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BIOGRAPHY ABSTRACT

Antonio Angrisano obtained his M.Sc degree (CumThe aim of this work is to propose a low cost
Laude) in Navigation Sciences at University ofmethod to calibrate a low cost IMU (Inertial
Naples “Parthenope”. After the degree hdJveasurement Unit). Nowadays, the use of Micro
collaborated with the Science Applied DepartmenElectro-Mechanical System instruments is widely
of Parthenope, researching on QZSS system aracepted, owing to their great flexibility linked t
geosynchronous constellations. He is a PhD studetfteir cheap costs. On the other hand, such
in Geodetic and Topographic Sciences apeculiarities imply a loss of accuracy and
“Parthenope” University addressed to GNSS and itgerformances. In order to have an instrument being
Augmentation Systems, Inertial and Integrated¢ompletely low cost, also a low cost calibration
Navigation, RAIM and Integrity. procedure is required.
In the present paper experiments on low cost IMU
Erica Nocerino graduated in Navigation Sciences atare discussed; the tested instrument is composed of
University of Naples Parthenope on February 2006 cluster of almost orthogonal accelerometers and
Currently, she attends the Ph.D. course in Navayroscopes, based on MEMS technology. For both
Architecture at University of Naples Federico ll.the accelerometers and the gyros, the proposed
Research interests are ship’s manoeuvring anmhlibration method is based on the use of magnitude
seakeeping. of reference quantities instead of the single
component value.
Salvatore Troisi is Full Professor of Topography
and Cartography at Faculty of Sciences and
Technologies, University of Naples “Parthenope”]NTRODUCTION
Italy. Main scientific interests are: GPS survey in
different fields of application, topographic metspd Calibration is the procedure for comparing
design of satellite constellations, advancednstrument output with known reference information
surveying methodologies such as Laser Scanning. about the quantity to measure; it is a fundamental
operation for its strong influence on the resufts o
Giuseppe Del Core is associate professor of Flight measurement. For this reason all builders carry out
Mechanics at Faculty of Sciences and Technologgppropriate calibration procedures to produce a
University of Naples “Parthenope”, ltaly. Main precise calibration certificate. On periodical Basi
scientific interests are Aircraft Design andthe operation of calibration has to be repeateteei
configuration  parameter  optimisation, = newby the same builder or by users employing self-
methodologies in aircraft design. made algorithms. The calibration process often
needs expensive tools. Currently, an interesting
research topic is the development of algorithms and
methodologies to perform the initial procedures
according to the “low cost philosophy”.



For an accelerometer, the reference information igroposed procedure; data set of different accuracy
usually the apparent gravity vector, sum ofare used to define the algorithm flexibility.
gravitational and centrifugal accelerations, known

for a fixed place on Earth. A common calibration

method is performed at a known fixed site on EartPROCEDURES & ALGORITHMS

and it consists in setting the accelerometer duste

several different and precisely known attitudesThe experimentation discussed was conducted by
(other methods can perform calibration duringneans of a MTi-Motion Tracker sensor from XSens
navigation and by means of Kalman filtering). A sefTechnologies. The instrument makes use of MEMS
of measures is carried out by each accelerometer wfchnology and consists of 3 accelerometers, 3sgyro
the cluster and the average is calculated for eveand 3 magnetometers. The device is equipped with a
orientation. Three equations per orientation aréactory software which permits an user-friendly
attained, in which the calibration parameters hee t communication between the sensor itself and a
unknowns. The cluster orientation and the numbesrocessor, and a simple data management. Such a
of positions are chosen to obtain the requiredoftware was used during the tests in order to
independence and redundancy of the equations smatquire raw data from the sensor.

with respect to unknowns. Before the delivery to the user, the factory usuall
The calibration parameters result from the modetonducts the calibration process employing an
used to represent the relationship between measuwppropriate calibration table and providing the
and reference information, which is linked to thecalibration certificate. The aim of the researclois
instrument accuracy. For a MEMS low costvalidate the proposed low-cost calibration procedur
accelerometer, the scale factor non-linearity can bcomparing the obtained results with the data set
considered negligible, and the relationship betweeimom the factory certificate.

measure and reference depends on 9 parametersTIg first step of a calibration process consisthen
misalignment angles, 3 scale-factors, 3 biases. Tidentification of the suitable model describing the
use the aforesaid method, the knowledge of the loceelationship between measure and reference
gravity vector components for every orientation ignformation. The selected model is strictly linkied
necessary. Therefore, the precise knowledge afie instrument accuracy.

inclination angles is required. If a preciselyFor a MEMS low cost sensor (such as the employed
adjustable 6 degree of freedom platform iXSens MTi) the scale factor non-linearity can be
unavailable, the calibration can be performed usingonsidered negligible and so the relationship
the gravity magnitude, accurately known at fixedmeasure — reference can be modelled as:

site, as reference. In this case, from every rgqughl

known orientation, only one equation is achievedg:T[K[@gom_B) (1)

This method can be considered a “low cost”
calibration procedure, because there is no need ere:
use precise af[tltuo!e platform or other instrumentse i< the actual gravity vector (known)
except for the inertial sensor and a common PC. The . h d accelerations vector (known)
described procedure is particularly suitable faw lo Sout_ IS the mgasure _ _
cost sensors calibration. Generally, 18 or mord IS the alignment matrix, transforming the non-
orientations are performed, in order to obtain &rthogonal accelerometer axes in the orthogonal
system of redundant equations, solved using leaBtatform frame _

squares method. Every equation is previously iS the scale-factor matrix

linearized around initial values of the unknowns,b is the bias vector

estimated from theoretic parameters from th&he foresaid model is valid both for the
instrumental data sheet, such as the bit number atcelerometers and the gyroscopes.

output from the A/D converter and the full-scale.  In detail the calibration model for the acceleroenet
For the gyro cluster calibration, the same prooedurcluster is:

is implemented; the only notable difference is that

the known constant rotation has to be imposed to/s 1 a. «a k. 0 0 S b
. i X z Y X outx X
calibrate the gyros. The proposed low cost solutlo_n =0 1 a, 0 k, 0 Sour |—| b,
uses the gyro cluster placed on a record player i 0 0 0 0 K
1 Z z SoutZ bZ
several roughly known attitudes.
A comparison between the low cost and the precise (2)

attitude (from instrumental calibration certificpte

methods is carried out to confirm the validity bet The unknowns are 9 calibration parameters, that,
introduced in (2), force the measured accelerations



to agree with the reference quantity, that is tdwall A first order approximation of equation (8) allotes
gravity value. The unknowns are collected in theneglect the last term on the right side, being

vector X: NT [AdX anddx ™A' [N scalar terms:
X=[ay ay a, be b b, ke k kI s=NT [N -2NT [AdX (9)
®3) .
N T V2 _ N T N 2
The non-linear equation system (2) can be solved b§/N A fixo] X o) = E(N N =8 (10)
linearization around an estimation of the unknown
vector (3). Then, system (2) becomes: By the use of at least 9 scalar equations, such as
(10), the unknown correction vector can be
A[M] mf[gﬂ] ~— g[m] + W[M] (4) computed and placed in (7) to achieve the

calibration parameters.
By this method, each cluster orientation generates
an equation as (10). Several different attitudeg ha

s =) *+ AzsKys Sy = Bys) + Foskzs(Souz = Bzs) to be carried out, being not necessary to know the
N = Kys(Sourr ~Bys) * XK (Souz ~zs) orientation angles accurately.
Kzs (Souz ~Pzs) Generally, 18 or more orientations are performed, i
) order to obtain a system of redundant equations
(10), solved by least squares method: each raw
i 0 ~Kys(S,z —bis) 0o vector with 9 components (W) is a raw of the
~Kye(Syu ~ D) 0 0 design matrix H, and each scalar 0.B(\) is a
_ _ component of the known terms vector (formula
kYS(SoutY b(S) 0 0 11
Tk 0 0 (11)).
AT = aZSkYS kYS O VA
@y ks Ky H [18x] l:(Hx[gxl] = |[18><l] (11)
_(SoutX _bxs) 0 0 . . . Lo
~ (S Bis)  —(Souy —Bis) 0 The algorithm is summarized in figure 1.
L~ aYS(soutZ - bzs) - aXS(SoutZ - bzs) - (SoutZ - bzs)_
(6) Mearuremends Ertinaied calibration Vecior

Sox, 5oy, S0z jfs =,
where vector N and matrix A depend on the
measured acceleration vector and on the initial
calibration vector.

Equations (4) could be solved using least squares
method, if we precisely know the components of
local gravity vector for each orientation. The fisec
knowledge of inclination angles is necessary. The
calibration vector is obtained by:

X =Xg+dX 7

If a precisely adjustable 6 degree of freedom
platform is not available, the calibration can be
performed by using the gravity magnitude,
accurately known at fixed site. For this purpose,
equation (4) has to be further modified to get free .
from the gravity components. From 3 scalar fif-(ﬂ’HT'H‘f-' K =Hotad
equations (4), depending on gravity components, a
scalar equation, only depending on gravity
magnitude, can be derived.
From equation (4):

Fig. 1 — Algorithm Scheme

The theoretic parameters derived from instrument
data sheet can be used as initial estimated

s BN (N-N" AdK —dX” A" (N + dX” AT [AGK calibration vector. They allow the conversion from

(8)



raw data to suitable unit of measurement (usuallgix rotational angles (the transformation between 2

m/s). orthogonal frames needs 3 rotation angles only).
The misalignment angles are very small, so a first
estimate value is zero. A first estimate of thelesca & & &

Xp Xp Bia Xp E{]a Xp [ﬁa Xa

factors is the conversion factor, defined as thie ra
between full-scale in mfisand the biggest output p 5'A
value from the instrument A/D converter. A first z [X, ¥y,
bias estimate is the “false origin”, introduced P P P
because the output range in fmis symmetric as
regards the origin, while the A/D converter outpu
range is not.

So if the accelerometer full-scale (from datashiset)
[-y, +y] m/$ and the device is equipped with a n-bit
A/D converter, producing one of the integers
{0,1,...,2"-1} for each sampled input, the estimated
calibration vector is:

o2 |0y, | (13)
o 2 ) \ 2,

<
o
1
N> <>
o
Ny <>
N> <>

quation (13) expresses the general rotation
etween two frames, where the elements of the
rotational matrix are the direction cosines.

X.=[0 0 0 @-D/2 @-Di2 @-Di2 2yi@-1) yi@-D) 2y/@ -
(12)

If another initial estimate is used, the algoritban
not converge to the right solution or can even
diverge.

For the XSens MTi used, the accelerometers full-
scale is [-50, +50] mfsthe gyros full-scale is [-150, _
+150] degls, the bit number of the A/D converter is 19- 2 — Non-Orthogonal to Orthogonal Frame

16. Transformation

To find the final solution several iterations are

usually necessary, where the solution at {i-dtep [0 order to make the frame orthogonal, three
is used as initial estimate dt step. The iterative otations are sufficient. Let,coincide with x and
process is stopped when relative difference betwedh /1€ N the xy, plane, as figure 2 displays; in this
the residual quadratic forms at subsequent steps G&8S€ only three rotations are necessary and the
smaller than a fixed tolerance. The residual vectdfiréction cosines matrix becomes:

and the residual quadratic fograre defined as:

X 1 sing, cosg sing, | (X,

L p
V=HOX-I ; q=vV' ¥ Y, |[=| 0 cosf, cosg,sing |y, | (14)
0 0 cosgcosd, ) |z

z
If the process converges, residual quadratic form P 4
decreases with iterations. The criterion for stogpi

The misalignment angles can be considered small;

iterations can beqi‘lq—_qi < 0.0005. therefore, a linearization is applied:
1
X, 16, 6,)(x
NON-ORTHOGONAL TO ORTHOGONAL Yo (5|0 1 6 |y, (15)
REFERENCE SYSTEMSTRANSFORMATION z, 0 0 1 z,

Physically, each accelerometer has a sensitive axes , ,

Generally, in an Inertial Measurement Unit a clusteEduation  (15) ~explains the expression of the
composed of three accelerometers is included. THEgNmMentmatrix Tin (2).

input accelerometer axes.(W. z) are mounted As the |mplemented calibration methqd emplqys
nearly orthogonal. The cluster frame has to be mad¥!ly the magnitudes of the reference information
orthogonal, obtaining the so-called platform systertdravity vector and imposed angular velocity),sit i
(Xor Yor 2)- not possible to trace back the accelerometer amd th
In general the transformation from a non-orthogondyr© frames to a common orthogonal platform

reference system to a generic orthogonal one neetigMe: The accelerometers and the gyros reference
systems have to be made orthogonal separately,



using equation (15). This produces two distinc{fig. 5) or the algorithm can not converge to the
frames: an orthogonal accelerometer system and aght solution or can even diverge (fig. 6). SeVera
orthogonal gyro one. trials have been carried out to identify a
convergence interval for the 3 parameter types:
misalignment angles, biases and scale factors. The
RESULTS intervals for the 3 parameters are shown in table 2
is noteworthy that all the intervals are not synmmet
To test the developed algorithm on accelerometeraround the data sheet initial estimates Bias, ko).
2 sets of input data have been carried out wit€hoosing the initial estimate vector outside the
roughly known attitudes. The first set is achievedonvergence intervals, the calibration parameters d
with an orientation accuracy of about 1 degre@ot converge to the right solution or diverge (8.
(using a woody wedge to obtain a coarse 45° angle,
showed in figure 3), and the second with an Convergence Intervals
orientation accuracy of about 10° (without any
supports).

Misalignment Anglesdoy-18°, 0p+19°]

Biases [Biag1500, Biag+2500]

Scale Factors [k0.0006, k+0.03]

Tab. 2 — Convergence Intervals

Misalignment Angles
T

g L L
1 2 3

Biases
T

Fig. 3 — Woody Wedge for Coarse 45° Attitudes 21@

The results of the calibration procedure, using the ™ : : : :
different measurements, are shown in table 1.

Scale Factors

1™ MEASUREMENT SET - : : : |
eS| Ofol[o(]m 55004 3361? [22[3]&2 32033k J}ﬁ’ﬁ%ﬂ?a Fig. 4 — Iterations with Initial Estimate deriveabim
G, =1’ op =10.6 Ok =12.6e-7 Instrument Data Sheet
2™ MEASUREMENT SET
a [ b [bit] k? [(m/sz)/bit] Misalignment Angles
-0.0139 | -0.0038] 0.0003  3360p 33340 32050  54B.6  0593.550.5
o, =125 op=%1.3 Ok =15e-7 |
CALIBRATION CERTIFICATE ‘ ‘ . . .
o[] b [bit] k I[(m/SD)/bit] e e T
— [ -1 - 33652 | 33395] 32034 5497 5527 55()4 al

Tab. 1 — Accelerometers Calibration Results

The results obtained with measurement sets
characterized by different accuracy are very simila
showing the algorithm flexibility: the procedure is
valid even with weak data. The more accurate set i : ; : : : ’ ; 5o
characterized by variances with almost one order ofFig. 5 — Iterations with Initial Estimate insideeth
magnitude lower than the other. Convergence Interval

It is noteworthy that the computed -calibration

parameters are comparable with the calibratioho test the “low cost” calibration procedure on
certificate values, provided by the builder andgyros, a constant angular velocity was imposed by
obtained by means of a precisely adjustable 6 DOPlacing the sensor on a 16 rpm record player at 18
platform. different positions (fig. 7).

Only few (4-5) iterations are necessary to find thdhe realized angular velocity was measured using a
final solution (fig. 4). If the used initial estiteais video recorded with a webcam.

not equal to (12), the number of iterations raises




Misalignment Angles
T T

Initial Estimate
»

Upper Limit Convergence Interval

DEGREE

Lower Limit Convergence Interval

L
\ -
Il

0 T2
Iteration Number

Fig. 6 — Iterations with Initial Estimate outsidaet
Convergence Interval for Misalignment Angles

For the MEMS accelerometers, the low cost method
guarantees satisfactory
parameters are very near
certificate, and the algorithm is very flexible,
working even with week data.

Accuracy obtained in the MEMS gyros calibration
is not very satisfactory, owing to the coarse aagul
velocity
employed.

results. The obtained
to the calibration

impressed and to the rough model
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Fig. 7— A 16 rp Record Player to Impose a
Constant Angular Velocity

A mark was drawn on the rotating plate and anothér
on the fixed part of the record player. The angular
velocity was evaluated by counting the number of
frames between successive alignments of the marks.
The fps was known, that is 15 fps. Because of the
method inaccuracy, standard deviations of the
calibration parameters are significantly worserad f
the gyros. The results of the gyros calibratiorr
procedure are shown in table 3.

Gyro MEASUREMENT SET

a['] b [bit] k*[(rad/s)/bit]| e

-0.0089 | -0.0026] 0.013] _ 2858 _ 36213 345p8__ 10885 9598575

0, =+0.5° Gp =60 Ok =+4.5e-7

CALIBRATION CERTIFICATE

a['] b [bit] k " [(rad/s)/bit]
[ — |

— 28575 | 36338] 34681 9651]  940p 941

]

Tab. 3 — Gyros Calibration Results

CONCLUSIONS

A low cost algorithm for the calibration of a low *®
cost IMU has been tested. The procedure employs
only the magnitudes of the necessary reference
information, avoiding the use a 6 DOF rate table. *
To validate the method, the calibration parameters
are compared with calibration certificate paranseter

provided by the factory of the employed instrument.
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