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Abstract—th usses the attitude estimation kalman filter solution is proposed, however due to the

problem using o-Electro-Mechanical System involvement of a non-linear system of equations, the Extended
(MEMS) inertial sspsags; for which a complementary sensor Kalman filter version has been employed.

fusion solution is P sty the Kalman filter. The

system hardware includ ree a8 Ryroscope, accelerometer

and magnetometer along a Xixed\point DSP controller. 3  ATTITUDE DYNAMICS

The 3-Degrees of freedg DOF) quaternion based . . .. N
algorithm had been  initidds S For the derlamlcs of the attitude of a rigid body, let w =
MATLAB/Simulink. A rapid protots [oox Wy wz] are defined as the instantaneous rotation rates

adopted using the MATLAB Res
Coder for direct code generation

about the body axes x',y’, z' respectively.

parameters. The developed system upd ates at 501
accuracy better than 0.5° which conforms to s
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1 INTRODUCTION

The availability of cheap MEMS inertial sensors and K
MIPS DSPs has enabled the development of low cost strap
down attitude estimator modules. However at present MEMS
sensors have more noise and bias drifts than their traditional
expensive counterparts, resulting in the accumulation of a
reasonable error over time. Fortunately the problem can be
mitigated by using complementary sensors along with data
fusion schemes to obtain a more optimal attitude estimate.
Similar work has been carried out such as in [4], [5] & [6].
Moreover commercially available modules such as those
provided by XSENS [8] employ the same techniques and
achieve accuracies less than 0.5 degrees.

The goal of this research was to develop a module that can
be customized for use in different applications and test
different algorithms for increasing performance. In this context
a rapid prototyping approach has been adopted in order to
reduce development and testing time, considerably reducing The solution to this preb
cost. This paper presents in detail the implementation of an  dynamics where the attitudeq
extended Kalman filter using full quaternion for attitude
estimation.

sin(¢) tan(8) cos(¢) tan(0)\ /wy
cos(¢) —sin(¢) <“’y> 1
in(¢) sec(f) cos(¢)sec(8)

are the roll, pitch and yaw angles respectlvely
and follow the sequence yaw around z', than pitch around y

The above eqyatig 3 be integrated numerically but is
because of the presence of
transcendental fuhetiehs—VIoreqver there are singularities at

2 SENSOR FUSION 9= a0+ L4, +Jaz + kas

Sensor fusion involves collecting data from various sensors
and applying data fusion techniques to obtain optimal
measurements. For the case under consideration we predict the
gyroscope bias by using an additional attitude estimate
obtained via 3 axis magnetometer and accelerometer
measurements. To address this sensor fusion problem the

Then attitude dynamics in terms of quaternion can be
expressed as
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The equation is much computationally simple and has no
singularities. Moreover at low integration times At, assuming
constant body rates, the equation is linear and can be solved in
closed form yieldi
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4 THE GYROSCOPE BIAS DR

In a strapdown Inertial Measurement Unit (I
is obtained by integrating the angular rate ouftp
gyroscopes given the initial orientation. However
bias drifts in the gyroscope, error integrates over tiyg
phenomenon is displayed below.

e. The
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Figure 2 - Rate integration from a gyro with bias

Mathematically the rate measurement from gyros can be

given as
) 5)

Where b denotes biases in each axis. The bias error is
considerably higher in cheap MEMS based gyroscopes as
compared to their expensive traditional counterparts.

The same error can however be eliminated by updating and
correcting the bias error using complementary sensors and
employing a suitable sensor fusion technique, such as the
Kalman filter.

wq + by

2(‘) = ((1)2 +b2
w3 + b3
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5 THE EXTENDED KALMAN FILTER

The Kalman Filter was initially developed for linear systems
in 1960 by R.E Kalman[l] and is actually a dynamically-
weighted recursive least-squares algorithm. One way to apply
the Kalman filter to a non-linear system of equations is to use
the extended Kalman filter where we linearise the system
dynamics and the measurement function around the expected
state X (—) and then apply the Kalman filter as normal. Table-I
lists the implementation equations and is adapted from the
reference in [2]. For our problem we need to derive the state
transfer and measurement functions and the noise covariance
matrices.

6 THE COMPLEMENTARY SENSORS

A 3-axis Magnetometer and a 3-axis accelerometer have
been employed as complementary sensors for attitude
estimation. Attitude estimate from these two sensors does not
drift with time as compared to the integrated rates from the
gyros but is corrupted with high frequency noise.

TABLE 1 - THE EXTENDED KALMAN FILTER EQUATIONS

Ek = fk—1(£k—1 )+ l5_1"7:{—1
wkm N(OJQJ{)

System dynamics

Ek: h, (i:k) + ak—l
v~ N(0,R,)

Measurement

Covariance P = ([Ek — %] [Ek - &] r)

State propagation

(=) = foca(Bma ()

A

— B2

Dynamics linearization 2
X

Br—v

#=X—1(+)

Predicted measurement 2, =hy (fk (_D

_ oy

Measurement linearization F
X

Hy

==Kp(—)
State covariance propagation P, (—) =@,_,P._,(+)07_, + Qi_,
Feedback gain Ky = B (DH{HP(HI+ R
State update F(3) = £, (D) + K (Z, — 2

State covariance update B (+) = (] — K H)B.(-)

N

The accelerometer measures acceleratio,
inertial acceleration in the sensor fea
below:

dge to gravity and
is shown as

#

5
Z—yg

(6)

Zaccels = T
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However if an on-board GPS is present or inertial acceleration
is negligible as compared to the value of g, than the value of g
could be mapped on to the accelerometer sense axes by the
following:

-

Zgccels
Qa5 -1 +2q7 269, +2q095 24193 — 2009, 0

=| 24,9, - 24475 D423 24,05 + 2900 < 0 ) ™)
24:95 +R404 2q0q1 (g5 —1)+2¢3/) \79

Where the 3x3 \@matri
frame to the sen
yielding

rotation matrix from the local

= -290% )

N
Zaccels

Similarly magnetometers measure netic field in

the sensor frame, given as

B
Emags =T By
B,

)

o

Where T is the same rotaion matrix as above. TheMarfe ca
simplified yielding:

2mags
B, (—=1+2q§ + 2q}) + 2B, (q:192 + 4093) + 2B,(=q0q; + 4143)
= By(=1+2qf +2q3) + 2B,(q192 — 9093) + 2B,(qoq:1 + G235)
B,(—=1+2q5 +2q3) + 2B, (qoq2 + 4193) + 2By (=041 + q293)

7 THE IMPLEMENTATION EQUATIONS

The state for the system is given as
i=[q@db] (1)

Where body rates and biases are assumed to be random walk
processes. The state quaternion is initialized by user input or by
using a deterministic vector based attitude determination
method using the accelerometer and magnetometer inputs. The
state transfer function ‘f” is than given as

qk+1 Aqy,
Wir1 | = Wi | (12)
by+1 by,

The linearised dynamics ‘@’ can be found by taking the partial
derivative of state transfer function, yielding a 10x10 matrix.

For the measurement equation we use the mathematical models
of all 3 sensors and is given as

Design and Development of a Sensor Fusion based Low Cost Attitude Estimator

Zaccels
h(X) = Zmags | (13)
Zy
This is then linearised by taking the partial derivative yielding
2949, —29q; 2990
/ 299 ~2990 —299s
—49q0 0 0

| 4Byqo — 2B,q; + 2B,q3
H = 4B,qo + 2B,q; — 2Bxq3
4qu0 - ZByql + ZquZ

0

0

0

4B,q, — 2Byq, + 2B,q3
ZBZQO + ZquZ
—2Byqo + 2B,q3

—2B,qo + 2Byq,
2Byq1 + 4Byq; + 2B,q3
2Byqo + 2Byq3
0
0
0

—294
—299;
4943
2Byqo + 2B,q1
—2Byqo + 2B,q;
2Byq, — 2By q; + 4B,q;
0
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Now the process noise covariance is given as

o= OO0 OO0 OO
SO OO0 OO0 oo
O OO0 o0 OO

)
i (14
)

or o oo ocoocoo
OCORm OO0 OO0 OO
RO oc oo ococoo @99

2 0 0 0 0 0O O O 0 O
0 g2 0 0 0 0 0 0 0 O
0 0 ¢2 0 0 0 0 0 0 O
0 0 0 62 0 0 0 0 0 0
0=|0 0 0 0 g2 0 0 0 0 0 (15)
0 0 0 0 0 g2 0 0 0 O
0 0 0 0 0 0 g2 0 0 O
0 0 0 0 0 0 0 62 0 O
0 0 0 0 0 0 0 0 o2 O
0 0 0 0 0 0 O 0 0 of
g.is the expected quaternion system noise, o, and oy,

aptlom walk on the body rates and  gyro biases

Jor or measurement noise covariance is given

by
Olecet O 0 0 0 0 0
0 % 0 0 0 0 0
0 o0 (oZca 0 0 0 0 0
0 0 0 0 0 0 ©
R=| 0 0 o o o o] (16)
0 0 Glag 0 0 0
0 0 a2 0 0
0 0 0 a2 0
0 0 0 0 a2

gyros respectively.

8 MATLAB/SIMULINK IMPLEMENTATION

A model based, rapid prototyping approach had been adopted
for the project. For the said purpose Simulink was selected for
algorithm testing and source code generation for the target
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system. This enabled to avoid the tedious source code C280xIC2833% —
development and testing phases, minimizing the overall Calibrated Raw Gyro, Acc, Mag [#-ALL n GPIOX

rototyping time. aADC Toggle | GPIODO
P yping Signal Conditioning ADC Digital Output

The main Filter algorithm was written in Embedded Matlab gpiatout

block so as to facilitate code generation for the target system
using the real time eathedded coder [7]. The remaining blocks
of the final » onsisted of signal conditioning blocks
which applieX leactors, offsets and alignment matrices
on the raw sek R addition there were the target
support packageb arget initialization, the ADC and

bias_out

(C2B0x/C2833x
Data

SCIXMT
SCI Transmit

V_inertial_out

mags
euler_out

dt_gp=

pgr_out

igps_update
unfiltered_euler_out

XYZ_inertial

the Serial comm [ eosfieriout ;
Slmuhnk implement Attitude_Estimator P_out StFZBIJB eZdsp
P and alone code
xhat1 — using Flash Memory
" . P-{5YZ_inertial_prev
The first step in the (2] -
developed algorithm. Thi 6 el o S— -
XSENS motion sensor, o ’ b “ﬁ“e’ed}j,"z'ei’nenialjreumn A
interface routine provided with X {bodyA P
. . . unfitered_euler -
for the application to run on Simu v _inertial
bodyAcci -
A pcount
CEr V_inertiall L
Free-Running Embedded
MATLAB Function
Unit Delay3
>
-
Unit Delay2
E g
Lz [
Unit Delay1
I %
-
code in floating point but we had to do this in single precisi ure 3 - Simulink Implem:lenltatlon of the embeddable
format compromising our accuracy. However once mode
algorithm was embedded and the results compared, only
negligible difference was found. -~
Sensor Interface Board ___ DSP Controller
u 3-Axis .
9 THE SYSTEM HARDWARE g Magnetometer
The developed hardware consists of a DSP based processing
module upon which a sensor interface board is mounted 3-Axis .

consisting of all 3 sensors. These sensors provide analogue data Gyroscope

Signal Conditioning

1 1 1 1tioni 1 . To Host
wh%ch after passing thrgugh a signal conditioning network. is van N e PR
delivered to the 12-bit ADC channels of the processing 3-Axis . e "
module. The algorithm is updated at a frequency of 50Hz with Accelerometer !
the gyros sampled every time. However accelerometers and i i‘c’fev‘emﬂm
magnetometers can be sampled at a much lower frequency of o n

GPS GPS
around 5Hz. Receiver Interface " Processing
e
Figure 4 - Hardware ram
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Quat1 Euler1 pur1 Unfiltered Euler1

Unfilterd Euler

Euler2 Unfiltered Euler
Data exchange between th ﬂ
through a serial interface, \
. . . (7 Serial Configuration
calibration has been done using tl kel

debugger. Error Yariance

Table Position Encoder

10 SYSTEM CALIBRATION AN FIN ﬂ Error Mean

. . . Attitude Profile
The system calibration has been done using 3

loop (HIL) test bed employing a rate table.

that could be done we also had to estimate th¢ . . ]
Figure 6 - Simulink Test Bench

MATLAB animation blocks have been customized and are
as a visualization tool in the test bench. This is a very
add-on and helped especially in the early calibration
orithm verification phase, where errors were huge and it
impler to interpret the attitude from a 3D objects
the figure rather than inferring graphs of the 3

calculating the standard deviation. They were estimated

, and . The proge
noise coefficients were dependent upon our overall syst®
requirements. Initially they were estimated and later tuned for
better results and were found to be s and

The next thing to do was to calibrate individual sensor in terms
of scale factors, offsets and alignment matrices (for removing
non-orthogonality). This was achieved using a helmholtz coil
for the magnetometer, rate table for gyros and tilt table for
accelerometers.

The algorithm also requires the ambient magnetic field unit
vector and the value of g in the local co-ordinate frame which
we have selected as the North-East-Down (NED) frame. These
values are calculated and embedded into the system.

Finally the whole system is calibrated and tested using a
Simulink based HIL testbed and visualization tool. The
complete hardware is placed on the rate table and is given a
known rotation profile. The estimated attitude is than Figure 7 - The 3D VisualiZation
transferred via a custom serial protocol to the simulink testbed,
upon which errors can be calculated. If required calibration
parameters can be changed in real time using the RTDX

display panel accelerating the system calibration. 11 PERFORMANCE RESULTS

The system’s static accuracy and was found to be 0.29 degrees.
Initially for dynamic movements of over 20deg/sec the
estimated output was seen to considerably lag with delayed
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settling. This issue was however solved by fine tuning the
process and measurement noise coefficients. The following
graph illustrates the performance results. The errors above 0.3
degrees show regions of movement.
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Figure 8 - Attitude Estimamr})

PROPOSED FUTURE WORK

The paper demonstrated the use of a full quaternio f
attitude estimation. However it is still much complex andNimts
the maximum update rate to only 50Hz. Other less
computationally intensive algorithms does exist such a
error quaternion implementation which will be able to increas

the update rates to even 100Hz. This will considerably improve
the dynamic accuracy.
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