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by accumulation of glroscopc and accelcromerer errors. Thcrcfore, in long-term navigation
applications, the INS vvorks with the aid ofothcr s)stems such as radio navigation systcms (Loran,
Tacan), satcllitc navigation systcms (GPS, GLO\ASS). The important advantagc ofthese systems is
stable performance. Consequently, there is a great nced for integration of INS with one of these
systems. The integration of INS and GPS is considered an optimal combination. Thc heart of
integrated systcm is Kalman algorithm.

'l 'he Kalman filtcr is a multiplc input, multiple output dlgital fi ltcr that can optimally estimate in
rcal timc the states of the system based on its noisy outputs. Some of the most succcssful applications
of Kalman filtering is that it can deal with nonlinear measurcment relationships. The principle
approach in such cases is to linearize the nonlinear model first and then apply the standard Kalman
filtcr to obtain the state of the system. There are eight such states which consist of velocity errors
(eV., eVs, eVp), drift terms (Gx, Gy, Gz) and attitudc crors (Tn, Tc). lhc GPS output is used as a
tool to estimate the error in the INS and to corrcct thc error as much as possible. It is called the GPS-
aided INS system configuration [4]. Looking at the state space model:

x : F x l  G u ( l )
where F is the d1'namic matrix (obtaincd by partial derivatives), x is the statc vector, G is thc dcsign
matrix and u is the forcing function.

Because our navigation system works in real time mode, we convert equation I to its discrete
time form:

xu*,  :  Ouxu *  rvu Q)

where tD1 is the statc transition matrix, w1 is the driven response at trrr due to the presence of input
white noise during limc intcrval (tk, tk*r).

Because this timc intcrval is short (rt means that the update rate of the INS is high), we can
approximate (Dk as:

O k : e ( r ' r ' )  3 I + F A t

and the covariance matrix associated wilh wr. is
q k  :  E [ w u r v f  ] !  o k c Q c r o l ^ t

. .  T  ,  ,  l
w h p r e  ( ? :  d l i t l o ; .  o , .  o - .  o ; \  6 - \  o - \ 1 .

[-ooking at the observation equation:
Z 1 - H 1  X 1 * v 1

* r  r r  . .  L  I .where  R ' :E lu . t l l - a iae [  o1  o :  o :  
I  

i s  t he  cova r iance  ma t r i x  f o r  v r .

In this system, we assume that the process noise w1 and the measurement noise
uncorrelatcd,

(3)

(4 )
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This equation can provide the virtual velocit) n'reasurernents to aid thc
srgna'l is lost, a complementary Kalman filter is used to combine the INS
measurements in order to reduce the position and velocitv errors (see Fig. ,1).

ll,l
l . i
I ' D l

(7)

IMU. When a GPS
and vifiual velocity

Fig. 4. Velocity constraincd navigation block.

3.2 Height Constrdints

This constraint is derir-ed from the fact that the height does not change much in land vehicular
situation, cspccially in short tin.re periods. It not only in.rproves the height solution, but also the ovcrall
horizontal solution accuracl, during GPS outage. IIo$'ever, a realistic measurement uncertainty value
must be chosen for these mcasurcmcnts, bccause any errors in the height solution rvill ultimately skew
the horizontal solutron.

4. External Ileading Aiding

To takc the in-motion alignment of the navigation system, we use the heading from GPS or thc
extemal heading mcasurcments such as magnetometer into the attitude computations. 1'he heading
error is an impofiance paramctcr bccause of its relation to thc system crror states. The heading error is
derived bascd on the follorving hcading computation equation which can bc transfomed to the
navigation lrame:

' : tan,E#]

5.  Expcr imentat ionResul ts

In this study, as for thc INS systcm we have used the IMU BP3010 (see Fig. 4) rvhich consists
of thrce ADXI{S300 gyos and three heat compcnsated ADXL2I0E accelerometers. The
measurements arc rcalizcd by IMU's micro-controllers and transmitted out via RS232 interface. The
unit transmits output data as angular incremental and velocity incremental data in serial frames of 16
b)4es at the frequency of 64 Hz.
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The error
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For the experiment of the IMU on road [6], GPS and the data acquisition system werc installed
in a vehicle. The vehicle was driven for 12 minutes in a 5 km trajectory. Initially the vehiclc was at
rest, with the engine on, for about 60 seconds in order to estimate the determined errors.

The update from the INS was taken every 0.015625s, the GPS update was taken every 1s and the
K-F was run every 0.5s to achieve better accuracy. The field test 2-D hajcctory is presented in Fig. 8.

Fig. 8. lrajectory of the experimental vehicle.

In the case that the GPS loses its signal as in an experiment in Frg. 9, thc INS continues to
compute the position during the period of lost GPS signal (from the 400"' to thc ,170ti scconds, in the
trajcctory in Fig. 9). It can be seen that the INS/GPS trajectory (solid curve) supportcd by KF follows
thc GPS onc (dot curve) u'ith small error for quite a long trip. Lr this combined structurc, thc closcd
loop KF is util ized rvhen the GPS signal is available and the open loop KF rs applied when GPS is
outagc. Wc notc that this figure shorvs the position of the vehicle along North and East direction on
the Earth instead of the latrtude and the longitude. The rcason is that we can prevent numerical
instabilities in calculating the Kalman gain.

0 ?,o r'o tto,,ff..,]T"o 
'J,fl,,'t* 

r'n 13m rntr

Fig. 9. Trajectory ofthc land vchicle in the case ofGPS outage. The insert shows the time time interval rvhere
thc GPS signal is blockaged.
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Figure 1 I . Roll (a) and pitch (b) angles of the intcgrated navigatron systen.

6. Conclusions

ln this paper, an eight state Kalman filtcr $as proposed to be used in order to cnhance the

qualiry of a combined GPS and INS system. The vehrcle motion constraints and magnctometer

measurements are utilized to reducc the INS eror degradation during the periods of GPS

unavailability. fhc cxperimental rcsults have sho*n that thc initial oalibration and alignmcnt is

accurate enough to allow navigation with IMU sensors for extended period of time with low dead

reckoning enors. In fact, the Kalman hlter trcmendously improves accuracics compared to thc GPS

and INS when operaling alone as individual navigation systems. The accuracy of estimated paramclcrs
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