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EXPERIMENTAL IDENTIFICATION OF SENSITIVITY OF TILT SENSOR

Urgency of the research. Robots and vehicles which locomote on high slope ground has tendency to overturning and
they lost stability during the locomotion. The problem also occurs in area of automotive industry.

Target setting. All vehicles moving on the rough and inclined ground has a problem with stability. Emergency system
for warning before dangerous tilt angle can be mounted inside the vehicles and robots as prevention of side overturning.

Actual scientific researches and issues analysis. The problem is to find the reliable sensor for detection of dangerous
tilt angle. Task is to identify the sensor properties as sensitivity, zero shift and also uncertainty of measurement. Before using
it is necessary to identify sensor properties.

Uninvestigated parts of general matters defining. The questions of the filtering of data acquisition by tilt angle sensor
are uninvestigated, because the next research will be focused to this topic.

The research objective. Sine bar is used for verification and testing of tilt sensor. Sine bar angle is adjusted using the
parallel length gauge blocks. Sensor reacts to the changed tilt angle proportionally with pulse width on output pulse width
signal. Indication of sensed data is made via using the microcontroller and LCD display. Also all calculations are executed
inside the microcontroller.

The statement of basic materials. The tilt sensor can be mounted inside the problematic vehicles to detect dangerous tilt
angle and also automatic system for change the center of gravity position can be designed. The system will compensate the
dangerous tilt angle.

Conclusions. Evaluated uncertainties are related to overall sensing system and not only for sensor. Only sensor alone
cannot be tested, because the sensor has no indication module. Expanded uncertainty of the system for measurement of tilt
has been obtained and it is value should be taken into account before the sensor using.
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Introduction. Service robots use a various sensors for detecting of internal state quantities
and also quantities of outside world. On the base of these sensors data, control system of robot
reacts to any situation. Tilt sensor can be used for the measurement of inclination of robot body

Fig. 1. Tilt stability of legged robot

Off-road vehicles also locomote on inclined ground and in this situation also they can lost
stability and overturning of vehicle can occurs. Sideways overturning has to be checked. Also
the tilt sensor can be used for monitoring of actual tilt of vehicle.

Analysis of stability needs to know the position of center of gravity of vehicle (CoG). Center
of gravity Vehicle will roll over in case when the center of gravity is placed outside of its base of
stability. Base of stability is an area between points, where vehicle has contact with ground.

Roll-over protection system can be installed in vehicle as prevention of sideway stability
lost. System includes the sensors for detection of dangerous vehicle tilting.
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Fig. 2. Sideway stability of vehicle

Actually there are several used sensors for this purposes which uses mechanical parts as
pendulum with inertial mass or ball system, which has frequently malfunction and limited
life. This work explored the using of sensor without any mechanical parts. Main contribution
of this work is verifying of usability of the proposed system for the tilt measurement.

The paper deals with testing of tilt sensor probably useful for the roll-over protection system.
The precision of the sensor system should be known, because of evaluation, how we can believe
to the sensing system. Using of the unreliable sensor will cause the vehicle accident [11-17].

1. Tilt sensor principle. Tilt sensor is working on principle based on heat temperature ar-
ray (fig. 3). It includes heat chamber with source of heat in the middle of chamber and four
temperature sensors place in corners of the chamber.

Fig. 3. Heat temperature array chamber of sensor

If sensor is in horizontal position in both axes, then all four sensors will detect equal tempera-
ture. If sensor is tilted, then measured temperatures differ in accordance with tilt angle. Tilt angle
in both axes can be calculated from measured temperatures. Output quantity is pulse with modula-
tion signal, which represents the searched tilt angle. The sensor is able to obtain tilt angle in both
axes X and Y and also there are independent two pulse with modulation signals for tilt angles.
Duty cycle of pulse with modulation signal changes linearly with tilt angle in both axes.

The sensor is produced via using the MEMS technology and there is no moving parts in-
side the sensor, so the sensor has better resistibility against the damaging.

The technology used for producing does not enable to produce tilt sensors with equal
properties (sensitivity, zero shift etc.). For this reason it is necessary to identify the sensitivity
of each sensor to obtain maximum accuracy of measurement.

Output signal (fig. 4) which is on sensor output is rectangular pulse with modulated signal
with constant period 7" and duty cycle D is holding the information about tilt angle. Conse-
quently, there is a need to measure of duration time logical high state #x.
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Fig. 4. Output signal from tilt sensor
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Producer of sensor provides the math model for tilt angle measurement ozz.7:

Qrr = arcsin (%), [18] (1)

where ¢y is duration time of logical high state in pulse with modulation signal (ms).

Cs is a sensitivity of sensor and producer provides only an interval of possible values of
sensitivity. For accurate measurement, it is necessary to experimentally identify the value of
sensor sensitivity.

2. Experimental identification of sensor sensitivity. Experimental system (fig. 5) has
been built for this purpose. It consist of sine bar and parallel gauge blocks placed under one
end of sine bar. Sine bar has rectangular body fixed on two cylinders at the both ends. Axis
distance between the cylinders is known. Top surface of bar is parallel to the line composed
through the centres of cylinders. Tilt sensor is placed on top surface of sine bar. Inclination is
adjusted via using of suitable parallel gauge length blocks. Tilt angle can be calculated from
sine rule in rectangular triangle.
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Fig. 5. Experimental system for testing of tilt sensorﬁ
Duration time of logical high state (pulse width of pulse modulated signal) is measured
via using the oscilloscope and also microcontroller with LCD display which is currently used
for this purpose.
From the model (1), it is possible to derive static characteristic model:

ty = Cs - sin(arr) + 5, [18] (3)
Figure 6 shows measured data and its linear approximation. After regression analysis the
new linear model is obtained.
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Fig. 6. Experimental data from measurement on sine bar setup
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Linear model (fig.6) shows that sensitivity has value Cs = -1.3749 ms and also zero shift
has different value Zs = 5.036 ms. Model (3) includes zero shift with value 5 ms.

From experimental data it is possible to write new modified math model of measurement
with corrected coefficients:

_ . (5.036-ty
Qpr = arcsin (—1.3749 ) 4)

Corrected math model will provide more accurate results from measurements. After deri-
vation it can be obtained an uncertainty of coefficients determined on math model (fig. 6):
2 _ n 2
Ugg = Xy 5
Cs n'Z?:1(Sin(aT1LT))2—(Z?:l(Sin(aTILT)))Z ®)
Z?:l(Sin(aTILT))Z L2
. 2 on . z'0 (6)
ny (sin(arn) =Sk, (sin(arLr)))
where ¢ is standard deviation of duration time measurements 7z and it can be obtained from
selected residual dispersion:

2 _
Uzs =

ﬁ' ?:1[15111' — (Cs - sin(arr + Zs))] (7

Covariance is a characteristic, which defines the joint variability of our coefficients sensor
sensitivity Cs and sensor zero shift Zs:

2 _
OMSE =

-¥ (sin(ariLr)) L2
n'2?=1(5in(aT1LT))2—(Z?=1(Sin(aT1LT)))2 ? ®
Obtained model (4) can be implemented into microcontroller for recalculation of mea-
sured time into requested tilt angle. Also after verification it is possible to identify standard
uncertainty of measurement of tilt angle realised using the tested tilt sensor (fig. 7). Ten
measurement have been executed for every values of tilt angle. All standard uncertainties are
less than 1° or 0.017 radians.
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Fig. 7. Standard uncertainty of measurement of tilt angle
Before final evaluation it is necessary to analyse also errors of used sine bar and parallel
length gauge blocks (fig. 8). As it is visible, the maximum inaccuracy of sine bar with gauge
blocks is 0.5°. Overall uncertainty of tilt angle measurement is affected also with accuracy of
sine bar with gauge blocks. For the better results and knowledge of uncertainty of tilt sensor is

necessary to use etalon with better accuracy value. Duration time has been measured via using
the microcontroller counter and also this inaccuracy should be used for final evaluation.
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Fig. 8. Maximum inaccuracy of sine bar with parallel length gauge blocks
Expanded uncertainty is calculated and maximum values is 1.2° and it is for rectangular

distribution with coverage factor v3 at probability level 95%. This uncertainty also includes
contribution from microcontroller. Required expanded uncertainty is under 2°, but it depends
on concrete applications.

Conclusion. Purpose of this research was to test commercial tilt sensor and identify the
sensitivity and zero shift of the sensor. It is necessary to do it, because of variability of the
sensor properties produced by manufacturer. Producer provides the interval for sensitivity
coefficient in range between the values from 1.18 ms to 1.32 ms. Our sensor sensitivity is out
of this range and it confirms the necessity of testing the sensor. Also producer defines zero
shift to value 5ms, but for our sensor the values of zero shift is 5.036 ms. These identified
coefficients for sensors help to decrease the overall uncertainty of tilt measurement.

Sensor was included into measurement system which also includes microcontroller and
LCD display module. It is necessary to say, that also microcontroller brings any contribution
overall uncertainty of measurement. Consequently, all evaluated uncertainties are related to
overall sensing system and not only for sensor. Only sensor alone cannot be tested, because
the sensor has no indication module. Expanded uncertainty of the system for measurement of
tilt angle is 1.2° and its value should be taken into account before the sensor using.
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VIIK 004.4
Kenemen Mixan
EKCIIEPUMEHTAJIBHE BUSHAUEHHSA YYTJIUBOCTI JATYUKA HAXUJTY

Axkmyanonicmes memu 0ocuioxycenns. Pobomu ma mpancnopmui 3acoou, ki pyxaiomscs Ha KPYMux cXuidax, Maoms
menoenyito 00 nepekudanHs, Ko OHU empaiaioms cmitikicme nio yac pyxy. Ilpobnema maxodic GUHUKAE 8 2any3i agmo-
MOOLILHOI RPOMUCTIOBOCTII.

Ilocmanoska npoonemu. Yci mpancnopmui 3acobu, wo pyxaromsCsi O HepieHill i NOXULIL 3eMili, MAiomb npodiemu 3i
cmabinvuicmio. Agapitina cucmema nonepeodicents neped HebesneuHUM Kymom Haxumy Modice Oymu 6CMaH081eHa 8CepeOuti
MPAHCROPMHUX 30C00I8 ma pobdomis 015 3an00ieants OTUHOMY NEPEKUOAHHIO.

Ananiz ocmannix oocnioxycens i nyonikauiii. [lpoonema nonseae y noutyky Haoitiho2o 0amuuxa Ojisl 8UseieHHs Hebe3-
NeYHo20 Kyma HaAxuny. 3a60aHHs — GUSHAYUMU 8IACIUBOCTNI 0aMYUKA, MAK] AK K YYMAUGICMb, 3CY8 HYIA, A MAKOIC NOXUO-
Ky umiprogants. Ileped suxopucmauuam HeoOXiOHO GUSHAUUMU 8IACTNUBOCTNE OAMYUKA.

Buoinenns nedocnioxncenux wacmun 3azanshoi npoonemu. [lumanns ginompayii 36opy oanux oamuuxom Kyma Haxu-
Ty He 00CTI0NHCEHT, MOMY OaHe 00CTIONHCEHHs OY0e 30CepedHCeHO HA Yill meMi.

Ilocmanoeka 3aé0anns. /[na nepegipku ma unpodYBauHs OAMUUKA HAXUTY GUKOPUCTIO8YEMbCS OIOK 0151 OOCTIONCEHHS
Kyma Haxuny. Kym nosopomy camoeo 010Ky 015 00CHIONHCEHHA KYMA HAXWLY Pe2yIEMbCS 3 OONOMO20H0 SUMIDIOBATbHUX
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O110KI8 NApanenvHoi 008icunU. JJamuux peazye Ha 3MIHEHULl Ky HAXUWILY NPONOPYIUHO WUPUHT IMIYAbCY HA GUXIOHUL CUSHAT
imnynocy. Inoukayis ompumanux OaHux 30ilUCHIOEMbCA 3 OONOMO20l0 Mikpokonmponepa ma PK-oucnnes. Taxooic éci po-
3PAXYHKU GUKOHYIOMbCS 6CEPEOUNT MIKPOKOHmMPOepd.

Buknao ocnosnozo mamepiany. Jlamuuk naxuiy modxce o6ymu 6CmanosieHull 6cepeouni npooieMHUX mpaHCcnopmHux
3ac00i8 071 GUAGIEHHs HeDe3NeUH020 Kyma HAXULY, d MaKodlC Modice Oymu po3podieHa asmoMamuyHa cucmema O 3MiHu
nonoxcenns sazu. Cucmema KOMREHCYe Hebe3NeuHUl Kym HAXUTLY.

Bucnoexu 6ionogiono 0o cmammi. Oyineni noxudKu 6UMIpIOSanHs, N0 '3aHi He Juue 3 OAMYUKOM, aje Ul i3 3a2albHOI0
CcUCmemor UMIpIO8anHs. Jamuux okpemo ne moodice 6ymu npomecmosanuil, OCKIIbKU 8IH He Ma€ MoOYis inoukayii. Ompu-
MAHA PO3UUPEHA HeBU3HAYEHICMb cucmemu OJisk GUMIPIOSAHHS HAXULY, MOMY 1T 3HAYEHHsL CLI0 8PAX08y8amu neped UKOpU-
CMAHHAM OAMYUKA.

Kniouosi cnosa: mobinonuii pobom,; nepecysamus;, mpyoa, o4uyeHts,; napaieiospam, 0x4cepeno 802HIO.
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