimentally. Many procedures advised by standards and
scientific papers use expensive equipment which is not available in every
laboratory. Therefore, a simple method is proposed, namely a variation of
the static tilt test, requiring no other measuring equipment than the sensor
itself and a flat surface. Results vary depending on sensor surface and
housing quality, but it has been shown that cross sensitivity effects can be
reduced from several percent usually associated with commercial three-
axial MEMS accelerometers down to 1% or less.
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Introduction

There are various imperfections influencing accelerometer
performances. They are mainly non-linearity (including hysteresis), cross-
axial (also referred to as transverse) sensitivity, and dynamic
characteristics (primarily bandwidth limitations). Additionally, all of them
are subject to temperature fluctuations and aging (Lawrence, 2001).
However, some of these effects can be examined experimentally and
digital processing can be used to improve the quality of acquired data
subsequently.

Transverse sensitivity of three-axial accelerometers is caused mainly
by misalignment of their axes, which inevitably occurs in the process of
manufacture (Liu, et al, 2009, pp.196-200). Things get worse with
miniaturization. While new-generation micro-electro-mechanical (MEMS)
accelerometers are more practical than classical ones in many ways,
especially in terms of low power consumption (necessary for battery-
powered systems), small proof masses and electrodes are more difficult to
align properly. Therefore, commercial MEMS accelerometers exhibit
higher cross-axial sensitivities, typically equal to several percent (Sysoeva,
2006, pp.28-39).

Theoretical analysis

A simple method for calibration of accelerometers, for both main axis
sensitivity and cross-axial sensitivity, which can be performed in any
laboratory, is a so-called tilt test (VTI Technologies, 2005). An
accelerometer is placed into six perpendicular positions where g acts in
the directions of +x, -x, +y, -y, +z and -z (shown in Fig. 1), and the output is
analyzed. Cross-axial sensitivities are defined as follows:

2 2 [ 2 2 | 2 2
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where T, is the cross-axial sensitivity for the axis i (x, y or z), and ¢; are
the coefficients from:

2@ i) | L

Figure 1 — Tilt test basic positions
Puc. 1 — OcHo8Hble MosoxeHus mecmuposaHusi cmamu4HO20 yaria HakioHa
Cnuka 1 — OcHosHe no3uyuje munm-mecma
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fx :cxxax +cxyay +CXZaZ +kx
fy=cpa,+c,a,+ca, +k, (2)
f.=cpa,+ca, +ca, ik,

describing the influence of the j axis excitation on the j axis output f. The
coefficients labeled k; denote zero offsets (outputs for zero excitation).
The cross-axial sensitivity T; is a parameter describing the quality of a
sensor (the manufacturer usually specifies its maximum value), but its
numerical value alone cannot be used for software correction (signal
processing). To do that, it is necessary to determine all ¢; and k;
coefficients.

The system of three equations with three variables is solved and the
inverse equations read:

(f k )(C ! zz yz zy)+(fy k )(cxz zy cxyczz)+(f k )( xy yz cxzcyy)
Cxx(cyy zz" yz zy)+cyx(crz zy” xy zz)+czx(c'cy vz~ xz yy)

_ ik )eyeeameynca) + (fyky e + (R )(6C ity )

cxy(cyz zx” yx zz)+cyy(cxx 227Cxz zx)+czy(cxz yx” Crx yz)
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O B (e '

3)

cxz(cyx zy” yy zx)+cyz(cxy x Cox zy xx yy xy yx)

Twenty-four position tilt test

(s4

Figure 2 — Rotation of the accelerometer
Puc. 2 — [Nosopom akcenepomempa
Cnuka 2 — Pomauyuja akuenepomempa

If there is a small angle a between the actual gravitational field
orientation and the three-axial accelerometer main axis, the transverse
axes are exposed to gravitational accelerations in the order of g-sin(a).
This function has large variations around zero thus preventing us from
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obtaining reliable coefficients of cross-axial sensitivity by a straightforward
tilt test. Let us observe a transverse axis, perpendicular to the main one
that is inclined by a small angle a to the vertical (as depicted in Fig. 2). The
angle between this axis and the horizontal plane varies in the -a to +a
range depending on the angle of rotation around the main axis 8 so that:

tgp =tga cos [,
counting B from the highest inclination point. It can be approximated by:
pracospf,

provided that a is small. Taking N arbitrary values of 8 which differ by
AB=2n/N (i.e. uniformly distributed points on the circle), the
corresponding average sin(g¢) and cos(¢) become zero. The
accelerometer rotation thus cancels the main axial sensitivity of each
transverse axis to the lateral component g-sin(¢p), but not the intrinsic
cross-axial sensitivity, the existence of which contributes to the output
signal.

A customary method of accelerometer cross-axial sensitivity
calibration is placing the sensor into two opposite static positions in each of
six basic planes and averaging the output (Sill, Seller, 2006, p.3). This is
equivalent to the described rotation with N=2 and AB=n. A disadvantage
of any static tilt test is the inability to place the sensor into repeatable
positions with good relative orthogonality, due to the flexibility of the
housing and the plastic board the sensor is attached to, and the
unevenness of the surface and the housing (which is prone to non-elastic
deformations over time). Another calibration method is to create variations
in one axis output of the accelerometer by rotating it in the perpendicular
plane, thus exposing it to inertial acceleration in two transverse directions,
and then record and process these variations (Dosch, 2000), (Veldman,
2012, pp.254-262). A disadvantage of dynamic methods is the need for
complex equipment, not available in every laboratory.

Although the proposed 24-position tilt test (N=4, AB=m/2) seems very
similar to the 12-position test (N=2, AB=m), four rotation positions are
better not only because there is more data to average. The operator can
keep track of the values and repeat the experiment if they do not follow the
symmetry rule, which is easily visualized. Four arbitrary angles differing by
90° should produce output equal to f;+k-cos(B), fo-k-sin(B), fo-k-cos(B), and
fork-sin(B), where f, is the mean value, and k is a constant depending on a
and cross-axial sensitivity. In other words, multiple symmetry must be
observed. The mean value from positions 1 and 3 must match the mean
value from positions 2 and 4 (to an achievable degree of precision); the
difference between positions 1 and 2 must match the difference between
positions 3 and 4; etc. Otherwise, the measurement has to be repeated.
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This kind of control cannot be implemented if only two positions per plane
are used.

The test has been discussed and performed experimentally with
three-axial accelerometers. It could also be conducted with two-axial
accelerometers although their smaller cross sensitivity makes it less
convenient. Single axis accelerometers have cross sensitivity too low for
this method to be feasible in most cases.

Experiments

The experiments were performed using a wireless sensor device
designed primarily for vibrations measurements in civil engineering
(Malovic¢ et al, 2013, pp.19-26). It is made in surface mount technology and
features LIS3LV02DL 3-axial 12-bit digital MEMS accelerometer, with up
to 3.5% cross-axial sensitivity according to manufacturer’s specification.

Figure 3 — Sensor device in its plastic housing
Puc. 3 - Ycmpolicmeo 8 nnacmukogom Kopriyce
Cnuka 3 — CeH3opcku ypehaj y nnacmuyHom Kyhuwmy

The range and frequency are programmable. Since the excitation in
the tilt test ranges within tg, the shortest range of £2g was used, as well
as the lowest sampling frequency of 40 Hz, for the lowest noise. The
accelerometer chip is embedded into a small plastic board and attached to
the housing (shown in Fig. 3), separately from the main board. Three
pieces were tested by moving the entire housing manually on an ordinary
surface such as an office desk. No measuring equipment other than the
sensor itself was used.

The devices were programmed to perform series of hundreds of
measurements and average the result for each position. Data was
acquired by a radio modem (a display could have been attached to serve
the same purpose). It is important in an experiment of this type to make
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sure that the accelerometer is allowed minimum freedom of movement in
the reference frame of the housing. The accelerometer boards were firmly
attached by bolts embedded into the housings.

Table 1 — Experimental results on three different surfaces
Tabnuya 1 — SkcriepumeHmarnbHble pesynbmambl 10 mpeM pasnuyHbIM MO8EePXHOCMAM
Tabena 1 — Pe3ynmamu ekcriepuMeHama Ha mpu pasfudume nodnoze

X1 Y1 Z1 X2 Y2 Z2 X3 | Y3 Z3
- -2.12 [+3.16 [+0.59 [+4.68 |-0.12 [-21.69 [-19.57 [-10.34 [+18.02
f(z) [+1.05 |-0.99* |+0.18 |+1.92 |-0.30 |-21.86 |-20.61 [-10.15 |+18.82
-1.52 |+4.30 |+1.38 [+1.34 |+1.68 [-21.44|-19.53 |-9.28 |+18.60
-32.16 |-18.46 [2069.1|+9.35 |+4.20 |2067.7/-9.69 |+7.36*[2071.4
Af(z)|-31.65 | -15.85 [2070.1| +12.64|+5.72 |2069.0(-9.95 |+3.75 [2071.6
-31.30 |-15.20 | 2069.4|+10.20|+3.37 |2068.6|-8.59 |+1.38 |2071.4
B -3.56 [+4.66 |+2.79 [+0.16 |[+10.45|-18.54 [-20.31 [-17.40 |+20.85
f(y) [+1.26 |+4.71 |+2.23 |+7.01%|+9.66 |-20.05 |-19.30 |-17.59 | +24.46
-8.48 |+4.60 |+3.67 |-4.69 |+10.19|-18.37 |-26.39 |-17.55 | +20.79
+27.76|2057.7| +25.75| +64.44| 2043.8| +5.11 |+38.53|2044.9(/+10.23
Af(y) | +38.07(2057.2|+21.64| +69.99|2043.8|-3.05 |+38.59|2045.1|-7.47*
+30.44|2057.2|+10.35| +64.13|2044.3|-5.84 | +49.52|2045.0|+2.63
_ +4.36 [-2.30 [-5.37 [-2.13 |-5.54 |[-26.61|-18.91 [-16.12[+12.50
f(x) |+4.45 |-2.44 |-6.13 |-1.18 |+0.18 |-24.56 |-19.06 |-8.70* |+15.08
+4.64 |-1.66 |-4.16 |-1.80 |-4.51 |-24.30|-19.02 |-15.43 |+15.26
2031.9(+3.65 |[+3.36 |2029.7|-30.31 |-40.75 [2017.0(-7.00 |[-17.98
Af(x) [2030.0|+5.01 |+3.83 |2031.2|-16.01 |-50.19 |2017.6|+8.48 |-22.59
2031.2|+10.29| +18.86|2030.5| -28.56 | -25.47* 2016.5|-3.55 |-3.53

The preliminary experiments with the ordinary tilt test in just six
positions yielded poor results. Variations of 1% g or more occurred
commonly, implying that transverse sensitivity already below 3.5% cannot
be compensated significantly. The results of three 24-position
experiments, expressed in raw quanta (the digital output of the chip; 1024
quanta correspond to g nominally) are presented in Table 1. They were
performed on a metal surface, a wooden surface, and a slightly sloped
wooden surface (1.5°), to show that a small slope does not influence the
results significantly. For clarity reasons, the results from different
experiments are displayed in different rows inside the same table cells.
The f(i) represents the average output of the channel i from +g and -g
excitation in the j direction. This would be zero offset if we suppose that the
transfer function is linear. The Af(i) denotes the difference between the two
outputs. It should be divided by 2g to obtain the coefficients ¢; from
equations (1)-(3). The column headers show the excitation axis j and the
sensor serial number. The sign was omitted for the main axial sensitivities
related numbers (i=j) which are always positive and have a nominal value
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of 2048 quanta. The result labeled with an asterisk has the highest
deviation from the average for that row. The maximum deviations between
the experiments were pointed out this way.

The housing sides are very different, as we can see in Fig. 3. The z
side (in the x-y plane), on which the housing is laid in Fig. 3, is relatively
flat and large. This causes the z-excitation-related coefficients to be most
reliable (these coefficients feature in the x and y cross-axial sensitivity).
The antenna on the y side can be detached when the housing is laid on
that side or the housing can simply hang over the edge of the surface (the
device center of mass is still above the contact surface). However, the total
surface of this side is smaller, causing the results to be of lower quality (the
same unevennesses cause larger orientation changes). Finally, the
switches on the front, x side, make the device unable to stand on two
supports so it must be hung over the surface edge, only this time the mass
center is off, and the operator must hold the device manually. Therefore,
the worst results are obtained for the y-direction-related coefficients. The
housings were the prototypes used intensively for about two years before
these experiments took place, so it is reasonable to suppose that better
results could be achieved with newer equipment.

It can be concluded that for the z (most suitable surface of the
housing) excitation coefficients, the maximum deviation from the mean
value from all experiments is about 3 quanta (one quantum equals
approximately 10° g), or 0.3%. For the y excitation coefficients, the
maximum deviation from the mean value is about 9 quanta (0.9%), and for
the worst case, the x excitation coefficients, the maximum deviation is
about 13 quanta (1.3%).

The highest measured cross-axial sensitivity is 3.3% (for the x-axis of
sensor 2) so we can conclude that this fits the manufacturer’s specification
(up to 3.5%).

Non-linearity analysis

According to the manufacturer’'s specification, the accelerometer has
the maximum non-linearity of 3% full scale. This sheds some doubts on
the validity of the model described by equations (2)-(3), without prior
examination of the transfer function of the accelerometer main axis. These
equations describe a simple linear transfer function. The experiments
(Table 1) have shown that the average value of the output 7, which should
ideally (assuming no non-linearity) always be equivalent to zero offset k;
(regardless of the excitation axis), varies by several per mille g in most
cases (as a function of the excitation axis). For small output changes (4) in
case of excitation in transverse directions, we can state that f£(i)
corresponds to the coefficient k; from equations (2) relatively accurately.
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While a good match between two transverse axes’ f values indicates that
an experiment was conducted well, a match between these and the main
axis f implies low non-linearity inside the applied range. Only one of nine
cases (Y2 in Table 1) features a deviation higher than 1%, so we can
conclude that typical non-linearity in the middle of the range (tg is one half
of the programmable range used in the experiments, but one sixth of the
maximum range of £6q) is significantly lower than the one declared for the
whole range. To study the non-linearity effects further, experiments with
more precise equipment are required.

Conclusion

The experiments with the 24-position tilt test have shown that it can
produce much more repeatable results than the tests with 6 or 12
positions, primarily because of the ability of the operator to control
experimental results quality (repeat measurements if necessary). It can be
concluded that it is possible to achieve certain degree of precision in cross-
axial sensitivity calibration of MEMS accelerometers embedded into plastic
housings without any external equipment. Theoretically, it is possible to
reduce the maximum cross-axial sensitivity to several parts per thousand.
Practical results depend on mechanical parameters (stiffness and
evenness of the base surface and the sensor housing, and the quality of
accelerometer embedment) as well as the quality of the accelerometer
(primarily non-linearity).

Like all electronic components, accelerometers age too, so this type
of calibration needs to be performed at least on a yearly basis to maintain
its level of accuracy.
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KOMMEHCALIMS MOMEPEYHOW YYBCTBUTENBHOCTM MAOMC
AKCENEPOMETPOB C NMOMOLLbHO TECTUPOBAHUS
CTATWYHOIO YIMA HAKITIOHA, MPOBEJEHHOIO B 24-EX
NO3ULIMAX

Muodpaz 3. Manosuy®, flunsHa M. BpaI7IOBVIH6, Tomucnag B. llekapa®

@ YuusepcuTeT B Benrpage, ®akynbTeT TEXHONOTMN U MeTanmnyprum,
VIHHOBaLMOHHLIN LEeHTP, I. Benrpaa, Pecnybnuka Cepbus

6 YuusepcuteT B benrpage, CtpouTtenbHbi akyneTeT, Kadenpa
MaTeMaTuKkn, hM3UKN N HavepTaTenbHon reomeTpuu, . benrpag,
Pecnybnuka Cepbus

® Yuusepcutet B benrpage, ®akynbTeT aNeKTPOTEXHUKH,
Kadbegpa curHanos n cucrem, r. benrpag, Pecnybnuka Cepbus

OBNACTb: anekTpoHuka
BWO CTATbW: opurmHanbHasa HayyYHas ctaTbsl
A3bIK CTATbW: aHrnuinckmn

Pe3some:

Kpocc-ocesasi unu ronepedHasi 4yecmeumeslbHoOCMb akcesiepomMempa
Moxem Obimb KOMMeHcuposaHa Uughposoli obpabomkoli 8bIXO0HO20
cueHana. lNpu amom HeobxoO0uMO 3KcriepuMeHmarbHO orpedesniume
KoaghgbuyueHms! peakyuu Oamyuka Ha cueHan. [ns nposedeHusi
Mo0o6HbLIX Meporpusmut, 8 Ccoomeemcmeuu C pPeKoMeHOauusIMu
cmarOGapmoe u Hay4HbIXx cmamed, npumeHsiemcsi docmamo4Ho dopozoe
obopydosaHue, Komopoe He ece nabopamopuu moaym cebe no38osumes.
B daHHoU ces3u npedcmasneH npocmol arbmepHamueHbiti Memood,
pasHOBUOHOCMb  MECMUPOBaHUsT CMAamuU4YHO20 Yyera Hak/ioHa, He
mpebyrowull HUKaKux usmepumersbHbIX rpubopos, Kpome OGam4yuka u
nnockol nosepxHocmu.Hecmompst Ha Mo, YmMo pe3yribmamel 3a4acmyto
3a8ucsam om KaJecmea rosepxHocmu U Kopriyca damyuka, Ha npakmuke
bb1710 JOKa3aHO, YMO 3HaYeHUs MoNepPeYHoU YyecmeumerisHoCcmu rpu
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maxkoM memode 3Ha4YuMesibHO CHUXEHbl (8 HECKObKO pas), u 4mo
murnuy4Hasi rioriepeyHass dyecmeumesibHocmb mpexocesoeo MOMC
akceriepoMempa C HECKOJIbKUX MPOoUeHmMo8 docmuaia 3HaYeHUsT HUXe
1%.

Knwyesble cnosa:  akcenepomempsl, uugposasi obpabomka
CUeHasios, YCKOpeHue, 4YyscmeumeslbHOCMb, rornepeyYHasl, dam4yuku,
MBMC.

VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2017, Vol. 65, Issue 3

KOMMEH3ALWMJA NOMPEYHE OCETIBMBOCTN MEMC
AKLENTEPOMETPA METOOOM TUNT-TECTA Y 24 NMO3ULUNJE

Muodpaz 3. Manosuh?, /burbana M. Bpajosuh®, Tomucnae B. LLekapa®

@ YhusepauTteT y Beorpaay, TexXHOMOLIKO-MeTanypLuku dakynTeT,
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6 YHusepautet y beorpaay, 'pahesuHckn dakynTteT, Kategpa 3a matemaTuky,
dum3uky n HaupTHy reomeTpujy, Beorpag, Penybnnka Cpbuja

® Yuusepautet y Beorpaay, EnektpoTexHuuku pakyntet, Kateapa 3a curHane
u cucteme, beorpaa, Peny6nuka Cpbuja

OBJIACT: enekTpoHuka
BPCTA YJTAHKA: opurvMHanHm HayyYHu YnaHak
JESNK YJTAHKA: eHrnecku

Caxemak:

Kpoc-akcujanHa, 00HOCHO MonpeYyHa ocemsbugocm akuyesiepomMempa
MOXe bumu KomreH3oeaHa OuaumarHuM MpoyecupareM Uu3a3Hoe
cueHana. [a 6u ce mo u3eesio, NompebHO je eKcrepuMeHmarsrHo
o0pedumu KoeghuyujeHme Koju onucyjy 002080p ceH3opa Ha rnobydy.
MHoze npouedype Koje ce 0OHOCe Ha moO, a Koje Cy rperopyvyeHe
cmaHOapduma U Hay4YHUM 4YiaHyuma, Kopucme CKyry orpeMy Koja
Huje OocmyrnHa y ceaKkoj nabopamopuju. 3amo je npednoxeH
JjedHocmaeaH anmepHamugHuU Memod, eapujaluja cmamuykoa musnam-
mecma, Koju He 3axmesa HuKakgy Opyay MepHy OfpemMy OCUM
CeH3opa u pasHe nospuwuHe. Pesynmamu eapupajy y 3asucHocmu 00
Keanumema rnospwuHe u Kyhuwma ceH3opa, anu je nokasaHo 0a ce
ehekmu ronpevyHe ocemsbugocmu Mo2y cmarkumu bap HEKOIUKO
rnyma, me 0a ce murnuy4Ha rorpe4yHa 0Cemsbugocm KoMmepuyujarnHux
mpoocHux MEMC akuenepomemapa 00 HEKOJIUKO ripoueHama MOoxe
Jniako ceecmu ucriod 1%.

KbyuHe pe4du: akuenepomempu, OuaumasiHa obpada cueHarna,
ybp3arme, ocemsbugocm, nonpeyHa, ceHzopu, MEMC.
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