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Two Methods for the Determination of Inertial Sensor Parameters
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Inertial sensors, gyroscopes and accelerometers are widely applied. Inertial navigation systems (INS) usually consist
of the inertial measuring unit (IMU) with three mutually perpendicular gyroscopes and accelerometers that represent
three input axes to the system and navigation algorithm. Input values for the navigation algorithm are signals of
gyroscopes and accelerometers. It is very important to know sources of navigation algorithm errors. One of the
sources is a bias instability. A bias instability is a parameter that defines a class of sensors. The class of gyroscopes is
defined in deg/h or deg/s and the class of accelerometers is defined in mg or pg. Other parameters defining a random
walk of sensors are the angle random walk of gyroscopes and the velocity random walk of accelerometers. Although
manufacturers declare these parameters in their data sheets, it is very important to confirm all declared sensor
parameters before application. Two methods of angle random walk, velocity random walk and bias instability are
presented and discussed with reference to their precision. These two methods are based on the Allan variance and
power spectral density (PSD). The analysis was performed on the Analog Devices ADIS 16365 six degree of freedom

sensor
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Introduction

WO main parameters representing the quality of inertial

sensors are the angle random walk and the bias
instability for gyroscopes and the velocity random walk and
bias instabilities for accelerometers. These two parameters
should be obtained by the Allan variance method or by
power spectral density.

To compare the two methods of determining inertial
sensor parameters, the parameters of the Analog Devices
ADIS 16365 [1] six degree sensor are determined. The
angular random walk and the bias instability of gyroscopes
as well as the velocity random walk and bias instability of
accelerometers are determined [2]. The Allan variance
method presented in [3], [4], [5], [6], [7] is used for
developing an own software for signal analysis. The power
spectral density signal analysis was made in MATLAB
according to [3], [4], [8], [9] and [10].

VO LINES ARE COMPATIBLE WITH g,
VDD 3.3V OR 5V LOGIC LEVELS

vl

SYSTEM

PROCESSOR 55 ADIS16360/

SFI MASTER ADIS16365
SCLK SPI SLAVE

MOSI
MISO
IRG

Figurel. Electrical connection diagram

According to a manufacturer scheme of a typical system
application, the master processor PHILIPHS ARM CORE 7
is used to access the output data registers through the SPI
interface (Fig.1). The maximum sampling rate of data is
0.01s.

The sensor ADIS16365 operates as an SPI slave device
that communicates with master processors. The SPI
operates in a full duplex mode, which means that the master
processor can read the output data from DOUT while using
the same SCLK pulses to transmit the next target address
on DIN [1].

The master processor reads the gyroscope output signal
@ in deg/s and the accelerometer & output signals in g
units.

Random walk and bias instability are the parameters
presented in data sheet [1]. The sensors parameters are
determined based on signals measured in accordance with a
scheme (Fig.1).

Allan variance and power spectral density (PSD) are
used for the identification of noise parameters

The sensors parameters are presented through Tables 3
to 6 and typical diagrams Fig.9 to Fig.11. The sampling rate
of data acquisition was 0.01s, 0.1s, 1.0s and 3.6s. Accuracy
is thus improved and the number of acquired data is
reduced. In the Allan variance diagrams, the periods related
to sampling rates are overlapped. The values presented in
tables are best fitted values of different sampling rates.

Allan variance
The variance of two data points x;_;,X; relative to their
mean is
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2 2 2
Xi_1 + X; Xi_1 + X Xi — Xi_
{X“_ 2 J} {X"_ = J} = 2,1) @)

Equation (1) motivates the definition of the Allan
variance of data Xy, X;,....., Xy_; taken at the time interval At

to be the average of the variances of the data pairs x;_;,X; :

N 1 2
02( '—XJ 1 (2)
J:l
Define a new sequence
Xyt Xogua L (M)_
=T ,1=01,..., > 1 (3)

and compute the Allan variance o?(2At) for this

Iterating, the Allan variance o2 (nAt) is

calculated for longer and longer times
7=nAt,n=124,8,.... The square root of the Allan

variance is then plotted versus the averaging time z with
log-log scales.

sequence.

Power spectral density (PSD) of a stationary stochastic
process

The PSD is the most commonly used representation of
the spectral decomposition of a time series. It is a powerful
tool for analyzing or characterizing data and stochastic
modeling. The PSD, or spectrum analysis, is also better
suited for analyzing periodic or aperiodic signals than other
methods [3,1].

To summarize the basic relationship for stationary
processes, the two-sided PSD, S(w) and the covariance K(z)
is the Fourier transform pairs, related by:

+o0

S(w) = J-e’j“’tK(z')dr )

—0

Kr)=L J el S (w)dao ©)

Unless specifically stated, the term PSD refers to the
two-sided PSD. Graphical representations frequently use
the one-sided PSD, whose amplitude is twice the two-sided
PSD.

Covariance is defined by:

K[x(t )] = E([x(t) - #(@)][x(t) - #(&)] ) ©
where y is the mean value given by:

#(t) = E[x®)] (7

For linear systems, the output PSD is the product of the
input PSD and the magnitude squared of the system transfer
function. If state space methods are used, the PSD matrices
of the input and output are related to the system transfer

function matrix H (jw) by:

Sy (@) = H(jo)S(@)H™ (jo) @)

where

H™ (jw) is the complex conjugate transpose of H(jw)

Thus, for the special case of white noise input, the output
PSD directly gives the system transfer function.

The Fourier transform representation of the PSD is
directly related to the bilateral Laplace transform derived
from the transfer function of the corresponding stochastic
model. The corresponding Allan variance of a stochastic
process may be uniquely derived from its PSD: however,
there is no general inversion formula.

The white noise covariance of process and measurement
noise pertaining to the (continuous) Kalman Filter theory
are identical to the corresponding two-sided PSD's white
noise strengths expressed in units squared per Hertz

(unit)®
Hz |’

Power spectral density (PSD) and Allan variance relations

For the angular rates of the gyroscope output (£), the
Allan variance is defined by

N-1 2
2 _ 1 _
o (1) = 3w _1);(%1 Q) ©)
and is related to the two-sided PSD, Sq(f) by:
“ ind
aé(r):4ISQ(f)wdf (10)
3 (zfr)

There is no inversion formula [4].
For accelerations (specific forces) of accelerometers (a),
the Allan variance is defined by

Nl

2
O-a

-a) (11)

J=1

and is related to the two-sided PSD, S,(f) by:

4]5 itz t7) o (12)

7Z'fT

Angle random walk

These noise terms are all characterized by a white noise
spectrum of the gyro rate output (or accelerometer output).
Fig.2 represents the PSD of an accelerometer approximated
with the zero slope characteristic.

Sq(f) [units?/Hz]

f[Hz)

Figure 2. White noise spectrum of the gyro rate output
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The rate noise PSD represented by Fig.2 is:
Sa(f)=N? (13)

where N is the angle random walk coefficient.
Substituting equation (13) in equation (10) yields:

1) 4J‘SQ sm ﬂfr)df:
fZ')
J‘ 2sm 7Z'fZ' dle\i
) 7ZfT 2
2 N2
o?(r) =N (14)

The plot of equation (14) is presented in Fig.3. This plot
indicates that a log-log slope of o (z) versus t has a slope
of -1/2.

10N T

0.1N

Figure 3. Plot for angle random walk

The solution of equation (14) for z = 1sis:

N? =z0%(7) = o?(1s)

N = o(1s) (15)

In equation (15) it can be remarked that numerical value
for N is obtained by reading the slope line at T =1s.

The relation between the PSD (for gyro, Sq(f )) and the
angle random walk coefficient N is:

NI =4 PSD{(O{_E)Z} (16)

Bias instability

The origin of this noise is electronic or other components
susceptible to random flickering. Due to its low-frequency
nature, it occurs as the bias fluctuation in the data. The rate
PSD associated with this noise is [4]:

B?|1
Sa(f)=<\27)f
0 f>f0

A7)

where
B — bias instability
fo — cutoff frequency

2B°72xf

Sq(f) [units2/Hz]
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Figure 4. Representation of a hypothetical single-sided form

Substituting equation (17) in equation (10) yields:

o’ (r)
B2

[| n2— 5'”XX(5|nx+4xcosx}r—Cl(2X) C'(4X)} a0

where
x-is wfyr

Ci - is the cosine-integral function
Fig.5 represents a log-log plot of eq. 17.
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Figure 5. Plot of bias instability (f, = 1)

The plot in Fig.5 shows that the Allan variance for bias
instability reaches a zero slope for t much longer than the
inverse of cutoff frequency. Thus, the flat region of the plot
can be examined to estimate the limit of the bias instability
as well as the cutoff frequency of the underlying flicker.

The slopes of typical PSD and Allan variance log-log
diagrams are given in Table 1 [3].

Table 1. Slope of PSD and Allan variance coefficients

Signal PSD Square root Allan variance
Trend -2 +1
Random walk -2 +1/2
Flicker noise -1 0
White noise 0 -1/2
Quantization noise +2 +1
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Sensor parameters identification

All measurements were done on the two-axis test table
CARCO T-922, Fig.6, whose performances are: Minimum
angular rate 0.0001 deg/s; maximum angular rate 999 deg/s
and position accuracy 0.0001 degree. The ambient
temperature was 22+1°C.

The Allan variance software for analyzing is made in
accordance with (1), (2) and (3).

ORIGIN ALIGNMENT REFERENCE POINT
SEE MSC_CTRL[E].

NOTES
1. ACCELERATION (g, ay, az) AND ROTATIONAL (gx, Oy, 0z) ARROWS
INDICATE THE DIRECTION OF MOTION THAT PRODUCES
A POSITIVE OUTPUT.

Figure 8. Sensor axis orientation

According to the scheme in Fig.1, a sensor is connected
to the master processor through the interface board
(ADIS16365/PCBZ), Fig.7. A completed unit is attached to
the top of the inner test table axis. The axis z of the sensor,
Fig.8, is positioned vertically upwards, the axis Y
horizontally to the East and the axis X horizontally to the
South.

In accordance with Fig.8, the accelerometer axes are
denoted a,, a, and &,, while the gyroscope axes are denoted
wx, 0y and ;.

Table 2 presents the data sheet specification of the
analyzed parameters.

Table 2. ADIS 16365 parameters specification

Parameter Test condition Value Unit

GYROSCOPES
In-run Bias stability |1o, SMPL_PRD=0x0001| 0.007
Angular random walk |16, SMPL_PRD=0x0001| 2.0 °/</h

°ls

ACCELEROMETERS
In-run Bias stability lo 0.2 mg

Velocity random walk 1o 0.2 | (m/s)/<h

The accelerometer velocity random walk and bias
instability, and the gyroscope angle random walk and bias
instability are identified by the Allan variance and the PSD.
A number of 5010 data is acquired with the 0.01s sampling
rate. A number of 1000 data is acquired with the 0.1s, 1.0 s
and 3.6 s sampling rates. The Allan variance of the acquired
data for the y - axis is presented in diagrams in Fig.9 and
Fig.10.
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Figure 9. Square root Allan variance of the a, accelerometer
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Figure.10. Square root Allan variance of the @, gyroscope

The sensor parameters determined from the Allan
variance diagrams 9 and 10, are presented in Table 3.
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Table 3. Sensors parameters determined from the Allan variance diagrams

Parameter Determined from | Data sheet Unit
measurements value
ACCELEROMETER
Velocity random walk m/s
coefficient N (ay) 0.226 0.2 7
Bias instability coefficient] 0304 0
: . m
B(ay) g
GYROSCOPE
Angle random walk
coefficient N () 168 2.0 °o/vh
Bias instability coefficient]
B 0.0105 0.007 °/s
(o)

The PSD of the acquired data for the y- axis is presented
in diagrams in Fig.11 and Fig.12.

1.00E-04

The bias instability coefficients are determined from the
-1 slope linear characteristic in diagrams 8 and 9, using the
equation:

g 28" |~ g, (1) (18)

og( 28" ~tog S0 (1)) (19)

for the accelerometer, and for the gyro, respectively.

In diagrams Fig.11 and Fig.12, the two linear
characteristics (line a and line b) are presented. The
characteristics are chosen as margins of the diagram part
where the observed trend is -1. This illustrates a possibility
to choose many of the linear characteristics between these
two lines, which gives a large difference for the calculated
coefficients B. Usually choosing linear characteristic

. kL between these two lines.
100E:05 { M The coefficients for the axes x and z of accelerometers
TR _I \ HJ 1 i and gyroscopes are determined similarly.
T oo , NI W < The results are presented in Tables 5 and 6 with the
T 1.00E-06 4 N ..
= o aili Sty LINEa average values for the coefficient B.
E M~
= i Ny
o HOOEOT 1 LINED Table 5. Sensors parameters determined from the Allan variance diagrams
100508 Parameter Determined value Da\te;lir;eet Unit
ACCELEROMETER
1.00E-09 N (a,)=0.18944
0.01 0.1 1 10 100 .
Velocity random walk _ m/s
. f[Hz] coefficient N (a,)=0.22648 0.2 N
Figure 11. PSD of the a, accelerometer N (a,) = 0.22356
,)=0.
1 B(a,) =0.137
01 Bias instability _
oor coefficient B(ay)=0304 02 mg
B(a,) =0.174
0.001
¥ GYROSCOPE
e 0.0001
e N (@) =204
= 0.00001
& Angle random walk _
0.000001 gcoefficient N(@y) =168 20 °/<h
0.0000001 N(w,)=1.86
0.00000001 B (a)x ) = 00135
0.000000001 -1 T TTT T 4 T i Bias instabili _ o
0.01 0.1 1 10 100 Coefﬁcientty B(a))’) =0.0105 0.007 Is
flHal B(o,)=0.0120
Figure 12. PSD of the @, gyroscope
The sensor parameters determined from the PSD Table 6. Sensors parameters determined from the PSD diagrams
diagrams 11 and 12, are presented in Table 4. 5
PR Determined | Data sheet Unit
value value
Table 4. Sensors parameters determined from the PSD diagrams ACCELEROMETER
Determined from | Data sheet : N(a.)=0.147
GELC S measurements value Sl Velocit d K (@) m/s
elocity random wal _
ACCELEROMETER coefficient N(a,)=0.1587| 02 h
Velocity random walk m/s N(a.)=0.1897
coefficient N (ay) 0.1587 0.2 h (2)
— — — - B(ax)=0.322
Bias instability coefficientl  0.395 (line a)
B(ay) 0.1766 (line b) 02 mg Bias instability coefficient | B(a,)=0.2858 0.2 mg
GYROSCOPE B(a,) =0.426
Angle random walk
coeificient N(awy) 1.34 20 °/<h GYROSCOPE
- — L Angle random walk N (@)= 158 20 N
Bias instability coefficientl  0.0354 (line a) 0.007 / coefficient
. . °/s _
B(oy) 0.00199 (line b) N(w,) =134
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N(w,)=1.47

B(wy)=0.0418

B(ay)= 0.007 °/s
0.018695

B(w,)=0.0132

Bias instability coefficient

Analysis of the experimental data

The analysis is done based on the data values acquired
with a maximum sampling rate of 10 ms. With this
sampling rate, using the PSD diagrams, we can conclude
that accelerometer and gyro output noise is white noise in a
range up to 10 Hz. The random walk and the bias instability
are identified from the Allan variance and the PSD
diagrams.

Both methods, the Allan variance and PSD, are suitable
for the determination of the gyroscope angle random walk,
the accelerometer velocity random walk and the bias
instability coefficients for gyros and accelerometers.

The coefficients obtained by the Allan variance are
slightly higher than those obtained by PSD. If we compare
the values from the diagrams, we can conclude that it is
much easier to read the values from the Allan variance plot
than from the PSD plot. The reading of the angle random
walk coefficients from the PSD plot is based on the mean
value approximation of zero mean slopes. This is less
accurate than those of the Allan variance plot which is in
the cross-section of the diagram and ordinate for z = 1s.

The zero slope of the Allan variance plot is used for the
determination of the coefficient B. From the PSD plot we
use the - 1 slope line. As mentioned earlier, there is a wide
area on the plot where this line should be plotted. This is a
source of unreliability of the coefficient B determined from
this diagram.

Generally, we can conclude that it is more reliable to use
the coefficients N and B for gyro and accelerometer noise
obtained from the Allan variance plot than to use the
coefficients obtained from the PSD plot. In spite of this,
both methods must be used in the analysis in order to
confirm that an appropriate coefficient is determined. Table
1 show that different coefficients have the same slope.
Using the two methods, the Allan variance and PSD, it is
possible to obtain a good estimation of coefficients.

The above analysis justifies the fact why the Allan
variance plot is in most of manufacturers’ data sheets.

Conclusion

Experimental signal measurements of the six-degree
sensor ADIS16365 were done. Based on the presented
theoretical considerations, two methods of analysis were
used to determine the angular random walk coefficient N
and the bias instability coefficient B. It can be concluded
that the application of the Allan variance method is easier
and more precise than the power spectral density method.
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Dve metode identifikacije parametara inercijalnih senzora

Inercijalni senzori, Ziroskopi i akcelerometri imaju Siroku primenu Inercijalni navigacioni sistemi (INS) se najéesée
sastoje od inercijalnog mernog uredaja (IMU) sa tri medusobno upravna Ziroskopa i akcelerometra koji predtavljaju
tri ulazne ose sistema i navigacionog algoritma. Navigacioni algoritam koristi kao ulazne veli¢ine signale Ziroskopa i
akcelerometara. Vema vazno je poznavanje izvora greSaka u navigacionom algoritmu. Jedan od izvora je nestabilnost
razdeSenosti senzora. Nestabilnost razdeSenosti je parametar koji definiSe klasu senzora. Klasa Zziroskopa je
definisana u °/h ili °/s,a klasa akcelerometara je definisana u mg ili pug. Drugi parametri koji definisu sluéajno
odstupanje senzora su sluéajno odstupanje ugla Ziroskopa i sluéajno odstupanje brzine akcelerometra. lako
proizvodadi deklarisu navdene parametre u svojim katalozima, veoma je vazno da se pre primene senzora potvrde svi
parametri senzora. Prikazane su dve metode odredivanja sluéajnog odstupanja ugla, sluéajnog odstupanja brzine i
nestabilnosti razdeSenosti Ziroskopa i akcelerometra i prodiskutovana koja od metoda je taénija. Ove dve metode su
bazirane na Alanovoj disperziji i spektru gustine snage(SGS). Analiza je radena na Sestokomponentnom mernom

senzoru Analog Devices ADIS 16365.

Kljucne reci: navigacioni sistem, inercioni sistem, inercijalna navigtacija, inercijalni senzor, Ziroskop, akcelerometar.
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/IBa MeTo/1a MAEHTU(PUKAIUN MAPAMETPOB HUHEPIMOHHBIX IaTYNKOB

Y HHEPUHOHHBIX JATYHKOB, THPOCKONOB H AaKCEJIEPOMETPOB O4YeHb UIMPOKOe npuMenenne. MHepuuoHHbIE
HaBurauuonnbie cucrembl (MHC) Gosiblue M 4yamie BCEro COCTOSIT M3 MHEPUHOHHOIO H3MEPHTENbLHOr0 mpuéopa
(MUII) co Tpemsi B3aMMHO MePIEHIHKY/ISIPHBIMH TMPOCKONIAMH H aKceJepOMeTPaMH, KOTOpbie MPEACTABISIOT TPH
BXO/IHbIE OCH CHCTEMbl M HABHTAUMOHHOro ajaropupma. B poiu BXOAHBIX BeJHMYHH HABHTAUMOHHBIH aaropudpm
MOJIb3yeTCsl CHIHAJIAMH T'HPOCKONA M aKceiepoMeTpoB. OuYeHb BasKHOW SIBJISIETCS MO3HABATEJIBHOCTH HCTOMHHKA
OmK0OK B HABMTAIMOHHOM asiropudme. OXHUM M3 HCTOUHHKOB SIBJISIETCS HEYCTOHYMBOCTDH MOTPEIHOCTH AATYHKA.
HeycToiiuMBOCTh MOTPEIIHOCTH SIBJSIETCSl NMAPAMETPOM ONpeesiiomuM Kiaace aaryukos. Kiace rupockonos
onpenesén B °/h uim /s, a kiiace akcesepomerpoB onpenesnéd B mg uam Ug (g = 9.81 m/s? ). OcrajabHble mnapaMeTpsl,
onpeaessiiomMe CIy4ailHOe OTKJIOHEHHE JATYMKOB, ITO CIy4aiiHOe OTKJIOHEHHE YIJIa THPOCKONa W ciy4aiinoe
OTKJIOHEHHE CKOPOCTH aKce/lepoMeTpa. B 3aBHCHMOCTH OT NpPHMEHEHHs] M 00:3aTeJIbHONW TOYHOCTH JATYMKA,
KOHCTPYKTOPbI BBHIGHPAIOT oONpeaeéHublii 1aTyuK. Bee M3roroBuTe/ M O0BABISIOT NPUBEACHHBIE MapaMeTphl B
cBoux BegomocTsx. HecMoTpsi Ha 00bsIBIEHHbIE 3HAYEHHSI NAPAMETPOB, 0YeHb BAajKHO YTOOBI Mepe] NpuMeHeHHeM
AATYHKA M3MEPHTh BCe MapaMeTpbl C LEJbI0 YCTPAHEHHs] HEKOTOPbIX M3 HHX M C LeJbI0 MPOBEPKH KayecTBa
AaT4uKa. 37ech NMOKa3aHbl /JBAa METOJAa ONpeaejeHHs CIYYailHOr0 OTKJIOHEHMsl YIJIa, CJIY4ailHOro OTKJIOHEHHS
CKOPOCTH M HEYCTONYMBOCTH IOrPEUIHOCTH THPOCKONA U AKCEJIEPOMETPA M 0GCYHKIACHO KAKOI U3 METO0B SIBJISIETCS
Goslee MYHKTYAJbHbIM. JTH BAa MeTOAa O0OCHOBAHBI HA M3MEHEHMH AJUIAHA M HA CHEKTPAIbHOW MJIOTHOCTH
momnocTH (CIIM). AHaIu3 NMpoBeAEH Ha LIECTHCTYNEHYaTOM H3MepuTeasHoM natynke Analog Devices ADIS 16365.

Kniouegbie cnoeéa: HABUTallMOHHAsl CHCTeMa, MHEPUMOHHAs CHCTEMAa, WHEPUUOHHASI HABMIAalMs, WHEPUHOHHbI
JAaTYUK, THPOCKOI, Y aKceJepoMeTp.

Deux méthodes pour I’identification des parametres chez les capteurs
inertiels

Les capteurs inertiels, gyroscopes et accélérométres, ont une grande application. Les systémes inertiels de navigation
(SIN) se composent le plus souvent d’un appareil inertiel de mesurage avec trois gyroscopes mutuellement
perpendiculaires et un accélérométre qui représentent trois axes d’entrée du systeme et de I’algorithme de navigation.
1l est trés important de connaitre les sources des erreurs chez I’algorithme de navigation. L’instabilité du déréglage
du capteur est I’une de ces sources. L’instabilité du déréglage est le parametre qui définit la classe du capteur. La
classe du gyroscope est définie par le degré/h ou le degré/s tandis que la classe de I’accélérometre est définie en mg ou
pg. Les autres paramétres qui définissent la marche aléatoire du capteur sont: I’écart aléatoire de I’angle du
gyroscope et la marche aléatoire de la vitesse de I’accélérometre. Bien que tous les producteurs déclarent les
parameétres cités dans leurs catalogues il est trés important de prouver tous les parametres avant I’emploi du capteur.
On a présenté deux méthodes pour la détermination de I’écart aléatoire de I’angle, I’écart aléatoire de la vitesse et
I’instabilité du déréglage de gyroscope et I’accélérométre et on a discuté quelle méthode est plus précise. Ces deux
méthodes sont basées sur la dispersion d’Alan et le spectre de la densité de force. L’analyse a été faite sur le capteur
de mesurage a six composantes Analog Devices ADIS 16365.

Mots clés: systéme de navigation, systéme inertiel, navigation inertielle, capteur inertiel, gyroscope, accélérométre.



