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IMPLEMENTING THE SENSOR FUSION OF THE GYROSCOPE AND A
COMPASS BASED ON THE KALMAN FILTER

This paper presents the accuracy enhancement of the observed magnetic declination
by applying a sensor fusion algorithm. Sensor fusion is executed based on the Kalman
filter, which uses the measurements of the gyroscope and the magnetometer (compass) and
produces an estimate of the magnetic declination. The latter tends to be more accurate than
the measurement itself. Implementation results of the Kalman filter are presented to verify
the enhancement of the magnetic declination accuracy.
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declination, gyroscope.

Introduction. Current MEM S motion sensors generate an output signal with
some undesirable disturbances mixed. The presence of disturbances can cause
unacceptable issues in the embedded systems. To reduce those irregular
fluctuations from the observations, sensor fusion agorithms are used. Sensor
fusion is a software, which combines data from several sensors to achieve more
accurate and reliable system performance than it could be obtained by using only a
single, individual sensor [1].

This paper produces a sensor fusion algorithm based on the observations of
the gyroscope and the magnetometer (compass) to enhance the accuracy of
magnetic declination. The implementation of the sensor fusion is done based on the
Kaman filter. Kalman filter is an algorithm, which uses measurements from
sensors acquired over time, and produces estimates of unknown variables that are
considered more precise than those based only on a single measurement [2]. The
main advantage of the Kalman model is that it is a recursive filter, and that it does
not need to keep the measurements history other than the state obtained at the
previous time step [3]. Kaman filter is suitable for high-speed sensors, which
makes it convenient for real-time problems [4].

The simulation of the real-time Kalman filter algorithm is executed in the
system design platform LabVIEW, and the obtained results during the simulation
procedure are presented in this paper.
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Subject of investigation. The filtering operation of the Kalman model is
based on LDS (Linear dynamical systems) discretized in a time domain. During
each time step, a linear operator is applied to the previous state to compute the
output state, with some disturbances mixed in, and optionally some information
from the controls on the system if they are known [5].

CMPS2 anisotropic magneto-resistive digital compass is selected for
magnetic declination measurement. With the three-axis Memsic’'s MM C34160PJ
magnetometer on it, the sensor provides accuracy from 1 to 3 degrees. For the
acquisition of yaw axis angular velocity, L3GD20H MEMS motion, a three-axis
digital gyroscope is chosen. Both sensors are controlled by ATSAM3X8E 32-hit
ARM core microcontroller. The microcontroller queries the observations from
sensors and transmits them to the LabVIEW interface within a 10-millisecond time
period. The Kaman filter is implemented in the LabVIEW environment for
estimating the true state. The graphical software of the Kalman filter is presented in
Figure 1.

Fig.1. Implementation of the Kalman filter in the LabVIEW interface

The algorithm of the Kalman filter consists of two phases. The first phase
called “Predict” phase, produces a prediction of the true state based on the previous
state. The state of the Kalman filter is presented by two matrixes: the state estimate
matrix Xy, and the error covariance matrix P«. The Kalman filter model supposes
that the new state estimate at time k is obtained from the previous estimate (at k-1
time) by the equation below [6]:
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Xk = Fka—l + Bkuk + Wk, (1)

where

e Xy isthe current state estimate (at time k);

e X1 isthe previous state estimate (at time k-1);

o Fyisthe state transition (prediction) matrix;

e Uk isthe control vector;

e By isthe control input matrix;

e W is the process noise, which is assumed to be drawn from zero mean
multivariate normal distribution with covariance Q.

The state estimate matrix Xy contains two variables. The first variable is the
magnetic declination value presented in degrees and the second variable is the
angular velocity of yaw axis presented in degrees per second:

Based on thea;, = ay_; + w,dt kinematic relation between the rotational
angle and angular velocity (time period dt = 10 ms), the state transition matrix,
which is applied to the previous state X.1, will be:

1 dt]_ 1 0,01
F= [0 1] B [0 1l

Control-input matrix Bx and control vector ux are set to zero matrixes by
disregarding the control input variables. The virtual instrument (V1), which predicts
the current state estimate according to equation (1), is presented in Figure 2. The
Fi, Xk-1, Bk, Uk and wi matrixes are declared as inputs and X is declared as an
output matrix.

Fig.2. “ Current state prediction” VI

The error covariance matrix at the current state (at time k) is obtained from
the previous state (at k-1 time) according to [7]
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Py = FyPy_1Ff + Qy, (2

where
e Py istheerror covariance matrix at the current state (at k time);
e Py istheerror covariance matrix at the previous state (at k-1 time);
1 0]_
0,01 1r
e Qisthe covariance matrix of the process noise.
Covariance matrix Qis obtained during the testing procedure of the system:

« FTisthe transpose of Fx matrix, F = [

var(a) cov(a, w,) _[0,00022 0 ]

= |cov(w, @) varw,) | =1 0 0,00006

The virtua instrument, which predicts the covariance matrix based on
equation (2), is presented in Figure 3. Fx Px1, Qk matrixes are declared as input
variables and Pk is declared as an output variable. The initial value of error
covariance matrix Py is set to the identity matrix.

F cseseseselzmres

Ple-1) S AL Pk

error in (no error) ===

Fig.3. “ Covariance matrix prediction” VI

After the accomplishment of the prediction phase, the current state is
computed, and the Kalman filter obtains the observations from sensors. At time k,
the observation matrix Z is made according to [8]:

Zk :Hka‘l‘Vk, (3)

where

e Zisthe observation at the current state (at timek);

e Hy isthe observation model;

e Vi is the error observation noise which is assumed to be zero-mean The
Gaussian white noise with covariance R.

The observation matrix Zy consists of magnetic declination acquired by the
compass and the angular velocity of the yaw axis measured by the gyroscope:

AMD|k|obs.
k= [ Wz|k|obs ]

The Hi observation matrix is established as an identity matrix, due to the

observation matrix Zy and the current predicted state X« are on the same scale:

194



me=[p 9

During the second phase, which is called “Update” phase, the predicted state
is fused with the current observation information to produce the best estimate of
the state [9]. The information flow of the Kalman filter during the one time step is
introduced in Figure 4.

Previous State (attime k-1) | Prediction Phase Current Predicted State (at time k)
X1, P Xi, P
Observation (at time k) \/\f\Updallng Phase Qutput Estimate of State
Z W Xk, P

Fig.4. Kalman filter information flow

Xk and P are respectively the updated (best) state estimate and covariance
matrixes. These matrixes are considered to be the output state of the Kalman filter.
They are considered to be the output results of the current time step and,
correspondingly, the initial variables for the next time step. They are computed by
the equations below [10]:

Xy = X + K'(Z, — HiXy), (4)
P];:PR—K’HRPR, (5)

where K’ isthe Kalman filter's gain which is cal culated according to:

K' = P HT (HeP HY + Ry) ™. (6)
R« is the covariance matrix of the observation noise. Since the observations from
the sensors are uncorrel ated, the covariance of the measured MD and angular
velocity will be zero. The variance of the measured magnetic declination and the
variance of the measured angular velocity are obtained during the system testing
procedure according to the sensor’ s accuracy:

[ vartew)  covtamann) 022

0
7 cov(wapm am)  var(wgpm) 0 0,06]'

The virtua instrument, which updates the state estimate based on the
equation (4), is presented in Figure 5-a. The Zx, Hix, Xk, and K matrixes are
declared asinputs and X is declared as an output.
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The updating process of the covariance matrix is done by “Updating
covariance matrix” VI (Figure 5-b) based on equation (5). Hk, P« K are declared as
input variables, Px is declared as an output variable.

Zk reacacacacacay
H soererenexmren 3 esesesesc[ R rmTEn
O g )
Kond [ = ermor out K ¢ e MU e 10T OUL
: =
error in (no error) - error in (no error) s
a) b)

Fig.5. “ Updating current state” VI (a), “ Updating covariance matrix” VI (b)

Results of investigation. Figure 6 shows the obtained results when the
system does not rotate (a), and the system rotates around the Z-axis (b). The red
plot presents the magnetic declination (MD) acquired directly from the compass
and the green plot presents the filtered magnetic declination value.

e | [ Erwre— ]
-] [ ]

Time fcmnch)

a) b)
Fig.6. The obtained results during the investigation. Red plot: MD value measured fromthe

compass, green plot: thefiltered MD value when the system does not rotate (a), and when
the system rotates around the Z-axis (b)

Conclusion. The sensor fusion of gyroscope and magnetometer (compass)
based on the Kalman filter is implemented in the LabVIEW environment. The
investigation results are presented in Figure 6. The latter verifies that the Kalman
filter enhances the accuracy of magnetic declination by more than 10 times.
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QprNUENNb 69 4N1U0U8Nh38h 2UONPULED UPU2NPLUTUL
PrOYULUSNRUC YULUULE QSP2P ZPUUL YU

Uknjuyugdws b swihdws dwuqhuwljui hwljdwb wpdtph donmpjut judupynudp®
Yhpwoking wdhsutph dhwanydwb wygnphpd: SYhsutph dhwdnynudu hpuljubug]us b Quy-
dwih qunhsh Yhpundwdp, nptt oqunuugnpstiny ghpnulinuh b dwqhuwswthh (Yonduwgnygh)
suhnidlibpp . Juwnwpnid b dwqihuwfwi hwldwd hwpwpl: Shpohtiu huljjws b wityh
Uks Sognunnipyuily, pul uljqpiwljwt swthnidp: Ywjdwh quupsh hpuljubwgdw wpgniip-
tbpp tbpjuyugdmu ko' hwuonwnbm hudwp dugqihuwlub hwldw dogpumpyut u-
Juplynudp:

Unwigpuyhl punkp. vjhsutinh dhwanynud, Gudwih qunhy, §nnuiimgnyg, dwquh-
nwswith, vwgqithuwlw hwlnud, ghpnuynwy:

JA.C. TAJIIKAH, CA. ABYHISH, AM. MOMJIZKAH, H.C. ITYXSH,
P.B.T'YMPOSH, T.K. KAIINTAHAH

CJIMSTHUE U3MEPEHUI THPOCKOIIA 1 KOMIIACA HA OCHOBE
OUJIBTPA KAJIMAHA

PaccmaTpuBaroTCs BOIPOCH MOBHIMICHNS TOYHOCTH U3MEPEHHOTO MAarHUTHOTO OTKIIO-
HEHUS ITyTeM MPUMEHCHUS allTOPUTMA CIUSHUS HaTIUKOB. CIHSHIE JAaTIYMKOB BBITOTHICTCS
Ha ocHOBe (mpTpa KanmaHa, ¢ MOMOIIBI0 KOTOPOTO, MCIIONB3YS U3MEPEHHUS THPOCKOMA U
MarauTomerpa (KoMraca), IPOU3BOAUTCS BHIYUCIEHUE MArHUTHOTO OTKIIOHeHus. [locienHee
UMEeT TCHIICHIIMIO OBITh 00JIee TOYHBIM, YeM caMo u3MepeHue. [IpencTaBiaeHbl pe3yabTaThl
peanmzanun GuipTpa KanmaHa Iy MONTBEPKACHUS MOBBIIICHUS TOYHOCTH MAarHHTHOTO
OTKJIOHCHUS.

Knrouesvie cnoea. cnusuue nataukoB, Guiasrp Kanmana, kommac, MarHUTOMETP,
MarHUTHOE OTKJIOHEHHE, THPOCKOIL.
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