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ABSTRACT

CORRECTION OF TEMPERATURE AND ACCELERATION EFFECTSN
MEMS GYRO OUTPUT SIGNALS

Ali, Muhammad
MS, Department of Electrical and Electronics Engniey
Supervisor : Prof. Dr. Tayfun Akin

Co-Supervisor : Assist. Prof. Dr. Kivanc¢ Azgin

December 2014, 133 pages

The scope of this thesis is to study the effectenfperature and acceleration on a
MEMS gyroscope and present a workable solutiorotopensate these errors using
various techniques. Compensation for errors is @mginted considering the output
bias data of the gyroscope. The study also provadesparison of these various
techniques, namely Polynomial Curve fitting and f&WNetworks. In addition,
Moving Average Filtering is used as an auxiliarghieique. The study provides
novelty of compensating both the factors basedropirgcal data which is not done
before this study. The thesis also discusses tBtetgsis present in the gyroscope
output data due to change in temperature slopeeifdsty and descending) and
provides a solution to compensate this error. Bh&tion between the magnitude of
hysteresis and temperature range is formulated. mé#odology adopted in this
study is to use existing techniques with some nimatibns and to compensate
different types of errors collectively. The techueg are implemented on data
acquired from some commercial sensors, namely AB¥8& ADXRS450, and
XSENS MTi-10. In terms of bias instability tempena compensation can achieve
up to 20% improvement (from 33/Gr to 26.3/hr) in ADXRS450 and 50%
improvement (from 12.2hr to 6.12/hr) in XSENS MTi-10 sensors’ data. By

including hysteresis compensation, the improvercantbe increased to 28% (from



34.2/hr to 26/hr) and 57% (from 10%hr to 4.68/hr) for ADXRS450 and XSENS
MTi-10 respectively. Compensating temperature, lacagon and hysteresis at the
same time can improve the bias instability of XSEM$i-10 up to 70% (from
16.56/hr to 5.04/hr). The compensation of these factors also rexdube rate
random walk significantly, which is evident from |&h variance plots. The
integration times can be improved 4 times for AD&38 and ADXRS450 and 8
times for XSENS MTi-10. The offset in the gyroscopatput can be reduced 50
times (from 0.0%sec to 0.00%sec) by integrated compensation as compared to 10
times (from 0.0%sec to 0.009sec) by conventional temperature compensation in
the XSENS gyroscope data. Integrated compensafigangperature, acceleration
and hysteresis results in better performance apamd to the conventional method

of compensating only for temperature, providing@eraccurate and error free data.

Keywords: MEMS Gyroscope, Temperature Compensatiohcceleration
compensation, Hysteresis
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Oz

MEMS DONUOGLER QKIS SINYAL i UZERINDEKI SICAKLIK VE IVME
ETKILERI HATALARININ DUZELT ILMESI

Ali, Muhammad
Yuksek Lisans, Elektrik ve Elektronik MihendIBolumu
Tez Yoneticisi : Prof. Dr. Tayfun Akin
Ortak Tez Yoneticisi Assist. Prof. Dr. Kivangdin

Aralik 2014, 133 sayfa

Bu tezde sicaklik ve ivmenin MEMS doénuolcer Uzeekidetkileri calsiimis ve bu
etkilerin azaltilmasi icin gediirilen cssitli telafi teknikleri sunulmgtur. Bu teknikler
donuodlcer cilgindan toplanan ofset verileri kullanilarak uygulagtm Ayrica bu
calsmada, oOnerilen Coklu [pusal Regresyon ve Neural Networks gibi
tekniklerinin kasilastirmasi yapilmgtir. Ek olarak, Kayan Ortalama Filtrelemesi de
yardimci bir teknik olarak kullanilgtir. Bu tezde literatirde ilk defa, deneyler
sonucunda elde edilgnidonuolcer verisi Uzerinden sicaklik ve ivme etiim
azaltilmasi sunulmaktadir. Bu tezde ek olarak sicalegisiminden dolayi (artan ve
azalan) donuoélcerin c¢ikiverisindeki histeresis incelengnve histeresis sorununu
azaltmak igin bir ¢6zim sunulrgtur. Ayrica, histeresis buyulkii ve sicakhk
arasindaki igki formile edilmitir. Bu calgsmada kullanilan metodoloiji, literatirde
var olan tekniklerin d&stirilerek kullanimi ve farkh ttrdeki etkilerin ayranda
azaltiimasini hedeflemektedir. Bu teknikler, AlIS484 ADXRS450 ve XSENS
MTi-10 gibi bazi ticari duyargalardan toplanan \esritzerinde uygulanrgiir.
Sicaklk telafisi kullanimi, ofset kararsginda ADXRS450 duyargasi icin %20
(33.5 °/sa’den 26.5°/sa’'te); XSENS MTi-10 duyarggsm %50'ye (12.24 °/sa’den
6.12°/sa’'te) kadar iyilgirme sa&layabilmektedir. Histeresis telafisi de eklegidde
elde edilen iyilgtirmeler ADXRS450 duyargasi icin %28e (34.2 °/said
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26°/sa’'te), XSENS MTi-10 duyargasi igcin %57'ye @Usa’'den 4.68°/sa’'te) kadar
arttinlabilir. Sicaklik, ivme ve histerezis tekifiXSENS MTi-10 duyargasl igin
ofset kararsizlik dgerini %70'e (16.56 °/sa’den 5.04°/sa’'te) kadar
iyilestirebilmektedir. Ayni zamanda, bu etkilerin telafle ac¢i rastgele yurtgl
degseri Allan Variance grafiinden de acikca gorulegetzere onemli miktarda
azalmgtir. Allan Variance grafiinde ofset kararsigtiina ulgilan zaman
ADIS16488 ve ADXRS450 icin 4 kat; XSENS MTi-10 icB kat gelgtirilmi stir.
XSENS MTi-10 doénudlger verisindeki ofset, sadecealdik verisi kullanilarak
yapilan bilindik telafi yontemi ile 10 kata (0.05Wen 0.005°/s’ye) kadar; ivme,
sicaklik ve histeresis diuzeltmesiyle 50 kata (0€98E&n 0.001°/s'ye) kadar
azaltimstir. Ivme, sicaklik ve histeresis diizeltmesi ile yapitetafi, yalnizca
sicaklik kullanilarak yapilan bilindik telafi yomténe kiyasla daha iyi bir
performans sergilemie hatasiz veri elde edilmesingtamistir.

Anahatar Kelimeler: MEMS donudlcer, Sicaklik dlilinesi,ivem dizliltemesi,
Histeresis
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CHAPTER 1

INTRODUCTION

Micro Electro Mechanical Systems (MEMS) have, withoany doubt,
revolutionized the modern electronic technology. ME technology has
applications starting from daily consumer produlik® mobile cell phones to
tactical grade products like navigation and spaaeggts [1-12]. The benefits of
MEMS technology are so lucrative that the MEMS stdy has shown a lot of
growth in the last decade and replaced other eleicts [10]. In current era, absence
of MEMS technology in any electronic device is ne¢ry common. The
miniaturization of electronics together with codffeetiveness is such a big
advantage that MEMS is used so widely. There aneemous applications of MEMS
technology, and hence cannot be mentioned hereeiaild The importance of
MEMS is evident from the fact that so much researshbeing done in
miniaturization of devices, and MEMS is used tolaep the conventional bulkier
devices. One of the devices where MEMS startedptace the conventional bulkier

devices is gyroscopes.

Gyroscopes have been used for navigational apigitatsince the time they are
invented and still are used for the same purposzhlnical gyroscopes are bulkier
devices as compared to MEMS gyroscopes, and mdoeneois occupied by them.
Therefore, a device which can perform similar fiorctand is lighter in weight and
smaller in volume is much more preferred one. Déife studies show that the
market of MEMS gyroscopes has grown much in theé desade and it is still
growing as the demand and consumers are increfsia@]. The miniature size has
opened new avenues for daily consumer productsharsdhas resulted in the growth
of MEMS gyroscopes market.



It is imperative here to mention some applicati@aml advantages of MEMS
gyroscopes so that the motivation behind this werkinderstood completely. By
understanding the importance of MEMS devices arglr thsage in so many
applications, the much required improvement in peeformance of these devices

will become clear.

The motivation of this thesis is to improve thefpenance of a MEMS gyroscope
by removing error from its output data. MEMS gyrmge output bias data is
degraded adversely by environmental factors likenperature, acceleration,
vibration etc. The aim of this study is to compéesdift in a MEMS gyroscope
output data caused by temperature and accelerabifferent compensation
methods are used in this study and their perforeanscalso compared. Some
background knowledge about MEMS gyroscope is pteskiirst and then research

objectives of this study are listed.

1.1. Applications of MEMS Gyroscopes

MEMS gyroscopes have been used in almost everg fél modern life. The
applications are from commercial users to militdb]. In 2011, the market price
for MEMS gyroscope was estimated to be around USCBillion [6], which show
the importance of MEMS gyroscopes’ applicationsisTéection mentions some

very important applications of MEMS gyroscopes.

The application of a MEMS gyroscope that is seestiyon daily life is smart cell
phones. Almost all smart phones are equipped WMEMS gyroscope nowadays
that is used to detect motion of the phone withpsup of other sensors. The
miniaturization and cost effectiveness have madgossible for vendors to equip
smart phones with such sensors. The penetratioME¥S accelerometers and
MEMS gyroscopes in consumer electronics shows asing trend from year 2009
to 2013 [10].

The second commercial application is the use of BM@ gyroscope sensor in

gaming consoles. Games with 3D effect are availabkeently, that include hand
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held devices or large devices such as motion rifiesnis can be played on screen
while using a real racket or a first person sh@pgame can be played by holding a
real gun, and all that is fruits of the MEMS teclugyy.

There are industrial applications that requireitatgrade MEMS gyroscopes which
have better performance than the ones used for eocmhuse. The applications are
platform stabilization for different applicationgée surveillance cameras. It is used
for leveling of cranes or other mechanical machindgsat do not require inertial
grade accuracy. Automobile industry is using theMMEtechnology to its fullest
benefits [8].

The most serious application of MEMS gyroscopesfas inertial purposes.
Gyroscopes with inertial grade properties (like sbimstability of the order
0.02°/hour) can be used for inertial purposes [7]. Thegoing research is trying to
achieve this much accuracy for a MEMS gyroscopéehabit can be used in inertial
applications. MEMS gyroscopes with accuracy of so@gnitude can be used in
strategic applications such as smart ammunitionbmsarines, missiles, rockets,

fighter jets etc [7].

1.2. Advantages of MEMS Gyroscopes

There are numerous advantages of MEMS gyroscopésriike it superior to other
conventional gyroscopes. Literature shows the itapae and advantages of the
MEMS technology in detail [1-12]. The first advageais the miniaturization that
has attracted the development of MEMS gyroscoppace applications have so
much volume constraints and the MEMS technology wasessing in disguise.
With smaller size and lighter weight, MEMS devit¢es/e taken over the market in

many applications especially consumer electroriifs 11].

The second biggest advantage is the cost effeesgemvhich has made it very
attractive for vendors to introduce such sensordaity consumer products. The

growth of MEMS market is resulting from cost efigeness of the sensor.



The most important advantage from designer’s orufaaturer’s point of view is
the mass production of MEMS devices. This technpladows fabrication of
hundreds of sensors from a single wafer, and tbButhe cause for low cost of
MEMS sensors. With the available modern technolegeatability is achieved, and
consecutive processes can get sensors with sarperfes. The important point is
to design and execute the fabrication very cangfalhd once the design is verified

repeated processes can get as many devices aetegithout changing the design.

Another important feature of a MEMS gyroscope tueed power consumption. As
the sensor is very small, so the power requiremargsalso very small for such
sensors. The sensors can run using 5V, 3.3V or &&W for operation, which is

readily available on electronic circuit boards.

1.3. Drawbacks of MEMS Gyroscopes

MEMS gyroscopes have some drawbacks that reshreh tfor use in applications
that require inertial grade accuracy. The most i@ drawback is the drift in the
output of a MEMS gyroscope that does not allowat te used for inertial
applications. The drift in a MEMS gyroscope is daenany reasons which include
internal (physical structure, alignment, matengde etc) and external (temperature,
atmospheric pressure, acceleration, time etc) fec&8me of these errors are related
to the limitations of currently available technojp@nd other errors are environment
dependent. The drifts in MEMS gyroscope output reakalifficult to be used in
navigational applications because such errors aglauenover time.

14. Detailed Problem Review

The drift in a MEMS gyroscope results from manytdas that include internal
structure errors and external stimuli to a sensbere are many designs of MEMS
gyroscopes, and each one of them has differentonsgis and performances
depending upon their design [4]. For example alinébratory MEMS gyroscope is
more susceptible to linear acceleration as compaoe@ tuning fork MEMS

gyroscope.



This section discusses the sources of error but dre explained without the
specific reference to any particular type of a MEM$roscope design. The
examples of error sources are taken from literatlites study is based on the
compensation for drift error based on empiricaladedther than the theoretical
nature of the error sources. The study is not aomeeckwith the fact that certain type
of error is dominant in any specific type of MEM8stgn. It is important to know
the sources that cause error in MEMS gyroscopesm ilis important to understand

some working principles behind these errors and éxactly they cause the errors.

The error sources can be divided into two maingmies namely structural and
environmental [25]. The structural errors can bsulteof either mechanical error,
damping effect or drive defects [25]. The environtaé errors can result from
change in temperature, pressure, linear accelaratibration or any other external

stimulus that can affect the operation of a MEM$oggope.

1.4.1. Structural Error Sources

The structural error sources are inherent in acsethge to its material properties or
the fabrication technology. The level of detailany fabrication process has some
limitations, and beyond that the fabrication can#otmuch for the sensor surface.
Thecritical dimension of a fabrication process is the minimum feature sequired
by the design in some process and tésolution of a process is the minimum
feature size that can be attained repeatedly bypesgess. If there is a clear margin
between the critical dimension and the resolutiba process then the features of a
device are very fine but if the margin is very sntlaén the feature may not be well

defined and there are errors in the operationetitvice.

1.4.1.1.Mechanical Error

The vibratory MEMS gyroscope works on the principfespring-mass equation.
Equation 1.1 defines the relation between coriolise and other parameters.

-

F=2xm=% XQ (1.1)



WhereF is the coriolis force x is the speed vector agdis the rotation rate vector.
It is known from the basics of working principle @ MEMS gyroscope that there
are two modesgrive mode andsensemode. A MEMS gyroscope is actuated at a
resonant frequency which is called drive mode. Whaemtation is applied to the
sensor it is sensed by the sense mode. Both thesmad comprised of springs
which vibrate about their position correspondin@toount of applied rotation. The
fabrication of these springs is never identical #rey impart non-diagonal stiffness
coefficient. When force is applied in on one axime fraction of it is transferred to
other orthogonal axis. The literature shows thatefth designing of a MEMS

gyroscope can result in reduced mechanical errgyliaoscopes [25].

1.4.1.2.Damping Error

This error is associated with non-diagonal dampifighe structure that makes
MEMS gyroscopes prone to drift errors. This erovery much dependent on the
shape of the spring used in a sensor, and it camde@pulated by changing the
spring shape. Literature reports that this erronas very significant and does not

add significant noise when compared to other fadts].

1.4.1.3.Drive Defects

MEMS gyroscopes are actuated by electrostatic cdmie electrodes and their
uniformity is very important. The uniformity hasdwneaning; one is that the width
of the comb should be uniform, and second is tiagap between the combs should
be consistent. These two types of errors can beceetlby careful designing and
fabrication of a MEMS gyroscope sensor. The eleraidth should be increased
and the gap between them should be increased. tAés@rror can be reduced by

increasing the number of electrodes [25].

1.4.2. External Noise Sources

Two environmental factors that affect the output @fMEMS gyroscope are
temperature and linear acceleration. There arer othetors like pressure and

vibration etc. but only two factors are focus akthtudy. The temperature inside a



MEMS gyroscope changes either due to environmesitahge or due to friction

caused by the moving parts of the sensor. Likewggepscopes experience linear
acceleration of some magnitude when in operatiod, that also affects the output
of a MEMS gyroscope. Then there are other randoises@resent in a gyroscope
data due to high frequency components, which armaldy Gaussian in nature and
easier to deal with. To explain these error soutikeslassification of noise is used
so that an overall understanding is achieved. Tdisenis classified in two main

categories namely deterministic and random [26].

1.4.2.1.Deterministic Noise

This is the type of error that is associated whih system in a way that its state at
any given point is known by calibrating the sensmr,by data provided by the

manufacturer. The error is close to the mecharscalrces as these calibration
results due to misalignment in the structure odr@ssr. It can be further divided into

following categories.

Bias Offset

Bias offset is the difference between the expecdieghut value and actual output
obtained from a sensor. The bias offset is theuitt-lerror of a MEMS gyroscope
that exists due to inherent fabrication, mechanioabkalignment, or design

drawbacks.

Scale Factors
When the analog voltage of a sensor is converteddigital value the scale factor is
used for such a conversion. This results in therelue to quantization of the analog

voltage.

1.4.2.2.Random Noise

As compared to deterministic or systematic noigerdindom noise is the one that
cannot be predicted before hand, while collectibulaia from a sensor. The main
problem that researchers face is modeling thisgandoise so that data can be

separated from this noise. The theme of compemsatiactually understanding this



noise and removing it from sensor data. The randomee can be divided in two
categories called high frequency noise and lowueegy noise [26].

High Frequency Noise

High Frequency Noise is also callgbrt term noise as it is the spontaneous noise
that is changing very quickly at high frequency.eTimost common methods to
remove this type of noise is using low pass filigavelet decomposition, moving

average filter, median filter or back propagaticgural networks [26]. A simple

averaging can be used to reduce this noise at ¢eude

Low Freguency Noise

Low frequency noise is also known kg term noise because the effect of this
noise appears gradually with time. This is a catesl noise which has relation with
other parameters like change in temperature [26¢ fiype of compensation aimed
in this study is to counter this noise caused by tmperature. Section 1.4.3
discusses this noise in detail where the factoas #ttually cause this error are

explained mathematically.

1.4.3. Effects of Temperature on MEMS Gyroscope

It can be said without any doubt that the most irtgod factor that affects the output
of a MEMS gyroscope is the change in ambient teaipez. The importance of this
parameter arises from the observation that all ME9dBSsors respond to change in

temperature thus adding an error in their output.

It is very important to understand how the tempemicauses degradation in the
output of a MEMS gyroscope. Change in the tempegatause changes in the micro
level physical properties of the material that ¢bates the structure of a MEMS
gyroscope. There may be more factors that are befiiegted by the temperature
depending upon a specific design of a sensor. Sditee evident factors that can be
considered common to working principle of all MEMfyroscope sensors are

discussed here.



1.4.3.1.Effect of Temperature on Resonant Frequency of a MEM S Gyroscope

The Young’s Modulus (E) of a material is definedtlaes ratio of stresssj to strain
(e) and it tells about the stiffness of a materigquation 1.2 shows mathematical

relation of Young’s modulus.

= G/s (1.2)

Equation 1.3 gives the relationship between Youmgiglulus of a material and its

temperature (T) [27].

E = K; TE, (1.3)

WhereKEe is the temperature coefficient of silicon matedaatlEo is the temperature
coefficient of monocrystalline silicon. Equation? And 1.3 show that when there is
difference in beam and support material of a sertken residual stress and strain
exist whose effects are more dominant when temperas changing. Equation 1.4
gives the relation between the resonant frequengdyafd the other parameters
including Young's modulus, which in turn is depentleon the change in
temperature [27W is the stability indexih andL are dimensions of the beas,is
the area anth is the mass of the structure.

w = /(4 ERW3 + nAL? 6 /4)/(mL3) (1.4)

This equation shows the dependence of resonantdneyg on the Young’s Modulus
of the material, which itself is dependent on #m@perature of the material.

1.4.3.2.Effect of Temperature on Q-Factor of a MEMS Gyroscope

Quiality factor of a resonator is a parameter thatsed to determine the quality of a
resonator. The accuracy and good quality of a iesons very important as it later
determines the output of a MEMS gyroscope. Equdtibrdefines quality factor (Q)

mathematically.



Total Energy

Q= (1.5)

Energy Lost in One Cycle

The loss in the energy is attributed to three facto

1. GasDamping
The damping is caused by the air present insicdaos package and results
in loss of energy in a resonator [28].

2. Anchor Loses
This loss is caused due to coupling of resonataits surrounding materials
like packaging or substrate [28].

3. Intrinsic Loses

Energy is lost due to material properties suchissogity [28].

For a system where the dominant factor for lossn&rgy in micro resonators is gas
damping, Equation 1.6 shows the relation for quddittor [27].

hpwy | RC
N ws)

Q is the quality factore is the resonant frequenqyjs the density of electrodb,is
the thickness of electrodR, is molar constantyl is mass of gas in moles aifds
the temperature of a sensor. The equation inditheedependency of quality factor
of resonators used in a MEMS vibratory gyroscopeahentemperature. Figure 1.1
shows the simulated relation between Q-factor antperature.

1.4.3.3.Effect of Temperature on Sensing Output of a MEMS Gyroscope

According to [27], the amplitude of drive and semsede is dependent on the
resonating frequency of resonators. Thus it carsdd that the amplitude of the
displacement, which is measure of the output of@srope, is dependent on the
temperature of its material. Figure 1.2 shows tepetidency of gyroscope output
voltage amplitude on the changes in the temperaiure output of a gyroscope is
measured using this displacement. The displaceg@regrns the gap between the

electrodes which determines the capacitance betwesm. The capacitance is a
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measurable quantity and is mapped to the outptihg®las the sensor output. Thus

the output changes with change in the temperature.
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Figure 1.1: The Quality Factor (Q) of MEMS vibratogyroscope degrades as the
temperature change is increasing [27].
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Figure 1.2: The amplitude of the output voltageadEMS vibratory gyroscope decreases
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with increase in the temperature of the sensor. [27]

1.4.3.4.Expansion of Materials
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When the temperature of the material that makes stihecture of a MEMS

gyroscope changes, it causes changes in the phpsagerties of the material as
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well which includes dimensions of material. Thepuitvoltage (\) is a product of
input voltage (W) and some fraction of change in capacitance [E§Lation 1.7

gives the mathematical form of this relation.

V, = (AC/A) * Vi (1.7)

A is a scale factor which can be total capacitancany constant to scale the
change AC is the change in capacitance due to change ieldarode gap and
shows the voltages (subscripts define input angutwoltages). The\C can be
achieved either by change in the gap between etdxtror either by change in the
overlap surface area. Temperature change causesisap in the material, that
makes a MEMS gyroscope, and that expansion caiit iaseither of the changes
that can caus&C. Thus output of a gyroscope is changed indirectlgXgyansion of

the material.

1.4.3.5.Heating by the sensor packaging

Sensor packages are another factor that deterrthieeemperature of the ambient
environment inside a sensor. The amount of healipdited by a sensor depends
upon the type of package used, and can resulffareint amount of offsets added to
a gyroscope output. The package of a MEMS sensgdesgned in such a manner
that heat dissipated by the sensor circuitry isdierred outside and the sensor
components are not heated. Thus by selecting abdaiipackage for a sensor, the

amount of drift imparted to a gyroscope due to pgakg can be controlled.

1.4.4. Effects of Acceleration on MEMS Gyroscope

The effects of acceleration on any MEMS gyroscopgpuwt are not much as
compared to other factors especially when the vafuapplied acceleration is less
than 5 g [23]. Due to these small effects, the lacaBon is not considered as a
threat to a MEMS gyroscope output data [22, 23)wkleer, if there is large amount
of acceleration present around gyroscope thenntpmese a danger to corrupt the
output data. It should be kept in mind that thee@l of linear acceleration are
different on different designs of gyroscopes, beeasome designs of MEMS

12



gyroscopes are based on cancellation of theset&fié¢c Equation 1.8 defines the
offset voltagely (y-axis direction) in a Double Gimbaled (DG) gyrope.
Mg

Uy = KV * — (18)

Ky

WhereKy is the scale factor for output voltad€y is the rigidity of y-axis ande is

the inertial interferential moment and is defingdfdllowing equation.

Mg =m(ay + gx + wyze — 0,Y:)2c — m(ay + gy + Wy Ve — WyX)Xc (2.9)

Wherea is linear acceleratiorg is gravitational acceleration andis the resonant
frequency of the material. The constantandx. represent the expansion in z and y
axis respectively. From this equation it is vergasl that the output voltage of a
MEMS gyroscope is affected by the acceleration egpeed by it [28]. Figure 1.3
shows the worst case scenario for effect of lineareleration. The temperature

dependency trend can be inversed by changing thieed@cceleration.

rate output (deg/sec)

310 315 320 326 330
Temperature (K)
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Figure 1.3: The output of the MEMS gyroscope cansesously affected by the linear
acceleration. &) Gyroscope output when z-axis accelerometer (Azy1g. ) When
Az = -19, the gyroscope output is inversed also.

13



The effect of linear acceleration is also showrthe output of a thermal MEMS
gyroscope. In a thermal MEMS gyroscope, rotatide ra detected by the flow of
temperature to a temperature sensor. The trantfieeai from heater to sensor is
done by air present inside the sensor package.airhie not restricted and linear

acceleration causes the flow of heat and non-eatisteation is recorded [24].

Consider Equation 1.7 for voltage output of a MEMBoscope. The output of the
gyroscope is a product of input voltage and thengbain capacitance with some
scale factor. If there is linear acceleration th@ngap between the comb electrodes
change, causing change in the capacitance and quoeTgdy output voltage of a
MEMS gyroscope. The phenomenon is more adverseinigles mass MEMS

gyroscopes; therefore tuning fork gyroscopes asggded to overcome this error.

Vibration which is also termed as short fluctuatiagceleration also affects the
gyroscope output rate. The magnitude and frequehtlye vibration determine the
error it can impart to the output of a MEMS gyrgseolf the frequency of the
vibration is of the order of resonant frequencydofve mode, it can cause un-
stability in the gyroscope sensor output data [4].

15. Literature Review

This literature review mentions all the techniqtiest are used for compensation of
drift data mainly caused by temperature and lireemeleration. This section starts
with review of compensation methods for temperatdodowed by review of

compensation methods for acceleration.

1.5.1. Methods for temperature compensation of a MEMS gyrecope

The thermal compensation can be achieved eithdrabgware circuit design or by
processing the data, after reading from a sensardwhre compensation is faster
than processing of data, and hence should bergteafiproach. In certain cases this
is not possible and signal processing is the onailable option. The designer of a
MEMS gyroscope has the option to make amendmeritseirtircuit that caters for

drifts imparted to a sensor by temperature effettss is not the case always,
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because many designs require off-the-shelf sensbittaeir internal characteristics
are not known to the user. The temperature comgense such cases is only
possible by processing the data acquired from ¢émsa. The hardware design to

compensate temperature effects are discussed first.

1.5.1.1. Temperature Compensation by Hardware Design

The hardware design can be modified or improvedlifferent ways in order to

compensate the drift caused by temperature.

151.1.1. Using Temperature Control Device

This method is explained by [27] in which the comgegion can be achieved by
developing a temperature control device. The famctf this device is to maintain
the temperature of a sensor at an optimum valueroperature. A thermo-electric
cooler can be used for cooling or heating a serasorper requirement. The
temperature feedback is used as input to the coshech then maintains the
temperature at a predefined value. This techniquesghardware based design to
eradicate the effects of temperature, without chrenthe actual circuitry of a sensor.
The benefit is that the sensor circuit and tempegatcircuit can be designed
separately, thus allowing ease and flexibility ie design. The solution is workable

for static conditions and no dynamic conditiongoteleration are discussed.

151.1.2. Controlling the Oscillators using PTAT

Another method of controlling the effects of tengiare is by employing a circuit
which has characteristics free of temperature obsnghang et. al. [32] used an on-
chip circuit that utilizes PTAT (Proportional to sddute Temperature) current to
compensate for the temperature drift. The PTATenircontrols oscillators, and lag
in the frequency of oscillators due to rise in temture is compensated by the
PTAT current and is valid for a wide range of tenapere [32]. The method clearly
states that any property of the circuit that i®#irly dependent on the temperature

can be used as a feedback to the sensor circuitidrcase the current sources are
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designed such that they vary the gain with tempegatnd this variable gain is used
as a tool to control the effect of temperature.

15113 Using Temperature Variable Gain Circuit

Likewise, CTAT (Complementary to Absolute Temperajucurrent can also be
used for compensation of temperature drift in MEREpacitive Gyroscopes. A
linear relation can be found between CTAT curremd éemperature change in a
gyroscope thus paving the way for temperature &ldn [34]. Yin et. al. used a
capacitive MEMS gyroscope for compensation of temmjpee drift by making
design changes in the readout circuitry using CTAT.

1.51.1.4. Design Targeting Temperature Compensation

Other than using the CTAT and PTAT currents, spexdmponents can be added to
a MEMS gyroscope readout circuit that aim at imprgvthe temperature
dependency of a sensor. Such compensation canhiieved by introducing some
compensation orientated components at the driwiiciof the sensor [33, 34]. Sun
et. al. introduced a Difference Differential Ampdif (DDA) at the inputs of drive
mode to compensate the thermal effect on a seasmrcuit design that achieves low
temperature dependency and high gain.

15.1.15. Using frequency Synthesizer for Core Temperature

The resonant frequency of a drive mode changestivgtthange in the temperature
of a resonator [18, 27]. The difference between rdsonant frequencies of two
oscillators, that have different oscillation coeiténts, can be used to determine the
temperature at which they are oscillating [35].SThioperty is used by Chiu et. al. to
read the actual core temperature of a MEMS gyrascophe temperature
compensation is achieved by using an FPGA basepidrey synthesizer which
provides calibration parameters to adjust the fodput of a MEMS gyroscope. The
sensor drive mode resonator and an on-chip Si aésorsend their signals to a
FPGA synthesizer, which calculates the differemcaquencies and then generate a

code for calibration parameter. The differencehm frequencies determines the core
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temperature of the sensor, and hence is used tgpestsate the effects of

temperature. The calibration parameters then maitié amplitude of the output
signal [35].

1.5.1.2. Temperature Compensation by Signal Processing

Compensation by using signal processing is verjulsed suitable where hardware
changes are not possible. There are different mdsthehich can be used to

compensate the changes in a gyroscope output siag signal processing.

15121. Using Kalman Filter

Many papers have been published where Kalman féteised for compensation of

drift in a gyro data in real time [26, 29, 36]. Teeare few papers that mention
Kalman filter as temperature compensation technjgae 38]. The paper where the

temperature compensation by Kalman filter is memt is basically a two step

method [31], where first temperature compensatsotone by some other technique
and then Kalman filter is used for compensatiootbgr drift factors. It can be stated
that Kalman filtering cannot be directly used fongpensation of temperature based
errors. Figure 1.4 shows the basic operation ofri&al filter.

Z656 Measurement of a Cannonball in Flight
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Figure 1.4: The basic operation of Kalman filteowsis that the technique is best suited for
removing spontaneous random noise.
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It can be clearly seen that the predictor is follaypthe data and removing the jumps
and noise, and tries to remain on the actual dath.dn case of temperature
compensation this data path is the error itselfiahds to be compensated. Therefore
the real time predictor cannot be applied to a tmampre compensation problem.
The temperature compensation requires knowledgallofhe possible outcomes
when a certain amount of change in temperaturep@ieal so that it can be

compensated later.

1.51.2.2. Using Moving Average

Moving average is mostly used for filtering higleduency noise in the data and not
for temperature compensation. The moving averagmatabe directly used as a
compensation method for temperature base effedtgird= 1.5 shows how high
frequency noise can be removed from raw data tailat visual trend of data. This

helps to see dependency of a gyroscope data oretatape or acceleration.
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Figure 1.5: The Moving Average Filter is very etfee in removing the high frequency
noise and the data is filtered.
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The moving average (MA) filter is used in this stud every analysis because the
high frequency noise makes it difficult to undenstdahe trend of data in raw form.
The shown data is taken from XSENS MTi-10 sensat Hre relation is quite
simple, but some other sensors have too much aoideMA is a must requirement
to visualize different trends in data. Also hyssgseanalysis requires very fine data
plots and it is not possible without the movingrage filter.

15.123. Wavelet Decomposition

The wavelet decomposition technique is used falaekihg information from a noisy
or high frequency data [29]. The trend of drifbierridden by many high frequency
noise elements. The wavelet decomposition is a gdalvenethod to acquire
information about low frequency pattern of any ddieet. al. [29] used the wavelet
decomposition to extract the drift trend and used tata to form a drift model. The
compensation process is very complex, as it inwfeerr levels of filtering namely
median filter, wavelet decomposition, autoregressnodeling and Kalman filtering.
Simpler and less complex alternatives are requoedise in real time applications

which makes this method undesirable.

15.1.24. Using Polynomial Curve Fitting (CF)

Polynomial Curve Fitting is the most common techeiqused for temperature
compensation [17, 27, 30-31]. Bekkeng et. al. resp6 times improvement in the
bias instability (2%/sec to 1.%/sec) by using CF for temperature compensation and
Kalman filtering for other drift factors [31]. Zhgnet. al. provides comparison
between CF and other methods and claim that thishodeis inferior to
compensation by neural network [30]. Xia et. apars that bias instability can be
reduced from 1%Zsec to 0.&sec by using CF method for temperature compemsatio
All the research works provide results from a sngensor, and the initial bias
instability is not very good and there is margim éorrection. Also the effects of
temperature are considered and effects of accelerate completely ignored by the
researchers. Hysteresis is an important factorafiatts a gyroscope output but it is

not discussed or compensated in any of the puldlibtezature.
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15.1.25. Using Linear Curves

Linear Curves can be considered as derived forpobfnomial curve fitting. The

polynomial curves can be of higher order and alimw@ar system is obtained which
is not desired in some cases. The complexity oyrmmhials can be reduced by
dividing the temperature range regions in such aneathat instead of one high
order polynomial, first order multiple polynomialare obtained [27]. Thus
complexity of the system is reduced significantlydat becomes linear as well.
Figure 1.6 explains the phenomenon clearly. Theréiglearly shows that the linear
curves can be used to divide the main data intollemparts and each part is
modeled more accurately by using lower order eqoati Thus more accuracy is

achieved and processor resources are also conserved
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Figure 1.6: The dotted line shows the plot of SIdBfEsome input data and red line shows
approximation using a 3rd order equation. The gteenshows use of 2nd degree equation
more efficiently by dividing into two parts and mea actual data.

15121 Using Back Propagation (BP) Neural Networks (NN)

BP neural networks algorithm is another commonlgdusethod for temperature
compensation [17, 27, 30]. Shiau et. al. reporad neural networks can be used for
temperature compensation and the results of corapensare comparable to the
results obtained by CF method [17]. Thus NN canubed as an alternative for

temperature compensation. Xia et. al. also showetl NN and CF can be used
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alternatively and both the techniques help elinan@mperature dependency of a
MEMS gyroscope output data [27]. Zhang et. al. swbwthat temperature
compensation by NN can achieve four times bettaulte that temperature
compensation by CF method [30]. The sensors usdtidse three research groups
are different and they produced different resulteemw NN compensation is used.
Therefore, to better understand the effect of hrtieie more than one type of sensor
should be used for analysis. This method is noy Vast as compared to other
methods [27] and some tradeoffs have to be donkwhplementation in real time
applications. The most of the work done so for be BP neural networks is in
simulation mode [27, 30], and only one paper repaxttual retrieval of constant
weights to form compensation equations [17]. Cotingrthe system to set of
eqguations reduces the complexity of this algorit&mme very basics concepts about
neural networks are explained here for understgnpaint of view. Figurel.7 shows

block diagram of neural network.

Hidden Layer Output Layer

Figure 1.7: The block diagram of neural network ebhgshows different parameters of the
method. Output is achieved with calculations basedhput and some weights determined
from training of a data set.

INPUT is the known data given to the system and ®UT is the unknown data
which is to be calculated. OUTPUT is known only idgrthe training of the
network. TRAINING means finding a relation betwdBi#PUT and known OUTPUT
data. The layers (HIDDEN & OUTPUT) are set of equag with different weights
and bias values. The bias and weights are perndutatél a correct relation is

established between input and output data.
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There are many algorithms that are used to estabéation between input and
output data. Once the relation has been establisthedveights and bias equations
are used to calculate the output based upon the: dgta. In case of this study inputs
are temperature and acceleration values at zenorate, and output is the drift at
given temperature and acceleration applied toehsa.

15.1.2.2. Using Temperature Coefficient of Resonant Frequency

The resonant frequency of a material that makegdkenator of drive circuit in a
MEMS gyroscope is proportional to the temperatuatue [18, 37]. If the design
uses a material for gyroscope whose resonant fregueoefficient for temperature
is linear with change in temperature then tempeeatompensation can be achieved
by simply using that coefficient. The resonant érexacy is directly proportional to
the output voltage of a gyroscope [27], so by kmmathat temperature based drifts
can be compensated easily in a gyroscope outpat [d8; 37]. Prikhodko et. al.
improved the bias instability from G/r to 0.22/hr, by using resonant frequency
coefficient of a vacuum sealed silicon gyroscop®&].[IThe drawback of this
technique is that the material used in the fabiboamust have resonant frequency
coefficient for temperature which is linear to teergture. This limits the choice of

material and also put restrictions on the enviramno¢ a sensor.

1.5.2. Compensation of Acceleration Effects on a MEMS Gyrscope

This subject is not found in the literature in atfance as does the compensation for
other drift factors [22, 23]. The main reason foistis that the linear acceleration
does not affect the output of a gyro as compareather drift parameters for values
less than 5 g [23]. Since most of the applicatidmsot come across higher g value
so this is not a much researched area [23]. Buafptications where large value of
g is expected, the compensation for linear acdaberdnas to be done for accurate
reading. From the very few papers that are avaldbllowing methods are selected

that can be used to compensate the drift causédday acceleration.
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1.5.2.1.Using Inferential Momentum Calculations

This method requires detail knowledge about thectire and physical properties of
a MEMS gyroscope. The compensation is based uponufation of static and
dynamic thermal error equations using the infeeéntiomentum calculations [22].
The thermo-elastic properties of a sensor matenal also required to formulate
accurate equations for compensation. The dynanecrial error due to linear
acceleration can be compensated as compared itoteeimal error which requires
the stationary position of sensor. Temperature acckleration are input to this
method of error calculation [22], and based on é¢haguts a thermal error is
predicted. The method does not require empirice & formulating the equations
for compensation. Jiancheng et. al. reported tb#t teemperature and acceleration
effect the output of a MEMS gyroscope, and usesitiodel of inferential equations
for its compensation[22].

1.5.2.2.Using modified Kalman Filter

Modified form of Kalman filter can also be used asnethod to compensate the
effect of linear acceleration on a MEMS gyro outf28]. The Kalman filter is used

to predict the position and velocity of object undaren conditions. The sensitivity

matrix can be added to a regular Kalman filter suge the effect of linear

acceleration on a gyroscope [23]. Kalman filteopimal filter for linear systems

[26, 29] and if system is modeled using linear ¢igua for acceleration change,
then optimal predicted values of a gyroscope outiunt be obtained. This cannot
work as an independent filter for compensationradr acceleration.

1.5.2.3.Changing Frequency of Operation in Thermal Gyroscopes

This methodology is applicable to MEMS thermal goopes whose output is
corrupted by linear acceleration. Feng et. al. megbthat the linear acceleration
dependency is decreased after the frequency ofhbper(switching of heaters) is
reduced to a lower value. Also the design of thiesgecan be adjusted to reduce the
effects of linear acceleration. The phenomenorery gimilar to the case of tuning
fork gyroscopes which are specially designed to ntau effects of linear
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acceleration. Likewise, in thermal gyroscopes tbsitpn of heaters and sensors is
placed perpendicular and opposite to each othecatwel out the false rotation

effect caused by the linear acceleration [24].

1.6. Motivation of this Thesis

The drift in the output of a MEMS gyroscope limits use in inertial applications
and all the other benefits are overturned by thisre The structural errors are
technology dependent, and not much can be dond &tem. However, the errors
that are caused by the environment and other paeasnean be compensated by
some methodology, to make a MEMS gyroscope accuwabeigh to be used for

navigational applications.

One such factor that causes the output of a MEM8sgppe to drift with time is the
change in temperature of a sensor [13-21]. MEMSoaadsy including gyroscopes,
require some mechanical movement for operationtla@anaterial is heated causing
changes in the output of sensors. This is most litapb parameter that causes
degradation in a MEMS gyroscope output [17] anddhver accumulates over time
because temperature changes. A lot of literatussaslable that explain the effects
of temperature on a MEMS gyroscope output [13-ZOhe fact is that the
dependency on temperature cannot be removed catypley any technological
techniques so far, therefore some form of compensa required. It can also be
said that every MEMS sensor acts as a virtual teatpee sensor, because the drift
in the output of a MEMS gyroscope has a relatignshth temperature.

Another factor that affects the output of a MEMSaggope is linear acceleration
[22-24]. The effects of linear acceleration on atitpf a MEMS gyroscope are
normally neglected because this error does notmadch to drift as compared to
other parameters [23]. The effects of linear acesilen become more evident when
linear acceleration increases above certain thteéskadue [23]. Normally MEMS
devices do not face acceleration greater thanrisjhance they are not compensated
for linear acceleration errors. But for accelemati@lues greater than 5g error in a

MEMS gyroscope output has to be compensated [23].
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There has been a lot of work done on compensaticeroperature effects of a
MEMS gyroscope, and some work has been done on exsapion of linear
acceleration effects on a MEMS gyroscope outpuke Tain motivation of this
thesis is to work on the compensation of both ekéerrors simultaneously using
the existing compensation techniques. The studwlteesnto formulation of a
procedure and methodology to improve the outpua d1EMS gyroscope to an

extent that cannot be achieved otherwise with iexjshethodology.

The literature shows that the performance of engstnethods is verified using only
one type of sensor. This is the reason that theawgment efficiency is different in

different publications using similar techniquesefiéfore different types of sensors
are used in this study to generalize the efficieotyhe methods. Literature shows
that temperature cycles can result in hysteresassggroscope data but no solution is

provided. This phenomenon is also analyzed andrkalete solution is presented.

1.7.  Research Objectives and Thesis Organization

This thesis is focused on the compensation of ®rramnd drifts caused by
temperature and acceleration in the output of a NEjylroscope data. Section 1.7.1

summarizes the research objectives of this thesis.
1.7.1. Research Objectives
» The first objective of this research is to studffedent temperature and
acceleration compensation techniques and provictEngarison based upon
efficiency and complexity of the method.
» Compensation of both the temperature and accelaratifects should be

done simultaneously in order to obtain drift freatad from a MEMS

gyroscope.
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» The compensation techniques are implemented oerélift types of sensors
and efficiency of the techniques is analyzed féfedent sensors.

» Neural network compensation is also used for corsguon of acceleration

and the results are compared with conventional agkth

> Hysteresis should also be studied as drift factud @s compensation is

carried out in this study.

1.7.2. Thesis Organization

Chapter 1 summarizes some background knowledget Mi6MS sensors and their

importance in the modern electronic consumer markee work done by other

researches is also summarized in the literaturiewel his chapter also explains the
limitations imposed on a MEMS gyroscope and itsubacks.

Chapter 2 gives the details about the methodolbglis implemented in this study.
The sensors available to this study are discussddtail, and the equipment used in
the study is also presented. The chapter also amentlifferent testing conditions

and methodologies used in this study.

Chapter 3 provides the data and results that aeengal after implementation of the
compensation methods. Compensation of temperdiysteresis and acceleration is
discussed for every sensor and comparative figaregpresented to understand the
improvement achieved after compensation of thesgorf®a Also results for
integrated compensation of all the drift factoregant in single data set are shown.
Allan Variance plots are presented with most ofdag& to gauge the efficiency of

the compensation.
Chapter 4 summarizes the results and provides esind to this study. Different

numerical parameters are presented in tabular féormpare the efficiency of

different techniques applied to different sensors.
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CHAPTER 2

METHODOLOGY OF THIS STUDY

This chapter explains the methodology adopted i g$tudy. The types of sensors
used in the study are discussed and their propeaatie explained. The chapter also
explains the setup that is used to collect datmcawith limitations provided by the
hardware available to this study. The conditionslatia collection and samples are
discussed to understand the generality of thenggsi\fter explaining all these
features, the chapter presents the techniqueslgadtiams that are adopted in this

study for compensation of drift caused by tempeeatund acceleration.

2.1. Sensorsusedin the study

There are different sensors used in this study,iardimportant to briefly define
their characteristics that concern the topic te thesis. Initial tests are performed on
an accelerometer that is fabricated in METU-MEMSsé&sch Centre, and it is
named ACC1 for convenience in this study. Latefed#nt commercial sensors are
purchased to effectively check the compensatioardlgns. This section provides a
brief introduction of the sensors, and there altjgroperties like range of rate, bias
instability and operating range.

2.1.1. Accelerometer (ACC1)

This sensor is fabricated at METU-MEMS Researcht@eand is used initially in
this study. The sensor acted very well for inigaldy, and working algorithms for
temperature compensation are obtained. It is aglex@neter so it is difficult trying
to analyze it for acceleration effects, therefordyademperature compensation is

implemented on this sensor. Table 2.1 gives maitufes of this sensor.
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Table 2.1: Specifications of ACC1 accelerometer

Range _+209

Bias Instability 7 ug

Operating Range -40to +85° C
Interface Analog

Power Supply 3.3V

Sampling Rate Acc. 250 Hz

Sampling Rate Temp. 50 Hz

On-chip Temperature Sensor Separate arrangement

2.1.2. ADIS16136

This is a single axis precision gyroscope manufactlby Analog Devices. This is a
digital gyroscope with two outputs only, namely @gecope output rate and

temperature. Table 2.2 gives main features ofsisor.

Table 2.2: Specifications of ADIS16136 gyroscope

Dynamic Rate Range +450° / sec

Bias Instability 4° [ hour

Operating Range -40to +85° C

Interface Serial Peripheral Interface (SPI)
Power Supply 5V

Sampling Rate Variable and software controlled
On-chip Temperature sensor YES

There is a limitation on the operation of this seng’he sensor has a protective

casing made of metal to make it more rugged, bulgb limits the range of
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operation. The sensor cannot be heated abo%€,58nd all the analyses are
performed below this temperature. Heating the seabove this value turns the
sensor off, because the metallic casing gets tboAt&o the sensor is very sensitive
to vibrations in the temperature chamber, and daltaction is not possible when it

is experiencing external vibrations.

2.1.3. ADIS16488

This is an IMU manufactured by Analog Devices, @nd a very precise sensor
with 3 axes of gyroscope, 3 axes of acceleromet#i3aaxes of magnetometer. This
sensor is ideal for studying acceleration effeatsthere are three accelerometers
present on the system, and at any point accelaraitue in any direction can be

obtained from this sensor. Table 2.3 gives the rfestures of this sensor.

Table 2.3: Specifications of ADIS16488 IMU

No. of accelerometers 3

No. of gyroscopes 3

Dynamic range (gyroscope) +450° / sec

Dynamic range (Acc.) _+18¢g

Bias Instability (gyroscope) 5.1°/ hour

Operating Range -40to +85° C

Interface Serial Peripheral Interface (SPI)
Power Supply 5V

Sampling Rate Variable and Software controlled
On-chip Temperature sensor YES

There is also limitation on the operation of thesmsor very similar to ADIS16136,
as explained in Section 2.1.2. This limits its @pien to below 58C and vibration

free data collection is required for analysis.
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2.1.4. ADXRS450

ADXRS450 is an analog MEMS gyroscope manufacturedialog Devices. This
sensor is very ideal for this study because theufaaturer has performed no
temperature compensation, and dependency on teapecan be seen easily in the

data plots. Table 2.4 gives the main featuresisfdbnsor.

Table 2.4: Specifications of ADXRS450 gyroscope

Dynamic Rate Range + 300°/ sec
Bias Instability 4° [ hour
Operating Range -40to +125° C
Interface Analog
Power Supply 5V

Gyro Sampling Rate 2 Hz or 500 Hz
Temp. Sampling Rate 2 Hz
On-chip Temperature Sensor YES

Since this is a single axis gyroscope and no op-elgcelerometers are present,
therefore it is not a valid choice for use in thealgsis of acceleration effects.
However the dependency on acceleration can beestudiing alternative methods

to obtain acceleration values, which are discugseelevant sections.

2.1.5. XSENS MTi-10 (XSENS)

This IMU is manufactured by XSENS and is purchasedhis study. This sensor is
ideal for this study because it provides raw datanfthe sensor on which no
calibration is performed internally by the senddius the compensation techniques
can produce significant improvement in the gyroscaiata. The sensor also
provides calibrated data, which is used as a neferéor compensation techniques

used by this study. Table 2.5 gives the main featof this sensor.
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Table 2.5: Specifications of XSENS MTi-10 IMU

No. of Accelerometers 3

No. of Gyroscopes 3

Dynamic Range (gyroscope) +450° / sec
Acceleration range _+10g

Bias Instability (gyroscope) 18°/ hour

Operating range -40to +85° C

Interface USB / RS232

Power Supply 5V/33V

Sampling Rate Variable and Software controlled
On-chip Temperature Sensor Yes / Separate foeafi@s

2.2.  Setup Used for Data Collection

The data collection for this study is done unddfedent conditions and with
different requirements. There are two factors whefects are to be studied, and
they are temperature and acceleration. These oomslire created in a lab to
observe their effects on the output of a gyrosatgta. The setups required to meet
the different criterion can be divided into threaimcategories; Temperature test,
acceleration test and combined (temperature areleaation) test.

2.2.1. Temperature Test Setup

The first condition that needs to be tested is daffect of temperature. For that
purpose, a temperature chamber is used to chaegerniperature around a sensor
in a wide range, so that its effect can be studiedhat sensor. The chamber is
present in EE Department of METU campus. Figure shaws the temperature

chamber that is used for temperature testing.
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Figure 2.1: Temperature chamber with data acqoisiinterface, placement of a MEMS
sensor in the chamber and control module to cottietest conditions.

The data is recorded by placing a sensor setupgdris chamber, and the wires
containing data come out of a specified place aaccannected to a computer. The
chamber is capable of producing temperature ramge f80°C to 100°C. The only
problem with this chamber is the vibrations thapribduces while the chamber is
turned on, and this adds a lot of noise to colbctata. This problem limits the use
of chamber to collect data from certain sensorsISAB136 and ADIS16488 are
very sensitive to these vibrations, and data frbasé sensors cannot be collected
while the chamber is on.

Hysteresis is also studied using this setup, becandy temperature is changing
while testing the effects of hysteresis. No segasatup is required, just the cycles
of temperature change using same setup.
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2.2.2. Acceleration Test Setup

The second effect that is being analyzed in thiglystis the effect of linear

acceleration on the output of a MEMS gyroscope. fEaglirement for such a test is
that only acceleration is changing, and temperaisingot changing. This is very

important because the relation between offset aeelaration is valid only when

sole source of offset is due to changes in acdederaalues. This test does not
require any special equipment and can be perfoimedlab, where flat surface is
available. The data from any sensor is collectedlenthe temperature is also
monitored during the test. Figure 2.2 shows thepsetquired to obtain data for this
test. ADIS16488 is connected with the laptop arded on a flat surface. Using the
interface software, the position of this sens@eisto obtain any specific position.

Monitoring real
time accelerations

— : 7
- Sensor position Az =+1g

Figure 2.2: The ADIS16488 sensor is placed ontssfliaface and real time interface is used
to set the position such that the sensor experertssired acceleration e.g. z-axis
accelerometer value Az = +1g.
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Figure 2.3 shows how ADIS16488 can be rotated taioldifferent positions of
accelerations with the help of interface softwdree sensor is rotated inversely to

obtain +1g and -1g values for y-axis acceleromesarg interface software.

Figure 2.3: The acceleration applied to the ADIS®B4an be changed by positioning the
sensor. (a) The sensor is giving +1g acceleratigndxis accelerometer. (b) -1g is given to
y-axis accelerometer
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Figure 2.4 shows position of XSENS being changealtain +1g acceleration
values in all the three axes one by one. Thesee®gygive just the basic working
principle of how the acceleration values are olgtdinsing the interface software,
which gives real time values for acceleration apbgcope. There are many other
positions that can be given to the sensor. The tmong of temperature is very
important while collecting data for accelerationciwese some sensors are very

prone to temperature changes.

2.2.3. Combine Temperature/Acceleration Test Setup

The third setup is requirement for integrated camspéion where both temperature
and acceleration effects are compensated in a Batahis purpose the temperature
and acceleration of a sensor must change simulighedrl he first two setups are
combined in this step to attain integrated effébie acceleration tests, as described
in Section 2.2.2, are performed inside a tempesatthamber, and temperature is
also changing during these tests. Thus the actielerghanges are happening inside
a temperature chamber, whose temperature cycleurised on; thus giving

temperature and acceleration based drifts to asggpe data.

2.3. Data Collection Procedures

In order to study the effects of temperature armklgcation on a MEMS gyroscope
output data, it is very important to follow a sdtrales for data collection, and
maintain them for all the tests for homogeneousltesAll the data collected in this
study is according to requirements of this studyijthtions imposed by the setups,

and specific features of the sensors.

2.3.1. Temperature Range

The ideal range for any temperature test is to ghdhe temperature from -3C to
+85 °C and then move back to -3C (typical temperature range for most of the

industrial applications). For ADIS16488 tests aoae from -30C to 40C because
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it can only be operated in this range, but tesis @he performed on ADXRS450 and
XSENS are done in a much wider range oP&3@ +83C.

(©)

Figure 2.4: The XSENS can be positioned to obtatekeration value that is required by
any test. (a) XSENS is placed to get +1g on z-gkis.XSENS is placed to get +1g on
y-axis. (c) XSENS is placed to get +1g on x-axis.
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2.3.2. Acceleration Range

The acceleration range that can be tested usingavhdable resources is also
limited, because there is no specialized equiprieitcan be used to produce large
amounts of acceleration. The study used the natangle of +1 g and -1 g due to the
gravitational force of the Earth. The use of irded software makes it easy to read
instantaneous value of acceleration of any axid,thus different values can be used

for the analysis purposes.

2.3.3. Duration of Test for Temperature Test

The duration for temperature tests is another patanthat can be discussed here
for understanding the duration of any sample. Tdtea goal of data collection is to
collect data over a given range of temperature,thedluration of data collection is
not important in this regard. Same range of tentpezacan be achieved using
different amount of time durations under differeonditions. Figure 2.5 gives an
example of two data sets that are collected intéhegperature range of -3D0 and
+4(0°C, but the duration of these data collections asnd 4 hours. The effect of

duration of data collection is also analyzed, damtbes not affect any compensation.
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Figure 2.5: The desired temperature range can biead in different amount of times

depending upon the settings of temperature chanfmrelerated heating can results in
4 times faster heating of the sensor.
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2.3.4. Duration of Test for Acceleration Test

The duration of a test for monitoring acceleratien another important test
parameter. The duration of a test is kept smalughdo forbid the temperature of a
sensor to change to cause any significant errer data. Also the duration is kept
long enough to allow a sensor to attain stable dabaes. The normal duration of

acceleration tests used in this study is arounchib@ites.

2.3.5. Number of Samples

The number of samples (data sets) taken from eat$os is also very important to
ascertain the authenticity and generality of thes®apensation methods. Therefore,
more than 10 samples of data are collected frorh sansor, in order to verify the

consistency of the trend in the collected data.

2.4. Methods of Data Collection

There are different types of sensors used in ttugysand every one of them
requires a separate method to collect data froifhie. sensors are selected initially
by keeping in mind that readymade data collectsopassible. This is decided on the
basis of the fact that hardware issues can stdllstkow down the process of data

acquisition.

2.4.1. Collecting Data from ACC1

This sensor is fabricated at the METU-MEMS Rese&ehtre and has an analog
interface. The system used to collect data is Blig¥ata Acquisition cards installed
in a computer. The cards have analog interfacegiwailows acquiring analog data
from any analog sensor. The card has its own Bterfsoftware that allows

acquiring of data from this sensor at any desied€l. r

2.4.2. Collecting Data from ADIS16488

The ADIS16488 is an IMU, and a sensor kit is bougloing with an acquisition
system. The hardware of the acquisition board stsf an evaluation board, on
which the ADIS16488 IMU can be mounted easily. €kaluation board has a USB
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cable that can be connected to any computer far @equisition. Figure 2.6 shows
the package of ADIS16488 sensor with its metalbsieg. Figure 2.7 shows the
assembled form of evaluation system, in which AB&8 is mounted on the

evaluation board, and interface USB cable is disova.

Figure 2.6: ADIS16488 IMU with metallic casing. Shpprotective casing limits the
operation of this sensor by heating up.

Figure 2.7: Evaluation board with interface USBleab shown. ADIS16488 is mounted on
the evaluation board.
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The evaluation system also consists of interfacétwaoe, which allows
communication with the sensor and retrieving dathout doing any programming.

Appendix B shows different screenshots of thisrfate software.

2.4.3. Collecting Data from ADIS16136

The data acquisition from ADIS16136 is similar @tal acquisition of ADIS16488
sensor because both these sensors are compatthléeheisame evaluation board,
and same interface software is used for data atquoisFigure 2.8 shows the
package of ADIS16136, and it can be seen that & $@me connector like
ADIS16488. This is mounted on the evaluation boardti connected to the

computer, from where sensor selection is made framnterface software.

Figure 2.8: The ADIS16136 sensor is shown in theaftie casing. The sensor has same
connections as ADIS16488 and hence can be usedaritie evaluation board.

2.4.4. Collecting Data from ADXRS450

This sensor is also manufactured by Analog Devida#, due to different
configuration it is not compatible with the evaloat board discussed in
Section 2.4.2. The data acquisition system of ADASR consists of two PCB
boards. One board converts the analog voltagedigital value (Satellite Board)
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and the second board communicates with a compsteg & USB interface (Main
Motherboard). Figure 2.9 shows a satellite boarth ViDXRS450 mounted on it.

The sensor is powered up from the power supplyigeavby the satellite board.

ADXRS450

Satellite board

Figure 2.9: The satellite board is shown with ADX88 mounted on it. The analog to
digital conversion circuitry is also visible in thigure.

Figure 2.10 shows the integrated evaluation systemvhich both the boards are
connected via ribbon and a USB interface is shosvncbnnecting to a computer.
The evaluation system takes its power from the W8Bnector of a computer to

which it is connected.

Also this system is equipped with evaluation irdee software. The software deals
with ADXRS450 only, and it is specialized softwdoe this sensor. Appendix B
shows a screen shot of this interface software hwigives an idea about the

functionality of data recording for this sensor.
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Figure 2.10: Integrated evaluation system withIsegend main motherboard. The boards
are connected with a ribbon.

2.4.5. Collecting Data from XSENS MTi-10 (XSENS)

This is a complete IMU package and is manufactbgedSENS. This sensor is the
most suitable sensor for this study because itigesvraw and calibrated data. The
raw data is affected by acceleration and tempezatand their effect can easily be
observed. Figure 2.11 shows XSENS and the interfaS8 cable. The USB
interface requires no evaluation board and the aeissconnected directly to a
computer. The interface software is also providéth & setup which helps acquire
data without any requirement of programming. The afsinterface software is very
user friendly. Appendix B provides a screen shdhefinterface software while it is
recording data from the sensor. The real times eglof accelerometer and

gyroscope can also be monitored during data reagrdi
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Figure 2.11: The figure shows the XSENS sensoritaridSB interface. No evaluation
board is required for data acquisition from thiss®-.

This sensor provides temperature of each gyrosseparately which is not the case
in other sensors. The raw data provided by it matkessy to perform compensation

for temperature and acceleration dependent errors.

25. Compensation of Temperature

This section discusses the techniques that areingb study for the compensation

of temperature effects.

2.5.1. Moving Average Filter

This is an auxiliary technique, and is used in tkiady for the purpose of
understanding and visualizing a relationship betwaeyyroscope output data and
other parameters (temperature and accelerationyingoaverage itself cannot be
used for compensation of temperature driven elres.a type of low pass filter that
helps remove high frequency noise, and allows ged¢ie trends in a data.
Figure 2.12 shows raw data collected from ADIS164B8can be seen that no
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relation can be established between ADIS16488 ggmes data and temperature
because of high frequency noise. This forbids geeny trend in dependence of any
gyroscope data on temperature. Figure 2.13 showevsldta after moving average
filtering is applied. A clear trend in the data ca@ observed that changes with

temperature. Filtering makes it visually easy te tgs trend.

ADIS16488
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Figure 2.12: Raw data recorded from ADIS16488 IMIthaut any processing, and plotted
against the temperature. No pattern can be see ilata due to high frequency noise.

Temperature

Figure 2.13: Data plot of gyroscope data after @éssrough a moving average filter. Using
moving average filter the trend is visible as higdguency components are removed.
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Moreover, data after filtering is different for tfent values of averaging sample.
The moving average filter requires a sampling faatoich it uses to average out the
data. In this study the optimum sample size isutated using Allan variance plot of
the respective sensors. The minimum bias instalpldint shows the sample size

which will give minimum error for averaging of atdaand is used in this study.

IEEE standard std-592-1997 defines the specifindtbomat and test procedures for
single axis fiber optic gyroscopes. The standamVides details about theory and
applications of Allan variance plots. Allan varianglot is a method of representing
random drift noise as a function of averaging tifflee plots show amount of noise
as the averaging time is increased, and the irtiegrame is determined at the point
when the noise is at minimum value. The Allan vace& plot gives information

about different types of noise factors (quantizatmise, flicker noise, rate random
walk, correlated noise, sinusoidal noise, angleloamnoise etc), and bias instability
value of a data. Bias instability values shows tstable the system is, and it gives
the minimum error value that can be obtained fromlata when averaged at that

value. Figure 2.14 shows Allan variance plot of ARS450 gyroscope data.
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Figure 2.14: Integration time for minimum errorcaculated at 8 seconds (encircled) which
corresponds to nearly 16 samples. Therefore masegage filter sampling value is 16.
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2.5.2. Polynomial Curve Fitting

This is the first compensation technique that isduis this study for compensation
of temperature effects. This is the fastest ancestamethod because a polynomial
has to be used for data compensation, and no carnfyshetions are involved. The
technique is applied to zero rate null output datano rotation rate, the output rate
of a gyroscope should be zero under ideal conditibat the error sources causes a
drift in the null offset. All the environmental @aneters are kept constant and
temperature is changed, making an assumption th#tteanon-zero rate output is
due to change in temperature. This study also gmesrtance to the fact that only
temperature dependence is modeled, and no othtrdaare modeled using this
technique. This is accomplished by validating theation on different data sets and
getting similar results.

Also same data can be modeled with different degofeequations. Higher is the
degree of polynomial, higher is the accuracy dinif a data. Figure 2.15 shows
how data can be modeled with different order pofgiads. F' order polynomial
gives a very vague trend of temperature dependéityrder polynomial gives a
better estimate of the data trend, and is moreratethan the first order equation.
Increasing the order of polynomial increases tregcy of the estimation, until"é

order polynomial completely models the data.

Another factor about polynomial curve fitting isethbias offset at the startup. This
bias appears as constant in a polynomial equadia its value is slightly different

for every time the sensor is turned on. Figure 3l@ws two parts of a polynomial.
The constant part points towards the initial biethe startup.

The turn on bias is calculated after the sensturiged on. The value of averaging
time that is used for moving average filter (Sattih5.1) is used here because it
corresponds to minimum drift error, and it alsoegsufficient amount of samples to

check the trend of data.
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Figure 2.15: Higher the degree of polynomial, higisethe accuracy of the curve fit. The
tradeoff between accuracy and speed can be deojdiad designer.
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Figure 2.16:The turn ON bias is adjusted every time a sensostON, but the relation
between the temperature and gyroscope remainsacnst

2.5.3. Back Propagation (BP) Neural Network (NN)

The second method that is used for compensatiortenfperature is Back
Propagation Neural Network. This technique alsoettgps a relation between the
input (temperature) and output (gyroscope offsee da temperature). This
methodology also works on the assumption that thenges in the output of
gyroscope, in addition to the initial turn ON biase due to temperature change in a
sensor. Therefore, the technique is applied ortattiat is collected while a MEMS

gyroscope is experiencing no rate, and any valherdhan zero is an error induced
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output rate. Since only temperature is changinth@se tests, so it is assumed that
the drift in the data is due to temperature.

This is also an offline method of calibration. &le compensation is done in the lab
environment, and a final updated network is acldewich is used in real time
applications later. The complexity of the algoritwan be modified to match the
processing capability of a system to implement eal rtime applications. Back
propagation means that the algorithm improvesfits&$ed upon the actual output
and predicted output from this algorithm. The wesghnd bias in the networks are
updated until minimum possible error values areaioletd. There are different
algorithms that are used for training the dataaiokpropagation, but the one used in
this study is ‘trainlm’ which is abbreviation forekenberg-Marquardt. According to

Mathworks, ‘trainlm’ is the fastest algorithm uded back propagation.

In this study the network is created using MATLA&)d an updated network is
achieved which can be used in the compensatiomyfther data set. The Neural
Network used in this study has two layers and tmeaons (weights assigned to
each layer). The function assigned to first layelan-Sigmoid, and the function
assigned to the second layer is Pure Linear Functio

The Figure 2.17 shows the shape of a network usethis study. Number of
inputs (1), number of outputs (1), number of nesr(®), F' layer transfer function
(tan-sigmoid) and? layer transfer function (pure linear) are showrthia network
shape. The number of layers and number of neunorbeadjusted depending upon

the level of complexity required.

The NN method is a very specialized method duewsl$ of weights and bias in the
equations, so very precise results are obtainedr&that result from sources other
than temperature are also taken care of, butshi®ti desired here because they are
not repeated errors and not found in all the dats i® the same manner. Therefore
before application of a neural network method, spexare is taken in this study to

get rid of any obvious error data that do not refsam temperature change.
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Hidden Layer Output Layer

Tan-Sigmoid Function Pure Linear Function

Figure 2.17: Figure shows the shape of a neuralar&tused in this study with 1 Input, 1
hidden layer and 1 Output layer. There are 3 neuamal 1 output in this netwark

2.6. Compensation of Hysteresis

This study also discusses the analysis about l@ggsepresent in a gyroscope output
data caused by temperature cycles. Hysteresis ath@nfactor that affects the
output of a gyroscope sensor, and for more accungsteresis has to be removed
from a gyroscope’s data. In this study polynomialrve fitting is used for
compensation of hysteresis. Figure 2.18 shows fe@te present in the data of
XSENS sensor, when the temperature is changed eetv28C and +90C degree.
The two curves in the figure are first modeled Wby f@ethod and two polynomials
are obtained. Then the difference between theseptynomials is taken to get a
difference polynomial. This polynomial is then nioetl to make it a function of
change in temperature. The hysteresis compensaiioness is explained by
following example. Suppose the temperature is amirgy and assumed as the
standard response of the sensor. At point ‘A’ #raderature starts decreasing and
there is change from the previous response ofeéhsas to same temperature values
due to hysteresis. The difference in temperatwsdha temperature decreases from
point ‘A’, is used as input to the compensationatmun. A hysteresis free response

of the sensor is calculated using this equation.
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Figure 2.18: Hysteresis in the gyroscope outplX8ENS is shown. Temperature cycle is
completed between -26 and +90.

Figure 2.19 shows the hysteresis compensation ieguatotted as function of
temperature. It is a quadratic equation that shinas when the temperature starts
changing the hysteresis error is at minimum valod @ starts increasing with
increase in the temperature change. Multiple tesés performed to check the

consistency of this trend in different temperataeges.

«10° XSENS

‘ : :
: | = Hysteresis Compensation Equation

Gyro output bias

Temperature

Figure 2.19: The polynomial for hysteresis is afai which is function of change in the
temperature. When the slope of temperature chahgesquation is used for compensation
of hysteresis.
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2.7. Compensation of Acceleration

This section discusses methods for compensatioacoéleration. Two methods

namely curve fitting and neural networks are exydi

2.7.1. Least Squares Method (Simple Curve Fitting)

This method is very close to polynomial fitting ahdnce is called curve fitting
alternatively in this study. A matrix is formed whiincludes all the parameters that
define dependency of gyroscope on 3 accelerometieus, a weight matrix is
obtained. It is also called G-Sensitivity matrixliterature [23], and it contains all
the bias factors associated with three acceleromele system that is used in this
study for acceleration analysis is an IMU (ADIS1848 XSENS), so all the values

of acceleration are available at all the points.

This analysis is different from the literature [28Jcause Kalman filter is not used in
this study as compared to the work done by [23]emhKalman filter is used for
filtering of data and that filter is modified tocarporate the G-Sensitivity matrix. In
this study the matrix weights are used to obtafima offset, and the compensated
data is further processed for any other type airerfe.g. temperature). Equation 2.1
shows the general form of the matrix.

Gx—Off Gi1 Gz Gz Ay
Gy-off = Gy1 Gy Gaz* Ay (2.2)
Gzofr G311 G3z G33 A,

This can be written in reduced form as:

Goffset = Gweights * A (2.2)

The Goftset IS known matrix because at stationary conditions butput of a
gyroscope must point to a zero value, and any moo-zalue indicates an offset in
that data due to some factor. TAematrix is also a known factor because the

instantaneous reading of accelerometer can befreadan interface software. The
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Guweights is the variable matrix here which can be foundluthanging positions of
accelerometers, and refined by application of rpldtidata sets. Her& denotes

acceleration an@® denotes gyroscope, and the subscripts show theatge axis.

G11 = Weight corresponding effect okAn Geoffset
G12 = Weight corresponding effect of, An Geoffset
G13 = Weight corresponding effect ok An Ge-offset
Gz1 = Weight corresponding effect okAn G-offset
G22 = Weight corresponding effect of, An G-offset
Gz3 = Weight corresponding effect ok An G-offset
Gs1 = Weight corresponding effect okAn G-offset
Gs2 = Weight corresponding effect of, An G-offset
Gs3 = Weight corresponding effect ok An Geoffset

The study is limited to work in static conditiortkierefore the sensitivity matrix

verifies all the possible outcomes of acceleratioany axis in stationary positions
between +1 g and -1 g. Table 2.6 shows the rangyeeba +1g and -1g used for the
analysis of acceleration effects on a MEMS gyroscdphese values of acceleration
are attained by all the 3 accelerometers of themsn

Table 2.6: Acceleration values used in testingafoeleration tests

+1 +3/4 +1/2 +1/4 0 -1/4 -1/2 -3/4 -1

2.7.2. Back Propagation (BP) Neural Network (NN)

The methodology of neural networks has been digclssSection 2.5.3. The NN is
also applied for the compensation of acceleratieonabhse NN can take multiple
inputs, thus making a very suitable candidate fefinthg a relation between a
gyroscope output and multiple axes acceleratiorguré 2.20 gives the network
shape that is used for acceleration compensatio@.idput in this case is data from
two accelerometers (dominant axes used only), hedoutput is the gyroscope

offset corresponding to these acceleration values.
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2 Inputs
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G-offset

Hidden Layer
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20 1

Figure 2.20: The NN has two acceleration inputs #ffect the gyro output bias in the third
axis gyroscope.

2.8. Integration of Compensation

This section discusses the integration of compenrsdor both acceleration and
temperature effects. There are two different factaifecting a gyroscope output
data, and each has its own method of compensaiibese techniques can be
integrated in different orders to achieve the camspé&on of both errors at the same
time. The compensation of hysteresis in a dataoisedas a part of temperature
compensation, so it is not mentioned separatelthércompensation of temperature

by neural network, the hysteresis compensatiofssdone by curve fitting method.

2.8.1. Polynomial Curve Fitting (acceleration and temperatire)

This combination gives the user a set of equatlmnavhich the data is filtered

twice. The first set of equations remove the offdae to temperature, and the
second set of equations remove the offset duedele@tion. Alternatively, the first

set of equations remove the offset due to acceerabnd the second set of
equations remove the offset due to temperature.bEmefit of this method is that

the equations are simple and product of differemtables. The method is very good
for fast processing, and where the computing powea constraint. Figure 2.21
shows the integrated process in a flowchart.
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» The Raw data input tBolynomial Curve
B« Data has temperature and G drifts

Data

» Data has G-sensitivity drift only
Ll o Data is input tdPolynomial Curve

Compensated

» Data is compensated for both drifts
S« Data is output for use

Compensated

Figure 2.21: The data is first compensated for enapire induced error by CF method, and
then compensated for acceleration induced err@mynethod.

2.8.2. Neural Network (temperature) and CF (acceleration)

The second method is that the data is first congiedsfor temperature using the
neural network and then curve fitting is used fampensation of the linear
acceleration effects on a MEMS gyroscope outpuigure 2.22 shows compensation

process in a flowchart form.

* The Raw data input tdeural Network
LB o Data has temperature and G drifts

Data y

» Data has G-sensitivity drift only
ey o Data is input td?olynomial Curve

Compensate

» Data is compensated for both drifts
SRR o Data is output for use

Compensated

Figure 2.22: First temperature effects are comgedday use of Neural Network, and then
curve fitting is used for acceleration induced eo@mpensation
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2.8.3. Neural Network (temperature and acceleration)

Third approach is the use of a neural network fithltompensation of temperature
and linear acceleration effects. The compensatiaione separately, and the results
are cascaded to obtained integrated compensaiigureR2.23 shows compensation

in the form of a sequential flowchart.

» The Raw data input tdeural Network
AWIES « Data has temperature and G drifts

Data

» Data has G-sensitivity drift only
WWisdl  Data is input tdNeural Network

Compensated

» Data is compensated for both drifts
Sl o Data is output for use

Compensated

Figure 2.23: Figure shows another integration sehegnwhich neural networks are used for
compensation of drifts caused by temperature arg@ifiacceleration sequentially.

2.8.4. Single Neural Network

Neural networks can have more than one input. Té&ure is used for the
integration of temperature and acceleration effestaultaneously, by treating
acceleration and temperature as inputs to a neetalork. The gyroscope output
bias offset is output to a neural network. Figu@42yives the shape of this network
which takes 3 inputs and 1 output. This type ofwoek results in developing a set
of equations that have weights and bias, that cosgies both the acceleration and
temperature driven drifts present in a data. Theefieis that there will be only one

network, and only a single technique is used fonpensation of both the drifts.
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3 Inputs

Hidden Layer Output Layer

2 Accelerations

1 Output
1 Temperature

Gyro Offset

Figure 2.24: Neural Network with temperature andetgrations as inputs, and gyroscope
output bias as output of this network. The netwzak compensate drift caused by both the
temperature and acceleration.

29.  Summary

This chapter presents details about collectionata.dThe setup used for collection
of data for temperature tests and acceleratiors tat explained in detail. The
conditions under which these tests are conductedglained. The data collection
software and hardware is discussed, and some ésatmd screenshots on the
interface software are shown in this chapter. Est $ections of this chapter focus
on the compensation techniques employed in thdystBolynomial Curve Fitting

and Neural Networks are the main techniques foperature compensation. Their
configuration in this study is explained with flomarts. Sensitivity matrix (curve

fitting) and Neural networks are main compensatiechniques for acceleration
effects, and there configuration is also discusddtwe last section is about the
integration of these techniques to obtain a fingb@thm, which can compensate

the effects of acceleration and temperature colielgt
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CHAPTER 3

DATA AND RESULTS

This chapter is mainly focused on the results a$ study. The methods and
techniques have already been discussed in Chdpterd 2, and they are applied on
the data acquired from various sensors. It is wondntioning here that all the
sensors used in this study are not suitable fothalltests performed in this study.
Some features of these sensors prohibit them fresting them under certain
conditions, and therefore some of the tests arepediormed for every sensor.
Example can be of ADXRS450 gyroscope which is azelbent sensor to study the
effects of temperature but it has no acceleromesers is not suitable to study the

effects of acceleration on its output data.

This chapter is divided into five main sectionshvéach section dealing with a
certain type of compensation (temperature, tempegatith hysteresis, acceleration
and hysteresis) and the last section provides amsuyn Inside each section,
individual sensor data is presented and compemsaito performed. The
compensation performed by both the techniquessisudsed so that a comparative
analysis can be achieved.

It is neither feasible nor necessary to presenhallresults in this thesis. Repetitive
measurements are taken from each sensor, butioalyrésults are presented in this
report. The aim of repetitive measurements is ¢ogase the consistency of the tests,
and eliminate any conflicting results. Also resuitsm two sensors ACC1 and
ADIS16136 are not included in this report. ACClais accelerometer, and the
results obtained from it are not comparable to gyeoscope sensors used in this
study. ADIS13136 has similar features as that ofi@IB488, and the results for

temperature compensation are almost repetitive.
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3.1. Temperature Compensation

Temperature is the first factor that is compensatethis study. Temperature has
different effects on different types of sensorsic8iall the sensors used in this study
are digital in nature, there is a possibility tlehperature compensation has already
been performed. ADXRS450 and XSENS are specialcssl for this purpose, as
they provide gyroscope data without internal terapge compensation performed
on them. ADIS16488 IMU is also used for temperatompensation but it is very

resilient to temperature changes.

3.1.1. ADIS16488

ADIS16488 is an IMU provided by Analog Devices. Tgnroscope data is very
resilient to changes in temperature, but the casinipe IMU causes problem for
data gathering, and the sensor is also very pm#tation in its surroundings. The
data is collected such that the sensor is coolegndtm -30C and then the
temperature chamber is turned OFF. After that ftata ADIS16488 is recorded up
to 5C temperature. This data is used for analysis fefcef of temperature on
ADIS16488 gyroscope output data. Figure 3.1 showes relationship between

temperature change and the gyroscope output of AR183.

ADIS16488
0.16 \ \ \ \ \ \ : I
| | | | |—Temperature Dependent Data
0.15r------ - - H-—-———- - - - === Femm === Femm— == F=====
8ol N S T L S
o 0.14 | | | | | )
Som T
= | | | |
3012~ - S N Ao peoees P
S011f - (LN demmee- sommmes P e TEEEE
o | | |
R B R ERCEEEEEEEEE A dememe- R R LT
| | |
| | |
0'0-%0 30 20 10 0 10 20 30 40

Temperature

Figure 3.1: Relationship between temperature arrdsgppe output bias of ADIS16488.
The sensor is very resistant to temperature chamgiesmall temperature dependency can
be seen. Bias offset is 0%gec for -30 to +4TC.
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The general relation between the gyroscope and deatyre shows that the
gyroscope data does not change much as the temm@ersichanging, but still small
relation can be found between the gyroscope dathtemperature. The offset
present in the output bias is approximately @€Ek. The data should be very
consistent in order for the techniques to work prpfor compensation. Therefore,
a number of samples are taken from the sensor latigg against temperature, to
make sure that the gyroscope shows a consisteatioehn this temperature range.
Figure 3.2 shows multiples samples taken freDiS16488in the same temperature
range to see the consistency in the trend of data.

ADIS16488

Gyro output bias

-30 -20 -10 0 10 20 30 40
Temperature

Figure 3.2: Number of data sets show consistencyhéntrend of data acquired from
ADIS16488 in the given temperature range. Theimlahip between gyroscope output bias
and temperature is consistent.

3.1.1.1.Compensation By Curve Fitting

This section shows temperature compensation of ABA88 gyroscope output data
by using the CF method. Figure 3.3 shows that databe modeled with different
equations, having different degrees. Higher ordgragons increase the complexity

of the processing, therefore lower order polynonsigireferred.
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ADIS16488
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Figure 3.3: The relation between temperature aadyymoscope output bias can be modeled
with equations of different degre€®egree and higher model the data with same acgurac
and F' order does not model very effectively.

The plot shows that using a polynomial of orderhkigthan 2 only increases the
complexity and achieve no additional informationoatb the relation between
gyroscope output bias and temperature. Hefit@r@ler polynomial is selected for

compensation of temperature effects.

Out of many acquired data sets, one set is useddimpensation of temperature
effects by CF method and then by NN method. Fi@ueshows raw data and the
results of temperature compensation by the CF ndeffloe offset in the output bias
reduces from 0.®4sec to 0.02sec which is 2 times improvement. There are still

some irregularities in the compensated data, [aitdb not result from temperature.

The ADIS16488 is very resilient to temperature denand the effect of
compensation is not very evident from this figure.improve the visual effect, the
raw and compensated data is modeled using polymanaad they are displayed
with the data. Figure 3.5 shows curve fits of e and compensated data.

The temperature dependency reduction in the comapemsiata is evident from the

curve fits, rather than the data itself. The cuivér the compensated data is very

flat as compared to curve fit for the raw data.
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Figure 3.4: Gyroscope bias offset reduces from ®s@4 to 0.02sec after temperature
compensation by CF method, which is 2 times redadti temperature dependency.
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Figure 3.5: Raw and compensated data with curgeidishown. The curve fits makes it
visually understandable that the temperature depeyd reduces significantly for
ADIS16488, after temperature compensation by CHhaotet

3.1.1.2.Compensation By Neural Networks

The next method is compensation by Neural Networks. same data set is used for
compensation by NN method, which is used in thar@thod. The compensation is
performed on this data using neural networks. EEd&i6 shows the raw data and

temperature compensated data by NN method.
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Figure 3.6: Raw and temperature compensated dat&Dd$16488 using NN method.
Temperature dependency has been reduced signific@yroscope bias offset reduces
from 0.04/sec to 0.02sec (2 times improvement).

Figure 3.7 shows curve fits for the raw and comptsts data, to visually observe
that temperature dependency has been reducedcaftgrensation. The curve fits
clearly show reduction in the dependency on thelieghptemperature after

compensation.
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Figure 3.7: The curve fits of raw and temperatwmgensated data using NN method are
shown. The curve fits give a visual understandiog the temperature dependency has been
reduced. Gyroscope bias offset reduces from°s84 to 0.02sec (2 times improvement).
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The Allan variance plots also provide informatiomoat reduction in the
dependency of the gyroscope data on temperatuee Allan variance plots of raw
and compensated data are presented to see thdivefiess of temperature
compensation from another perspective. Figure I308vs the Allan variance plot of

raw and temperature compensated data for ADIS16488.
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Figure 3.8: Allan variance plot of ADIS16488 shothat after compensation integration
time increases 4 times (from 133 to 532 secondgs Bistability does not change as 1/f
noise level is reached.

The Allan variance plot shows that there is no ifiggmt improvement in the bias
instability after temperature compensation. Both @k NN produce 4 times
improvement in the integration time (from 133 to253econds). The rate random

walk is also reduced which is visible from reduntio the slope on right side.
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3.1.2. ADXRS450

This is the second sensor that is used for compiensaf temperature effects. This
sensor is ideal for this study because it opelatése temperature range of °8Dto
+85°C, and data can be recorded in ascending or desgericend as per
requirement. The sensor shows a very linear relshigp with temperature. The
sensor is a single axis gyroscope, so only oneiaxissted. Figure 3.9 shows the

general behavior of this sensor when subjectednpérature change.
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Figure 3.9: The dependency of ADXRS450 gyroscopdeomperature can be seen in the
temperature range of -0 to +80C. The drift in the output bias is aroun#{s&c in this
temperature range.

This plot shows very clear temperature dependeh@®DXRS450 output data. The

output rate shows a linear relation with tempematdrhis data trend must show
consistency in order to obtain compensation equsatiyy any of the methods. Data
is collected multiple times, and results show cstesicy in dependency on the
temperature. Figure 3.10 shows some of the celtesamples of data in one plot to
visualize the consistency of data. The data is etdlected in different temperature
ranges to confirm that they follow the same datéepa In the plots of Figure 3.10
small hysteresis can be seen, but they are igrforethis analysis. In this section

only compensation of temperature is discussed.
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Figure 3.10: Multiple data sets collected from #i@XRS450 sensor are plotted to show the
consistency of output rate dependency on tempexalilre plot shows that all the samples
show similar trend.

3.1.2.1.Compensation By Curve Fitting

Polynomial curve fitting is used first to comperesé#e drift present in the data,
which results from temperature changes. Figure 3Hdws how the data can be
modeled using different order polynomials. It canskeen that"? order and 'S order

polynomial fit this data equally good™®»rder polynomial is the best choice.
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Figure 3.11: The ADXRS450 gyro output bias depengem temperature can be modeled
with equations of different degrees® 2and 3 Degree polynomial fits the data very
accurately.
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Figure 3.12 shows one of the data sets which id fegecompensation. This data set
is different from the one that is used to obtaie golynomial for temperature
compensation. Figure 3.13 shows the temperaturepeonsated data using CF
method. The offset in the output data reduces f@Sfsec to less than C/sec,

which is 20 times reduction in temperature depeaglen
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Figure 3.12: Raw data used for compensation of éeaipre using CF method. The offset in
output bias is 2sec in the temperature range of%250 +8%C.
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Figure 3.13: Raw and temperature compensated datslfXRS450 using CF method. The
gyroscope bias offset has reduced frd¥sé&c to less than ®/sec (20 times improvement).
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3.1.2.2.Compensation By Neural Networks

The same data set is used for compensation by NNoaeMultiple sets are used to
train the network, and obtain a network suitable dompensation of temperature
effects in the data. Figure 3.14 shows results atimpensation by NN method. The
gyroscope bias offset is reduced froffs2c to less than (/$ec, after temperature

compensation by NN method.
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Figure 3.14: Raw and temperature compensated 8&BXRS450 using NN method. The
gyroscope bias offset reduces froffis2c to less than ®/sec which corresponds to almost
20 times improvement in the data.

Figure 3.15 shows the comparison of both the tegles for compensation of
temperature effects. The comparison of the compemsdata by both techniques
shows that the compensation produces similar meswien compensated by either

of the methods.
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Figure 3.15: Temperature compensation by NN andr@thod. Both techniques show 20
times improvement in the bias offset (froffisec to 0.%sec) and significant reduction in
rate random walk.

The improvement after compensation can be see tiseWAllan variance plots of
the raw and temperature compensated data. FiglBeg8/es Allan variance plot of

raw and temperature compensated data for ADXRS450.
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Figure 3.16: The Allan variance plot shows thaemtemperature compensation, the bias
instability reduces from 33%fr to 26.8/hr (CF) and 248hr (NN). The integration time
improves 2 times by CF (16 sec) and 4 times by BNgec) method.
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The Allan variance plot shows that temperature camsption improves the bias
instability. Temperature compensation achieves 2@fém 33.5 to 26.%hr)
improvement by CF method and 25% (from 33.5 to ZArB improvement by NN
method. The integration time increases 2 timesn(f® to 16 seconds) by CF
compensation and 4 times (from 8 to 32 seconds)Nby compensation for
temperature. The rate random walk decreases ggntfy, which is shown by the

slope on right side the plot.

3.1.3. XSENS MTi-10

The XSENS MTi-10 (XSENS) is very suitable for tlsgidy, because this sensor
provides both compensated data as well as raw dam.three gyroscopes in the
sensor have similar trends, and therefore resubis fonly z-axis gyroscope are
presented in this report. Figure 3.17 gives theeg@rnrend of the data from XSENS,
when it experiences temperature change. The gypesoias offset is about 0/%ec

in the temperature range from 9%25to +90C.

XSENS

T T T T
— Temeprature Dependent RAW Data| i

Gyo output rate
o

|

1

1
-20 0 20 40 60 80 100
Temperature

Figure 3.17: The gyroscope output bias is lineddpendent on the temperature.’(éc
offset is present in the data, when temperaturagggfrom -2%C to +90C.

Consistency in this sensor is also tested usingpuwsrsamples. Figure 3.18 shows

four samples of data taken from XSENS, that exhdomilar trend. Only four
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samples are shown in the figure because these sarmpérlay each other and are

not visible if more samples are added to the plot.
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Figure 3.18: Multiple samples taken from XSENS ggape are shown in the temperature
range of -28C and +90C. The consistency of the data can be seen fronfiatttethat all
samples overlay each other closely.

3.1.3.1. Compensation By Curve Fitting

The data is first compensated using CF method.fifsestep is to find a suitable
degree of equation for compensation of the datgurgi 3.19 gives different curve
fits with varying degree to fit the raw data. Afirée polynomials of$}, 2"¥ and ¥
order overlay each other on the data, and it cacdmeluded that thelorder
equation is enough to model the trend of data ieffity. The fact that these
different polynomials cannot be distinguished fr@ach other; it is enough to
understand that using higher order equation justeases complexity and no extra

accuracy is achieved.
Figure 3.20 shows the temperature compensated lgatzssing CF method. The

temperature dependency has been reduced significRhe gyroscope bias offset is

reduced from 0.08sec to 0.001%sec which is almost 50 times improvement.
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Figure 3.19: The relation between data and temperaan be modeled with polynomials of

different degrees. From the plot it is concludeat thi' degree of equation is sufficient for
compensation.
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Figure 3.20: Raw and temperature compensated datAS&NS using CF method.
Gyroscope bias offset reduces from 0/68c to 0.001%8sec in the temperature range of
-15°C to +90'C, which is 50 times improvement.

3.1.3.2.Compensation By Neural Networks

The next method for compensation of temperaturesinidgnt data is NN method.
The data set used for compensation by CF methades here for comparison
purpose. Figure 3.21 shows the raw and temperaturgensated data using NN
method. The gyroscope bias offset is reduced fr@d&’&ec to 0.001%sec, which

corresponds to 50 times improvement in output bfiseéuction.
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Figure 3.21: Raw and the temperature compensatadofla SENS using NN method. The
gyroscope bias offset reduces from°@88c to 0.001%sec after compensation by NN
method, which is 50 times improvement.

Figure 3.22 shows Allan variance plot of raw andgerature compensated data for
XSENSE sensor. The bias instability for raw datd2s24/hr and the integration

time is 5.12 seconds.
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Figure 3.22: The Allan variance plot of XSENS shdiat bias instability is reduced from
12.2&/nhr to 6.12/hr (CF) and 5.78hr (NN). The integration time is increased from 2.
seconds to 20.48 (CF) and 40.96 (NN) seconds.
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52% (from 12.2%hr to 5.76/hr) improvement in the bias instability is seenewh
compensation is performed by NN method, as compar&F method which gives
50% (from 12.2%hr to 6.12/hr) improvement after compensation. Figure 3.23
gives the comparison of data after compensatiobdtly techniques. Raw data and
compensated data are provided by CF and NN metldsis factory calibrated data

is presented for comparison. The improvement indéta is almost 50 times for all

methods.
XSENS
T T T ! :
—— Temperature Dependent RAW Data
0.041 = CF Compensated
% = NN Compensated
= 0.02f Factory Compensated
=1
=
o 0
o
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-0.04

| |

| | |
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Figure 3.23: Raw data and temperature compensatiedby CF, NN and calibration by
factory settings. The temperature compensationangs the data by 40-50 times for all the
methods.

3.2. Temperature and Hysteresis Compensation

This section explains results for compensation erhgerature with hysteresis
compensation as well. The sensors used in thiysisadre ADXRS450 gyroscope
and XSENS IMU. The ADIS16488 is also used but tkassr is very much
sensitive to vibrations imparted by temperaturendber, and suitable samples

cannot be acquired which is shown in the sectioA@fS16488 analysis.

3.2.1. ADXRS450

The first sensor that is used in the analysis atdngsis is ADXRS450. The sensor

has no internal temperature compensation, and #hmwvs dependency on
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temperature. When the temperature is changed bettheeoperating ranges, it is
observed that the hysteresis occurs only in aicardage of temperature and only in
one direction (descending temperature). Figure St#xvs the hysteresis present in

the output data of this sensor.
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”””” [ N B
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Figure 3.24: Hysteresis is shown in ADXRS450 sertaia. The hysteresis is present in
only a certain range of temperature. Hysteresigltesn additional 0.2/sec offset in the
output bias.

Figure 3.25 gives a closer look of this phenomerbrtan be seen that as the
temperature is decreasing from $80 the output bias starts drifting until around
+55°C temperature and after that it follows the saméh pas for ascending

temperature.

The compensation requires this hysteresis to beistemt in some form. Therefore
number of cycles are acquired and plotted to séesifows a consistent behavior in
the given range of temperature. Figure 3.26 shoulipte samples of ADXRS450
cycles, and it can be seen that these samples sbosistent behavior and only
descending temperature in range betweerf@%d +80C cause drift in the data,

that results in hysteresis.
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Figure 3.25: Closer look at the hysteresis pres@mM\DXRS450 sensor is shown. The
deviant path of relation is present only in a dartamperature range (+%5 and +86C).
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Figure 3.26: Multiple samples of data are takemfl®DXRS450 and plotted in this figure.
All the samples show hysteresis in the temperaaamge of +58C and +80C and this trend
is consistent.

From multiple samples it is established that tHiempmenon only exists in 85
and 54C temperature range. All the samples taken in dhgraemperature range

do not any form of hysteresis in the data.

Hysteresis compensation is performed on the raw. dagure 3.27 shows the results
after hysteresis compensation. The difference betvilee standard data path and the
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hysteresis based data path is modeled using al8ggee equation, and a condition

is introduced that limits it to above B85 temperature.
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Figure 3.27: After compensation for hysteresis,dascending temperature data follows the
ascending temperature data path.

Figure 3.28 shows another view of this compensa®only gyroscope output bias
is plotted without temperature. The figure shows ltlee output bias data changes in

time, as there are temperature changes in theczment.
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Figure 3.28: Raw data has temperature and hyssegffeccts. Compensation of temperature
and hysteresis produces reliable output data. @gpes output bias offset reduces from
2%/sec to less than C/sec.
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The hysteresis compensation is done only by then€thod, by equating the error
between normal and hysteresis affected data. Haw#he hysteresis compensation
can be used in combination with neural networkschsuhat temperature

compensation is done by neural networks and theeregs compensation is done
by CF method. Figure 3.29 shows plots where NN owik used for temperature
compensation and CF method is used for hysteresipensation.

ADXRS450

o

(=] a1

T T

|

|

|

|

|

|

|

|

|

|

|

)

|

|

|

|

|

|
v —FT T

|

|

|

|

|

|

|

|
I

|

|

|

|

|

|

|

I

|

|

|

|

|

|

|

|
[

|

|

|

|

=)
5

Gyro output bias

|| == RAW Temperature Dependent Data
= Temperature Compensated Data (NN)
= Temp and Hysteresis Compensated Data

|
1
|
-20 0 20 40 60 80
Temperature

'
[y

=
3]

Figure 3.29: Temperature and hysteresis effectcamgpensated to achieve reliable data.
Overall gyroscope bias offset reduces frotfs€c to less than ®/sec by temperature and
hysteresis compensation (20 time improvement).

Figure 3.30 shows the Allan Variance plot of rand asompensated data. The
temperature compensated and hysteresis comperdgateeglots are also shown in
the same figure. The bias instability value of data is 34.2hr, and the integration
time is 8 seconds. It can also be seen that tleerasidom walk is very dominant
which shows temperature dependency of data. Adieperature compensation by
CF, the bias instability reduces to 288 (16% improvement) and the integration
times doubles to 16 seconds. Rate random walk raldaces significantly, as the
slope on the right side of Allan variance plot ire flat. When hysteresis
compensation is performed, the bias instability uoed to 25.9Zhr (25%
improvement) and the integration time increase82weconds. Rate random walk

further reduces significantly as the slope on tpbktrside of Allan plot is more flat.
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Figure 3.30: After temperature compensation biagalility reduces to 28fhr (16%
improvement) and integration time improves 2 timEb sec). After hysteresis
compensation, bias instability reduces to 2%9182(20% improvement) and the integration
time increases to 32 seconds.

It can be seen from the plot that hysteresis cosgteon can further improve the
data and reduce temperature dependency. FiguresB@®is Allan variance plot of

data after compensation by NN method.
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Figure 3.31: Allan variance plot of temperature (Nidd hysteresis (CF) compensated data
with bias instability 24.48hr (28% improvement) and integration time of 32awls which
is 4 times better than raw data. The rate randotk &lso reduces significantly.
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The compensation of temperature is done by NN ndetibich results in bias
instability of 27.8/hr which is 20% improvement. Further when data is
compensated for hysteresis using CF method, theeitésability is further improved
to 28% with value of 24.4&r. It can be concluded that for ADXRS450, the
hysteresis compensation results in more improved tlsan simple temperature

compensation.

3.2.2. XSENS MTi-10

XSENS is also used for hysteresis analysis becaugges raw data without any
compensation for temperature, and hysteresis effattbe seen very clearly in the
raw data. Figure 3.32 shows the general trend efeingsis in XSENS data. The

gyroscope bias offset can be up to 00€&c due to hysteresis.
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Figure 3.32: Hysteresis in XSENS sensor is shower @vtemperature range of °ZDto
+90°C. Ascending and descending temperature data awensim different colors. The bias
offset due to hysteresis is up to 0.08&c.

The consistency is checked by plotting multiplessles of the data. Figure 3.33
shows multiple samples of XSENS data to show ctersty in the trend. The data is
also collected at different temperature range,e® the validity in the hysteresis

compensation technique.
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Figure 3.33: Hysteresis trend is shown in smalge of temperature between -20, +70
and then +18C. The behavior is consistent with larger range.

Figure 3.34 shows the hysteresis compensation iequplotted as a function of
change in temperature. This equation is used topeasate hysteresis effects in
XSENSE sensor data.

3 XSENS

‘ : :
: | =——Hysteresis Compensation Equation

Gyro output bias

i

|

|

|

|

|
Lo L

|

|

|

|

|

|
T A

|

|

|

|

|

|
T

o
=
o
N
o
w
o
N
o
]
(@
(o2}
O
~
o

80
Temperature

Figure 3.34: Hysteresis is modeled as functioneoherature difference from point of
change in slope of the temperature curve. The amguatlls how hysteresis varies with
change in temperature.

Figure 3.35 shows hysteresis affected raw data twiéc used for hysteresis
compensation. The hysteresis compensation is a@pptiehis data using CF method.
Figure 3.36 shows a closer view of the results &fysteresis compensation.
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Figure 3.35: Raw data obtained from XSENS whicheisiperature dependent and has
hysteresis in it. The gyroscope bias offset dubysteresis is 0.005ec and the bias drift
due to temperature is O/&ec in range -25 to +90.
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Figure 3.36: Gyroscope bias offset due to hysteresi0.008/sec in raw data which is
eliminated after hysteresis. The compensated dat regligible bias offset due to
hysteresis.

It can be seen clearly that the bias offset calmetlysteresis has been reduced.
Ascending and descending plots aligns accuratelyetaove any hysteresis error.
The amount of error due to hysteresis is 0°G@% which is reduced significantly

after compensation.
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Hysteresis compensated data is the more temperatigpendent data. The results
are even better than the factory based calibratiots (0.005/sec bias offset due to
hysteresis is present in the factory calibrated)dd&tigure 3.37 shows closer view of
hysteresis compensation. It can be seen that caapen by this methodology

produces better results than factory calibration.
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Figure 3.37The data is shown at different stages of compamsataw (blue), temperature

compensated (red) and hysteresis compensated Yblacken shows the factory based
calibration data. The overall compensation elingsal0.00%sec bias offset due to

hysteresis which is not compensated by factorynggstt

Figure 3.38 shows the Allan variance plot of rawd @empensated data. It can be
seen that the bias instability is reduced from #8r&o 5.4/hr (50% improvement)

after temperature compensation. Also the integnatime has increased 8 times
(from 5.12 to 40.96 seconds). After addition of teyssis compensation, the bias
instability is further improved to 4.88r (57% improvement) with integration time

of 163 seconds (32 times improvement).

Figure 3.39 shows Allan Variance plot where rawadas compared with
compensation method of this study and factory catibn. 46% improvement in
bias instability is achieved by factory calibratias compared to 57% improvement
by CF method used in this study.
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Figure 3.38: Allan variance plot of XSENS raw amuimpensated data. Bias instability
reduces from 10%hr to 5.4/hr by temperature compensation. It further redioes68/hr
by hysteresis compensation.
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Figure 3.39: Allan variance plot of XSENSE raw anminpensated data. The bias instability
improves 57% by CF method as compared to 46% lgracalibration.

3.2.3. ADIS16488

ADIS16488 is also used for hysteresis analysisdatd is acquired from this sensor.

This sensor is very sensitive to vibrations in #m/ironment and the hysteresis
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analysis require cycles of temperature, which taired by turning the temperature
chamber ON. Thus data that is collected from tarsser is filled with vibration data
from the chamber, which forbids this study to abtany fruitful results in terms of
Allan variance plot. Due to vibrations imparted $ensor by the temperature
chamber, Allan variance plots do not show any impnoent after temperature and
hysteresis compensation. Figure 3.40 shows thetedfevibrations imparted to this
sensor. The magnitude of external vibrations shadthe temperature dependent
bias offsets. Thus ADIS16488 is not suitable foalgsis that requires data to be
collected in the chamber while it is ON, becauseuvibrations degrade the data.

Allance Variance

Data Values

° 1ES 2s 3Es 45 ses eEs 7ES ees 9€S
- - - index - =
without vibration S— with vibrations

Figure 3.40: The difference between magnitude ofogpias data with and without
vibrations effects for ADIS16488. The magnitude vilbrations (caused by temperature
chamber) exceeds the effect of temperature.

3.3.  Acceleration Compensation

The acceleration compensation is done on the setfsairexhibit dependency on the
changes in acceleration applied to that sensorreTli® no special equipment
available to this study that can produce any ddswalue of acceleration with
accuracy, so the range created by the gravity dhBsa utilized. All the three axes

of accelerometer are varied between +1 and -1dptelop a relationship between
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any particular axes of gyroscope and the three akascelerometers. The suitable
sensors for this study are IMUs as they give tHerimation about acceleration
which can be used for its compensation. ADIS16488 ASENS are used in this
study for acceleration analysis. ADXRS450 is alsadied but the sensor is not

sensitive to small changes in acceleration.

3.3.1. ADIS16488

The first sensor used for this analysis is ADISIS48IU. It provides gyroscope
data and accelerometer data which are used imatlay/sis. For this study z-axis
gyroscope is selected, and the effect of threel@wreeters is taken into account to
form compensation equations. Figure 3.41 showsfitls¢ set of accelerations

applied to the sensor, to see the effect on thesggpe output.
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Figure 3.41: The acceleration values of three acoeieters of ADIS1688, applied to see
the effects on z-axis gyroscope.

When ADIS16488 is subjected to acceleration vakeshown in this figure, the
z-axis gyroscope is affected and there is offsétsimutput bias. Figure 3.42 shows
the response of z-axis gyroscope when subjectedadceleration changes.

Acceleration can cause bias offsets up to Useg.
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Figure 3.42: Acceleration dependent data of ADISB54z-axis gyroscope, when
acceleration is changing. Gyroscope bias offset®up08/sec results from changes in the
acceleration.

Figure 3.43 shows acceleration dependent data altthghe acceleration values to
see the effects of acceleration. The magnitudaeyroscope output bias has been

scaled up (by factor of 20) to make it comparablthe acceleration values.
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Figure 3.43: The magnitude of the gyro output h&scaled up 20 times, to make it
comparable to acceleration. The magnitude of gynpscbias changes with changes in
acceleration values. Y-axis has more effect orgtlre output bias than x and z-axis.

The sensor is then subjected to more values ofieatens and multiple sets are

collected to see the effects of acceleration orogpgope output bias and the most
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reliable solution is obtained. Figure 3.44 and Feg8.45 show such data sets that
are collected for this analysis. These figures shdferent values of accelerations
that are applied to the sensor, and using all tHate sets equations are obtained for

compensation of acceleration effects.
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Figure 3.44: The figure shows scaled up (x 20) ggope output bias of the z-axis
gyroscope, while the acceleration values are clmgnigi all the three axes. The plot shows
dependency of the gyro output rate on acceleration.
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Figure 3.45: The figure shows scaled up (x 20) ggope output bias of the z-axis
gyroscope, as the acceleration values are chamgithe three axes. The offset caused by
accelerations is 0.0&ec.
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3.3.1.1.Compensation by Sensitivity Matrix (Curve Fitting)

The coefficients are obtained for compensation, #r&y form an equation to
compensate the effects of acceleration. The inpuhis equation is acceleration

values from the 3 accelerometers, and it givesdlaive drift caused by them.

Figure 3.46 shows the acceleration compensatedusatg CF method. It can be
seen that the acceleration dependency reducesficigly. The offset in the
gyroscope bias is 0.08ec before compensation, which reduces to %62

corresponding to 4 times improvement.
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Figure 3.46: The offset in the gyroscope bias afmnpensation for acceleration effects
reduces from 0.08sec to 0.0%sec (4 times improvement).

Figure 3.47 shows another set of data that is casgied for acceleration effects by
using CF method. Again it can be seen that thela@t®n dependency reduces
significantly. The offset in gyroscope bias redudesm 0.08/sec to 0.02sec,

which is 4 times improvement.
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Figure 3.47: This data set also shows 4 times ingarent after acceleration compensation
by CF method. The offset in the gyroscope bias gesldrom 0.08sec to 0.02sec after
compensation.

3.3.1.2.Compensation by NN method

For NN based compensation, multiple data sets seel to train a network, that
takes 3 axes accelerometer values as input dattharatceleration dependent error
is output of that network. Figures 3.48 and 3.48vslacceleration compensation
performed on the same data sets by using NN meffuosl offset in the gyroscope
output bias due to acceleration is 0/88c in both the data sets, and after

compensation reduced to 0%0s&c (4 times improvement).
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Figure 3.48: The acceleration dependent data ispeosated by NN method, and
acceleration independent data is achieved. Offistité gyroscope output bias reduces from
0.08/sec to 0.02sec which is 4 times improvement.
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Figure 3.49: The acceleration dependent data ispeosated by NN method, and
acceleration independent data is achieved. Offistte gyroscope output bias reduces from
0.08/sec to 0.0%sec which is 4 times improvement.

It can be seen from Figures 3.46 to 3.49 that acatébn dependency of the data
reduces by using compensation methods. Also bahntbthods produce almost
similar results (4 times improvement). Figure 3gi@es Allan variance plot of the

raw and acceleration compensated data by CF method.
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Figure 3.50: Allan variance plot of the raw and edemation compensated data by CF
method. Bias instability reduces to 6’8# and integration time doubles (from 8.32 to
16.64 seconds).
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3.3.2. XSENS MTi-10

Z-Axis gyroscope is chosen as the target axis &edeffect from all the three

accelerometers are studied. Figure 3.51 shows tkeleaation values that are

applied to this sensor, to see the effect of acattss on the gyroscope output bias.

Multiple samples are taken from this sensor, anfler@int combinations of

accelerations are used. Figure 3.52 shows anoth@bination of accelerations

applied to this sensor.
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Figure 3.51: The acceleration values applied to XSEo see effect on the output bias of
Z-axis gyroscope.
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Figure 3.52: Second acceleration combination agplie XSENS sensor to see the
consistency of response and formulate a compensagjoation.
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Figure 3.53 shows response of gyroscope when debljéa acceleration in different
axes as shown in Fig. 3.51. Offset in the gyroscomgput bias is produced as a

result of different accelerations, which go upd®/sec.
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Figure 3.53: Gyroscope output bias of XSENS whehjesited to different values of
acceleration (Fig. 3.51). Offset of 0%%ec is present in the gyroscope output bias.

From this figure it is quite obvious that due toambes in acceleration, the
gyroscope output bias also changes accordingiy .diso showing some slope in the
data, which is result of change in temperature {€}2To find the correct relation

between acceleration and gyroscope output bias,viery important that all other

drifts are compensated first. Therefore, the teatpee compensation is performed
on the raw data, and it is plotted with accelerati@mlues. The magnitude of
gyroscope data is scaled up by multiplying it wi2. Figure 3.54 shows the
temperature compensated data plotted with accelerdthe slope in the data due to

temperature has been removed, and the data is 4668teration dependent.

The acceleration compensation is first done usifg n@thod. As discussed in
Section 3.2.1, a compensation equation is obtaumdg multiple samples that
correlate the gyroscope output bias of z-axis walues from all the accelerometers.
Figure 3.55 shows the result of acceleration corsgion using CF method. The
offset in the gyroscope output bias reduces frod®®/sec to 0.001%sec, which

shows 3 times improvement.
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Figure 3.54: The magnitude of the gyro output b&scaled up 20 times, to make it
comparable to acceleration. Strong dependency aglexation is visible from this plot.
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Figure 3.55: The raw data is first compensateddorperature, and then compensated for
acceleration. The offsets in gyroscope output béaices from 0.00%ec to 0.001%sec
(3 times improvement).

Figure 3.56 shows the compensated data with changasceleration. This is also
scaled up version of the gyroscope output bias. ddgendency on acceleration is
reduced significantly, and the compensated datatisesponding to any changes in

the acceleration.
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Figure 3.56: The dependency on acceleration redsigesficantly after compensation by
CF method (from 0.00%sec to 0.001%sec). There is 3 times improvement in the data in
terms of offset reduction.

Next, acceleration compensation is performed bygusieural networks method.

Multiple data samples are used to form a netwotkchvis used to compensate the

acceleration effects. Figure 3.57 shows the resfuttompensation of acceleration

dependent data using NN method. The offset in thgut bias reduces from

0.00%/sec to 0.001%sec after acceleration compensation, which coomd® 3

times improvement in the data.
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Figure 3.57: The raw data is first compensatedtidorperature, and then compensated for
acceleration by using NN method. The offsets in dggscope output bias reduces from
0.00%/sec to 0.001Fsec (3 times improvement).
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Figure 3.58 shows the acceleration compensated(dedded up 20 times) by NN

method, plotted against the acceleration valudsatteaapplied to the sensor.
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Figure 3.58: The plot shows that after acceleratompensation by NN method the
dependency on acceleration reduces significanttin{8s reduction ion bias offset).

Figure 3.59 gives graphical comparison of thesetegbniques, and shows that both
techniques produce identical results for accelematcompensation (3 times

reduction in the output bias offsets).
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Figure 3.59: Raw and compensated data using CRNahtechniques are shown. Both the
techniqgues show 3 times improvement in the dategrevioffset in the gyroscope bias
reduces from 0.00%sec to 0.001%sec.
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3.3.3. ADXRS450

The ADRS450 is a single axis gyroscope, and itgomy information of gyroscope
and temperature, which makes it less suitable doelaration analysis. Still the test
is performed to see any dependency on the acdeleratlues. For this purpose
perpendicular positions of the sensor are useatheee +1g, 0 and -1g in all the
directions. Figure 3.60 shows different positiohsacceleration and corresponding
values of ADXRS450 gyroscope. It can be concludhed this sensor is resilient to
changes in acceleration in this range, and thelerat®n compensation analysis
cannot be performed on this sensor. The sensorsshowlependency on the applied
acceleration, and no pattern can be found thateelhe gyroscope output bias to

the applied accelerations.
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Figure 3.60: Gyroscope output rate of ADXRS450 eenwhen subjected to different
positions of accelerations. The sensor shows nerdkmcy on the acceleration values.

3.4. Integrated Compensation

This section deals with the compensation of acagter and temperature effects
collectively. For this analysis, XSENS sensor isdubecause it provides raw data
with no internal compensation. No new equations farened for this part of

analysis, and only the already computed equations reetworks are used for

compensation of these two errors.
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3.4.1. XSENS MTi-10

The compensation of both acceleration and temperaaquires a data set that has
both temperature dependency and acceleration depeyndFor this purpose data is
collected in the temperature chamber, and the seissonoved into different

positions. Thus both effects are also includechendollected data sets. Figure 3.61

shows the acceleration changes that are appligzteensor.
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Figure 3.61: Different values of x, y and z axesed&rometers applied to XSENS. The
acceleration is applied in parallel with temperatahanges, to see the integrated effect of
both factors.

It can be seen that the sensor is moved into diftgpositions to get different values
of accelerations it experiences. The integrategceft created by moving the sensor
inside the heating chamber, which is first coolenvd to -30C and then data

recording is started. The sensor is moved inteebfit position, and data is recorded
for about 5-6 minutes at each position. Figure 3#2s the temperature range that

is experienced by the z-axis gyroscope of XSENS.
The data is subjected to both acceleration chaagedemperature changes. Figure

3.63 shows the gyroscope data which results frombawed effect of temperature

and acceleration.
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Figure 3.62: The temperature change that is expegtbby the z-axis gyroscope of XSENS.
The temperature change is in addition to accetaratchanges.
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Figure 3.63: The acceleration and temperature diggmraw data of XSENS. Dependency
on temperature is shown by the overall slope oh ¢at0%5/sec offset) and dependency on
acceleration is shown by small irregularities ia thot (0.00%/sec offset).

There are two trends in the data which correspon@mperature and acceleration
dependency. The overall slope of the data is ligearanging with the change in
temperature. The acceleration effects are seemal$ gatches of irregularities in the
data. The compensation of this data is performeldils CF and NN methods. The
temperature and acceleration effects are compehsafarately in sequential order,
and they can be in any combination. First the dat@mpensated using CF methods
for both the temperature and acceleration compemsathe order of compensation

is irrelevant because compensation in any ordedymes similar final results.
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Figure 3.64 shows the raw and temperature compahsiata using CF method. The
offset in the gyroscope bias reduces from 9<€¥t to 0.009sec, which is 10 times

improvement. The data is still dependent on acattar.
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Figure 3.64: Raw data has temperature and acdelerbdsed errors. After temperature
compensation by CF method, the offset in the gypsmutput bias reduces from CG&&c
to 0.0058/sec.

Figure 3.65 shows the relation between acceleratiependent data (which is
compensated for temperature) and acceleration yaldifferent axes. The relation
has become clearer after the temperature slopebéas eliminated. The data is

scaled up 20 times to make it comparable to acsbervalues.

Now this data is temperature independent and ardglaration dependency is left in
the data. Figure 3.66 shows compensation for aat@a effects by CF method.
The offset in the gyroscope output bias is furttestuced to 0.0®Isec, which is
5 times further improvement in the output bias d&weerall, the improvement in the
bias offsets has become 50 times.
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Figure 3.65: The acceleration dependent data ishdth applied acceleration values. The
offset due to temperature in the gyroscope outpas beduces, but the offset due to
acceleration (0.00%sec) is still present in the data.
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Figure 3.66: The two steps compensation (temperaturd acceleration) are shown.
Temperature compensation achieves 10 times imprenein the gyroscope bias, and the
integrated compensation achieves 50 times impromemehe output bias.

Figure 3.67 gives a closer look at the compensaibaiency. The compensation of

acceleration can be seen visually in this figurgufe 3.68 shows the Allan variance

plot of raw and compensated data, which has botipéeature and acceleration

dependency. The bias instability value is at 14152 and integration time is 5.12

seconds. The bias instability value reduces to°hr@fter compensation (50%

improvement) and the integration time improves&s (40.96 seconds).
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Figure 3.67: The two steps compensation (tempexaturd acceleration) are shown.
Temperature compensation achieves 10 times imprenem the gyroscope bias, and the
integrated compensation achieves 50 times impromeimehe output bias
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Figure 3.68: The Allan variance plot of XSENS ramdeaCF compensated data. The bias
instability reduces to 5.7, which is 50% improvement. The integration timereases 8
times (from 5.12 to 40.96 seconds).

The plot shows that by compensating both the factoore reliable and accurate
data can be achieved. The data is then compensgtadgsing neural networks
method. The order of compensation is reversed [@aton compensation followed
by temperature compensation) just for the sake aking a point that order of
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compensation is not important. Figure 3.69 showsattteleration compensated data

by NN method. The offset of 0.00Sec is removed by acceleration compensation.
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Figure 3.69: The data is compensated for accateraifects, and the compensated data is
linearly dependent on temperature. Offsets in §resgope output bias due to acceleration
(0.00%/sec) are removed.

The encircled region is showing that there is gaphe temperature range, which
actually resulted while data acquisition. The adllen of acceleration and
temperature dependent data require changing posificensor into different axis,
and data recording is stopped while changing ttetipa of the sensor. The gap in
the temperature is due to the time when recordinyiined off. Figure 3.70 shows
data that is totally temperature dependent. The agapbe extrapolated to form a

linear relation between the gyroscope output bigstamperature.
Figure 3.71 shows the data after compensation opéeature (acceleration has

already been compensated for this data). The dwafaét in the gyroscope output

bias reduces from 0.85ec to 0.00%¥sec (50 times improvement).
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Figure 3.70: After acceleration compensation, thesgcope data is temperature dependent
only. Acceleration dependency is removed.
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Figure 3.71: The NN compensated data is temperangependent and acceleration
independent. The overall offset in gyro output bieduces from 0.0%sec to 0.00%sec (50
times improvement).

Figure 3.72 shows the Allan variance plot of ravd aompensated data by both
techniques. The performance of both techniquesery gimilar in terms of bias

instability and integration time. Both techniquehiave 50% improvement in bias
instability, and 8 times improvement in integrationes.
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Figure 3.72: Allan variance plot of NN compensatizda with bias instability of 5.74r
(50% improvement), and 8 times better integratimmet The reduction in temperature
dependency can also be seen from reduced ratemanetk.

The study also worked on the compensation of hgsigrtherefore another data set
is recorded that contain some hysteresis in thepksm For this purpose the
recording is done in the same manner but the teatyoer cycle is elongated, with
ascending and descending temperature cycles. Fgu gives the information
about the temperature applied to the sensor. Thpdeature is first dropped to 4D

and then raised to 70.

Acceleration is also applied to the sensor in thisation. Different positions of
sensors make different values of accelerationsfterent axes. Figure 3.74 gives
the acceleration values applied to XSENS duringtémeperature cycle. The first
half of accelerations shows a noisy data becausellamber is cooling, and the

vibrations are produced by it which is recordedh®/accelerometers.
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Figure 3.73: Temperature cycle that is applied 8EXIS to see the effect of hysteresis, in
addition to acceleration and temperature effects.
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Figure 3.74: Acceleration applied to XSENS sensdrilevtesting its behavior when
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subjected to temperature and acceleration simuitzsie.

Figure 3.75 shows raw data, which results fromiappbn of all these factors. The
temperature dependency is shown by the overalestdghe data and acceleration
dependency is visible by small patches of irregiidar in the data. Hysteresis can be
seen which makes the ascending data to follow araép path. The data is first

compensated for acceleration effects using CF ndethigure 3.76 shows the data

after acceleration compensation using CF method.
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Figure 3.75: Raw data shows temperature dependesmmeleration dependency and
hysteresis in the data. Offset is present in theogpope bias due to temperature
(0.04%/sec), acceleration (0.095ec) and hysteresis (0.001ec).
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Figure 3.76: The acceleration compensated datasshess dependency on acceleration as
the irregular patches in the data reduces, andffeet in the gyroscope output bias due to

acceleration (0.00%sec) is removed.

The next step is removal of hysteresis from the detich is also done using CF

method. Figure 3.77 shows a closer view of the déiare hysteresis compensation

has been performed. The complete plot is not pteddpecause the data paths are

very close to each other and compensation canndeteeted easily. The plot shows

that after acceleration dependency the hystersgismoved from the data as well.

Now the remaining plot is just data with linear fmmature dependency which is

compensated next.
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Figure 3.77: Compensation for hysteresis by CF otkis shown. The compensated data
aligns itself with the other temperature cycle daltdysteresis reduces significantly
(2~3 times improvement).

Figure 3.78 shows the data after compensation rapeéeature using CF method.
This data is now free off all the errors namely pemature, acceleration and
hysteresis.
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Figure 3.78: Raw data with acceleration, tempeeatlependency and hysteresis is shown.
Compensated data is independent of temperatureleaation and hysteresis. The offset in
gyroscope output bias reduces 45 times after dvayaipensation.
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The compensated data is compared with the resbitsined from the factory
calibration. Figure 3.79 shows that the overall pensation provided in this study
produce better results as compared to factoryreaidn. The offset in the gyroscope
output bias is reduced to 0.008ec by CF compensation (45 times improvement) as

compared to 0.00%ec by factory calibration (23 times improvement).
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Figure 3.79: CF compensation improves the datamdést(offset reduces from 0.(M4$ec to
0.00P/sec) as compared to factory calibration which imwes the data 23 times (from
0.04%/sec to 0.002sec).

Figure 3.80 gives Allan variance plot of raw ananpensated data by CF method.
The bias instability value is at 16%6r for raw data and integration time is 5.12
seconds. After compensation, the bias instabiligduces to 5.04hr (70%
improvement) and integration times is 81.92 secd@stimes improvement). The

right side of plot is more flat which indicates vetion in rate random walk.

Figure 3.81 gives Allan variance plot of raw andnpensated data by factory
calibration. After compensation the bias instapilis reduced to 5.Psr and
integration times is 81.92 seconds. CF method le#terbperformance than factory

calibrated data.
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Figure 3.80: The Allan variance of XSENS raw and E&fmpensated data. The bias
instability improves from 16.%¢hr to 5.04/hr (70% improvement). Integration time
improves 16 times (from 5.12 to 81.92 seconds).

1
=g RAW Data
e Factory Compensated
0,1
> |
1]
a 0,01
< >
0,001 au
0,0001 i*.
0,001 0,01 0,1 1 10 100 1000
Time

Figure 3.81: The Allan variance of XSENS raw andtday compensated data. The bias
instability improves from 16.%6hr to 5.76/hr (65% improvement). Integration time
improves 16 times (from 5.12 to 81.92 seconds).
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From these two Allan variance plots, it can be s€éncompensation resulted in
70% improvement in the data as compared to 65% awgonent by factory
calibration. The improved margin results from irsttuin of hysteresis compensation
in the integrated compensation process. It can d¢ecleded that CF based
compensation produces better results than existmgpensation techniques if
hysteresis is included in the compensation process.

35  Summary

This chapter discusses compensation of temperaemgerature with hysteresis,
acceleration and integrated effects of temperatum@ acceleration. CF and NN
methods are used for compensation of these faittatsause drift in the output of a
MEMS gyroscope data. The three sensors (ADIS16ABBRS450 and XSENS
MTi-10) are used in different tests, based upoir ttearacteristics and suitability to
certain type of analysis. The data is successtullypensated, and it is seen that up
to 70% improvement can be achieved in the biaslidly of the gyroscope output
bias after temperature compensation. The rate ranaalk is significantly reduced
and data becomes less temperature dependent &ftecompensation. The
acceleration compensation also results in achiextogleration independent data by
use of both compensation methods. The results fraiim the compensation methods
produces comparative results and can be used lategeably depending upon the
requirement of complexity. The last section shokes integrated compensation of
the data which is both temperature and accelerdépendent. The"®2example also
includes hysteresis in the data that results dwhamge in the slope of temperature.
After compensation the data becomes significamitiependent of acceleration and

temperature effects, and in case of hysteresssaitsio removed.
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CHAPTER 4

CONCLUSION

This chapter concludes the work done in this stullyis study is focused on
compensation of temperature and acceleration sffatta MEMS gyroscope output
data. Different compensation techniques are imphtete on different types of
sensors. The study used the existing compensatidmigues (polynomial curve
fitting and neural networks) and implemented themawailable sensors, with slight
modifications in the methodology. Following secssummarizes the conclusion on

research objectives of this study.

4.1. Performance comparison of different sensors

The first research objective is to use differeipiety of sensors for this study, so that
comparison can be made about how each techniquewesp data when applied to
different sensor data. This makes the performaricang technique generalized
rather than restricted to a particular sensor. dlaee different types of sensors used
in this study including ADIS16488, ADXRS450 and X$& MTi-10. Initially an
in-house built accelerometer is also used forrigstiompensation techniques. The
study utilized these three main sensors for théyaiseof different techniques. These
three sensors have different characteristics, lagyl hehave slightly differently from

each other when subjected to acceleration and tettuype changes.

ADIS16488 is an IMU, and its gyroscope data is vesgilient to changes in
temperature. The compensation of temperature sesaltimproved bias (from
0.04/sec to 0.0%sec), but not much improvement is seen in Allariarae plots.
The reason is that the sensor data is internaitypégature compensated, and there is
no room for further improvement in terms of biastability. When subjected to

acceleration changes, this sensor shows dependemcgpplied accelerations.
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Compensation methods reduce the dependency onr lineeeleration very
significantly (4 times improvement). Hysteresisnist analyzed using this sensor
because it is very prone to vibrations producedhaytemperature chamber, which

limits the sensor operation while changing slodaemperature.

ADXRS450 is a single axis gyroscope that gives ggope rate and temperature
data as output. The sensor is not internally corsgieil for temperature and the
effects of temperature on the gyroscope are altimasdr with temperature changes.
The compensation performed on this sensor resaltsnproved bias instability

values (up to 28% improvement) and improved intignatimes (up to 4 times).

The rate random walk reduces significantly aftengerature compensation. This
sensor is also very good for analysis of hystereaisl the compensation of

hysteresis is performed with progressive results.

XSENS is an ideal IMU for this study, as it prowwdew data that is temperature
dependent and acceleration dependent. The rawoflajgroscope shows a linear
relationship with the changes in temperature, aachpensation produces very
significant results. The dependency on the tempezatreduces with 50%
improvement in the bias instability (by temperatemmpensation only), and rate
random walk reduces significantly. The sensor alsows hysteresis in the data
when subjected to change in the slope of temperat8tudy shows that the
compensation of hysteresis further improves thea,dand makes it more
temperature independent. The sensor also showshdepey on accelerometers
when different acceleration values are applied betw-1g and +1g. The effects of
acceleration are also significantly compensatetigushe compensation methods

(offset reduces 3 times in the output).
Table 4.1 shows which of the sensors are usedifi@reht type of analysis in the

study. It should be noted that a sensor is seldzdsdd upon its characteristics and

operating conditions of the test.
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Table 4.1: The sensors used for different anabsi®rding to their characteristics and
operating conditions of the tests.

Temperature Hysteresis Acceleration
Sensor ) _ _
Compensation Compensation Compensation
Applied / Improvement Applied /

ADIS16488 | (2 times in bias offset) Not Applied (4 times improvement

(4 times integration time) in bias offset)

Applied / Improvement Applied /
(27% in bias instability) | (7% improvement in .
ADXRS450 Not Applied
(4 times integration time)|  bias instability)

(20 times in bias offset)

Applied / Improvement Applied / Applied /
YXSENS (70% in bias instability) | (7% improvement in (3 times improvement
(8 times integration time)|  bias instability) in bias offset)

(50 times in bias offset)

4.2. Compensation of Temperature and Acceleration Effects

Second research goal is to perform temperature amoéleration compensation
simultaneously on raw data from the sensors. Tier® published research that
deals with both the factors simultaneously. Thiglgtpresents results that show the
compensation of both the factors, and their impmeafor accurate data. Results
from this study show that acceleration range betwdg and +1g has significant
effect on the output of a MEMS gyroscope data. difiects of temperature are well
known and lot of work has been done on its compersaThe effects of linear
acceleration for small values are ignored, as theyot pose any threat to accuracy
of the data. This study shows that some sensorpraree to even small values of
linear acceleration, and they need to be compehs$aterror free data.

ADIS16488 and XSENS show dependency on temperatuleacceleration, when
subjected to these factors. ADXRS450 is not affbbie acceleration changes in the
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+1g range, and hence is not used in acceleratiatedeanalysis. XSENS provides
raw data which is neither compensated for temperanor for acceleration,
therefore, it is very ideal for the integrated cemgation analysis. Table 4.2 shows
summary of integrated compensation performed on N§Ewhich shows that

acceleration dependency has to be removed for atmérate data.

Table 4.2: Importance of acceleration compensatahits effects.

XSENS CF Compensation NN Compensation
Offsets Improvement Offsets Improvement
contribution contribution
to output bias to output bias
Raw Data 0.08/sec - 0.08/sec -
Temperature
0.00%/sec 10 times 0.08/sec 10 times

compensated only|

Temperature and
acceleration 0.00%P/sec 50 times 0.00P/sec 50 times

compensated

4.3. Compensation of Hysteresis

Third research objective is to study hysteresisgmein MEMS gyroscope output
data. The compensation of basic level of hysteligsidso performed in this study,
which is not present in any of the published redeaiThe study shows that
compensation of hysteresis improves the sensor idatgrms of reducing the
dependency on the temperature. The rate randomiwvallso reduced significantly
by compensation of hysteresis in any gyroscope ubutfata. The hysteresis
compensation also improves the bias instabilita MIEMS gyroscope data. Table

4.3 summarizes some benefits achieved by hystaresipensation.
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Table 4.3: Improvement in data before and aftetdrgsis compensation.

Bias instability

Bias instability with

Offset due to

without hysteresis hysteresis hysteresis in
compensation compensation output bias
16~20% Improvement| 25~28% Improvement
ADXRS450 0.2/sec
(34.2/hr to 28.8/hr) | (34.2/hr to 25.92/hr)
50~65% Improvement| 57~70% Improvement
XSENS 0.00%/sec

(12.22/hr to 6.12/hr)

(10.8/hr to 4.68/hr)

The hysteresis compensation improves the biashitisgaof gyroscope output data
by 7-8 % more than when only temperature is comgteds The Allan variance

plots also show that rate random walk is reducedr dfysteresis compensation.

Table 4.4 shows an updated version of Table 4 R addition of hysteresis results.

Table 4.4: Effects of hysteresis compensation tegrated compensation of data.

XSENS CF Compensation NN Compensation
Offsets Offsets
contribution | Improvement | contribution | I mprovement
to output bias to output bias
Raw Data 0.04%/sec - 0.04%/sec -
Temperature _ _
0.00%/sec 9 times 0.0%/sec 9 times
compensated only|
Temperature and
acceleration 0.0015/sec 30 times 0.001%/sec 30 times
compensated
Temp,
acceleration and ) )
_ 0.00P/sec 45 times 0.00P/sec 45 times
hysteresis
compensated
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4.4.  Comparison of Different Techniques

There are two techniques used for compensationcoéleration and temperature
effects, namely Polynomial Curve Fitting (CF) andural Networks (NN). There
are different parameters which can be used to comip@se techniques. Table 4.5
gives comparison of these techniques based upanifssability improvement by
temperature compensation.

Table 4.5: Comparison of compensation techniquesdapon bias instability, integration
time and offset reduction improvement by tempeetwmpensation.

Bias Instability Integration time Offsets in gyroscope
Improvement Improvement output bias
CF NN CF NN CF NN
ADIS16488 0% 5% 4 times| 4 timeg 2 times 2 times
ADXRS450 20% 25% 2times| 4times 20 times 20 times
XSENS 50% 52% 4 times| 8times 50 times 50 times

The results in the table show that NN method ghsly superior to the CF method.
When complexity of the methods is taken into actothren NN method is much
more complex than CF method. The decision to ugeocbthese techniques is based
upon the tradeoff between accuracy and compleXity system. Another factor that
determines the efficiency of a compensation metkadduction in the rate random
walk due to compensation of temperature. It is nlexkfrom the data in this study
that both techniques significantly reduce rate camdvalk after compensation. The
second thing that can be used as criterion foropednce between these two
techniques is compensation efficiency of accelenagiffects. Table 4.6 summarizes
comparison based upon the improvement in the lifastaeduction by acceleration

compensation.
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Table 4.6: Comparison of compensation techniquesdapon improvement in the bias
offset reduction as a result of acceleration corapgon.

Offsets before Offsets after
acceleration acceleration Improvement
compensation compensation
CF NN CF NN CF NN
4 4
ADIS16488| 0.08/sec 0.08/sec 0.02sec 0.0%sec | .
times | times
3 3

XSENS | 0.004%/sec| 0.004%/sec| 0.0018/sec| 0.0018/sec| _
times | times

45. Future Aspects of this Study

The work done in this study is based upon compemsaif temperature and
acceleration effects using processing of data.r€kalts show that the temperature
dependency and acceleration effects can be redafieedntly by using processing
methods. This is an alternative to changes in teirlare design of sensors, to

make them resilient to the temperature and acdalarahanges.

Compensation of acceleration and temperature sffean be compensated by
hardware design up to certain limit, and it alsokesaa design more complex.
Adding complexity to a design limits a designematd extra features to any design,
as the resources are used for compensation of timeanted errors. If the designer
does not have to worry about compensation of etikesthese, then there is room
for improvement in other aspects of a design. B@n®gle the size of a MEMS

gyroscope can be reduced significantly, if cirguitor temperature compensation

can be avoided in the design.

This study proposes a hardware design for a MEM8sgppe, which is made under

the assumption that errors can be compensatedeetfic by data processing. Thus
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the complexity of a hardware design can be tradédavibh signal processing for
compensation of errors that result from less comgésign.
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APPENDIX A

MATLAB PROGRAMING FOR DIFFERENT METHODS

Routine for Temperature Compensation Using CF Method
function data = calc_CF ( T, rawData , Eq );

% calc_F = Routine to compensate temperature sffect

% The function is used only fot Temperature compgos

% T = Input TEMPERATURE

% rawData = Input GYROSCOPE RATE DATA

% Eq = EQUATION for Temperature Compensation byn&fthod
% data = Temperature COMPENSATED DATA

dl = length(T);
%dl = the lenght of data for which code will run

data = 1:dl% initializing 'data’ with dummy values
fori=1:dl % loop for complete data set

error = polyval(Eq , T(i));
% calculating error based upon temperature input

data(i) = rawData(i) - error ;
% subtracting error from RAW data

end

smt = 4096;
% Moving Average Filter averaging factor

s_D = smooth(rawData,smt);
% applying moving average filter to RAW Data foots

s_data = smooth(data,smt);
% applying moving average filter to compensatecaDat plots
%%%%%%%%% Saving the RAW data for further use %%%%0%

fileID = fopen('C:\MATLAB\RAW.txt','w');
fprintf(filelD,'%20.17f \n',rawData);
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A.2

fclose(fileID);
%%%%%%%%% Saving Compensated data for further 9$86%%%

fileID = fopen('C:\\MATLAB\COMPENSATED.txt','w");
fprintf(filelD,'%20.17f \n',data);
fclose(fileID);

% end of routine

Routine for Temperature/Acceleration Compensation Using NN Method
function data = calc_bpp( net ,T , rawData );

% calc_bpp = function to compensate using NeuraVorwks
% The function valid for both Temperature and ae@ion
% data = COMPENSATED DATA

% T = Temperature Input

% rawData = RAW Gyro Data with drift in it

% net = Trained Network for temperature or accéi@na

| = length(rawData);
% | = length for which code will run

data = 1:I;
% Initializing the matrix with dummy data

for i=1:1
% loop for complete data length

if(mod(i,100) == 1)
% updating error at every 100th sample

error = sim(net, T(:,1));
%error calulation based upon temperature input

end

data(i) = D(i) - error;
% subtraction of error from RAW data

end
%%%%%%%%% Saving the RAW data for further use %%%%0%
filelD = fopen('C:\\MATLAB\\RAW','w");

fprintf(filelD,'%20.17f \n',rawData);
fclose(filelD);
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%%%%%%%%% Saving Compensated data for further Y$€0%%%
filelD = fopen('C:MATLAB\NN_Data.txt','w');

fprintf(filelD,'%20.17f \n',data);

fclose(fileID);

% end of routine

Routine for Acceleration Compensation Using CF Method
function data = calc_CFA (Ax, Ay, Az, Graw , EQXQ¥E, EqZ)

% calc_CFA = routine to calculate commpensatioacff

% using the CF method

% AXx = acceleration input from x-axis

% Ay = acceleration input from y-axis

% Az = acceleration input from z-axis

% Graw = gyroscope data to be compensated

% EqX= Equation to compensate effect of x-axis kroeneter
% EqgY= Equation to compensate effect of y-axis Ecoeneter
% EqZ= Equation to compensate effect of z-axis lacometer
% data = output of the routine with compensatedta d

bias = mean(Graw(1:49200));
% mean value of first 49200 samples
% 49200 is the minimum error value

| = length(Graw);
% length of the data samples

data = Graw;
% dummy initialization of the output matrix

Gbfree = Graw-bias;
% removing ON bias offset by subtracting from RAAtal

for i=1:1 %duration of processing

error = polyval(EqY,Ay(i)) - polyval(EgX,Ax())+ polyval(EqZ,Az(i));
% calculationg error resulting from each of theethaxes

data(i) = Gbfree(i) - error;
% subtracting the error from RAW data to get conga¢ed data

end % end of routine
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Routine for Hysteresis Compensation Using CF Method
function data = removeHys( T , rawData , EqH );

% removeHyst = routine to remove hysteresis froendhta

% data = output of the routine with compensated dat

% T = Temperature input from the sensor

% rawData = raw data with hysteresis in it

% EqH = Equation that relation hysteresis and teatpes difference

dl = length(T);
% length of the data for calculations

to = T(1);

% defines the corner point of temperature

% the point at which the slope of temperature ckang
% in this case it is the first sample of the data

data = 1:dl;
% dummy initialization of the output data

fori=1:dl % defining the loop length
error = polyval(EgH , abs(to-T(i)));
% calculate the difference between corner pointamcent temperature
% take absolute of that value
% compensation based on the difference of tempes

data(i) = rawData(i) - error ;
% the hysteresis error is subtracted from the RA\é4 d

end

% end of routine
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APPENDIX B

SCREEN SHOTS FROM DIFFERENT SOFTWARES

B.1 Interfacefor ADIS16488 and ADI S16136

Figure B.1 shows screen shot of interface softé@reata acquisition from
ADIS16488 and ADIS13163 sensors. The real timeesbf acceleration and
gyroscope can also be seen in the figure.

Devices Register Access Data Capture Demos Tools About
Output Registers ADIS16488
Register Value
39.15
X_GYRO (16 bit) 0.10
Y_GYRO (16 bit) 0.14
Z_GYRO (16 bit) 020
X_ACCL (16 bit) 0.01
Y_ACCL (16 bit) 0.01
Z_ACCL (16 bit) 1.00
X_MAGN_OUT 0.04
Y_MAGN_OUT 022
Z_MAGN_OUT 034
BAROM (16 bit) 906.72
E= 2
-1
Ready H

Figure B.1: Screenshot of the interface softwangng real time values of all the sensors in
the ADIS16488 IMU. This feature is very importarr fleveling of the sensor to get
acceleration data.

Figure B.2 shows different options which are auddato the user for data
recording. The sampling rate and other featuresbeaadjusted from this screen of
the software. Figure B.3 shows the menu where ang® can be selected from the

software. The communication protocol is adjustembeding to the type of sensor.
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>
Data Capture Register Selection
~| [ QearRegsterSelections ]
X_GYRO (32 bit) [ SeletMiRegistes ]
X_GYRO (16 bit) el Notes
e crnu) S the "32-bit" register
cause

Y_GYRO (16 bit) the contents of both the OUT and LOW
Z_GYRO (32 bit) ragidﬂ'ﬂwimrklohedﬂdoggedmn
Z_GYRO (16 bit)
X_ACCL (32 bit) Data Record Options
EoeY ] Record Length [ 1000
Y_ACCL G2b) Rate 2460.000)
Y_ACCL (16 bit) T o0 71
Z_ACCL (32 bit) . Sl —
Z_ACCL (16 ba) Add File Header
X_MAGN_OUT [#] Use Scaled Data
Y_MAGN_OUT -

Data Storage Location

|C:\Users\.|sna1 ali\Documents\Datalog.csv |

Ready

Figure B.2: Screenshot of data recording optionsy sensor data can be recorded and the
data rate is variable and program controlled.

[ I | = 3

Devices | Register Access Data Capture Demos Tools About
ADIS16133 ADIS 16488
AL Value 1000 Gyros deg/sec

& ) i

Sl 0.12
ADIS16209 D14 o
ADIS16210 0.08
AD
0.01
Al 1000
-0.01
AD! - -
A 1.00 2 a
ADIS16305 .04
A 022
Al 034 [
ADIS16362 906.64
A
2
ADIS16365 EBead 1
ADIS16367 1 Magnetometers mG
ADIS16375 |
ADIS16400
ADIS16405 -
ADIS16445 7
ADIS16448 [
ADIS16480 -1
ADIS16485 =
5 ADiS16488 [ SSsSsSsLo

Figure B.3: Screenshot showing the sensor selefrbom the interface software. All the
sensors shown in the list are compatible with thedusation board of ADIS16488.
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B.2 Interface software for ADXRS450

Figure B.4 shows the interface software for ADXR&4%he real time values for
gyroscope are shown in the interface software. Sidievare provides recording and
viewing options at different sampling rates. Theiexted areas show real time data

and its graphical plot. The selection between vigyand recording is also encircles.

Figure B.4: The interface software of ADXRS450hewn with important parameters
encircled in red color.

B.3 Interface softwarefor XSENSE MTi-10

Figure B.5 shows the interface software for XSEN®Esor. The screen shot shows
the recording process in real time. The values afekeration, gyroscope and
magnetometers are displayed. Temperature for itdialisensors is also recorded by

the interface software but not shown in the inteefa
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Fie View Tools Window Help

e Port: Baudrate: (o) i .
.@E !.ﬁ%[—-nr] 3“\ @'lmm + | © Mewes gI}[r 26\0-25\ ’HE
CEEEH PR BEE MY WP MM O
Devie List ®
aw S T T[T
V] M Acx —T AT A<z
ACCELERATION READING : : ; ; ; : ’ ;
( e TS
10.285 11285 1285 13.285 14.285 15.285 16.285 7285 18.285
Tme
V] 1 ang vel v Mg iz
GYROSCOPE READING : H
W P
v] Ml Moox V] I Mg
|
MAGNETOMETERREADING |°_— VAL .,.\ 7
i i

Figure B.5: The figure is a screenshot of the fate software while data is captured from
the sensor. The 3 axes of acceleration and 3 dx@gascope data can be seen very clearly.
Temperature data is also recorded but not showlmeimterface.
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APPENDIX C

SCREEN SHOT FOR NEURAL NETWORK TOOL

C.1 Performance parametersfor neural network training

Figure C.1 shows the screen shot from the MATLABItox used for training
neural networks. Blue circle shows the main winddlaat commands any training
of data. Red circle is showing the network shapeusfent data. Green is showing
the performance parameters of currently trained.dat

rNeural
Train Network
Train the network to fit the inputs and targets. Lo Lo
r Train Net
Trapgfising Levenberg-Marquardt backpropagatio inlm).
” Network Skape
Training: Levenberg-Marquardt (trainim)
Performance:  Mean Squared Error (mse)
\Training automatically stops when generalization stops ingprovil Data Division: (dr
icated by an increase in the mean square error of the Jalidatis
saMyples. Progress
rNotes Epoch: 12 iterations 00

Ti | 0:00:08
‘ Training multiple times will generate different results due P":‘f: 236 _ 0.00
to different initial conditions and sampling. cremanc "
s : Gradient: o0 I | 1.00e-10

Trainimg Main Tab Mu: 0.00100 [ 0.100 100e+10

Validation Chgs: o 0 6 /
Perfo (plotperform)

—————— : Performance
(plottrainstate) o
(plotregression)
Plot Interval: (G- Lepochs

o (réining i e Training neural network..

[ S50p Training ] [ O concel |

Figure C.1. Figure shows the toolbox provided by MAB for neural network
construction and optimization. The network shape performance parameters can be seen
in the figure.
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