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Accurate Navigation of Marine Vessel, Using the Integration of Inertial Navigation
System (INS) and Global Positioning System (GPS), Applying Extended Kalman Filter

S.V. Ghasemzadeh

Electrical Engineering

Fasa University
(Received: 11/December/2015 ; Accepted: 5/March/2016)

ABSTRACT

Inertial navigation is a method to determine the position, velocity and attitude of a vehicle. In these systems, three
perpendicular accelerometers and three perpendicular gyroscopes are used to measure linear accelerations and angular
velocities of vehicles, respectively. Using some special equations and the measured accelerations and angular velocities,
the position, velocity and attitude of a vehicle can be determined. Although these systems have great advantages, some
disadvantages such as the increase of error position, velocity and attitude of vehicle by the passage of time exist. These
disadvantages are due to errors of inertial sensors. In this paper, firstly, a suitable error model of inertial sensors is
proposed. In the following, to decrease these errors and to correct the operation of inertial navigation system; the INS is
integrated with GPS. Integration of INS and GPS is done using extended Kalman filter. To this purpose, required
equations and relations for integration of INS and GPS are extracted and proposed completely and illustratively.
Finally, the simulation of integration of INS and GPS is presented for two different motion scenarios. The results of
simulation show great improvements in characteristic of INS+GPS system in comparison to INS individually.

Keywords: Inertial Navigation, Accelerometers, Gyroscope, GPS, Extended Kalman Filter
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Measurement Update (“Correct”)

fme Lt (el (1) Compute the Kalman gain

K = BHTHPAT+R]

(1 Project the stafe ahead

b= A 4B,
(2) Update estimate with measurement 7

(2} Project the error covariance ahead

Po=AP_AT+0

(3) Update the error covariance

P, = (I-K P,

Il estimates for 4, and Py

A 50 s pSeslail g Sley Gla,je,a Luly, 1(F) S
.Q‘Jlf

SrSoylal g Sloy Sluyiera ol F USS Gillae

Oygods a5 wib oo iu Vg ¥ Jels cus s plas e
(b A e 0 Nadge el 0o s Zily 9 6)lSS
SoSay Uax il ylgsS il ailols cdl> oY oles
(s pSolul Sluyie,a Jolee o odelcusoas (sla al)by
GSloplle aleye 0 sl (St 5 PSR
oy damle Jold calizee s daw 0 5 (550l
T 95 polie ulalp Xk <l sla ol )l uess (opallS
9 INS 2l alole jo 05d oo plxil Zk (5 ,uSojlil g
F Uy ealple Lls, 51 L8 isu j0 ouds S ,xe GPS

Sl 0 6):5")4::‘

9 ol b Kus sblbs gilw o -0

P99
GPS 5 oyl b sdli sbaaslols giluas cqo
6l S slalls I cenlie Jio o5 Il & el oY

285 glallas (n Sege 09b Al oSy nf g el
(bias) Wbl ol ale wlbad bl bgjleJoe oyl
oo ol (NOiSE) g8 «(scale factor) cowles
Gy o2l g (cross-axis-sensitivity)  ablise

aS K polie gl ranil wyiws ;0 GPS slecsls 51 (o
(k =100, 200, 300,...)

Kf,k = Pk_l HII(HkPk_HI;r +Rk)_1

&k 09><l 2k_
= + K -H
|:5a,\.kj| |:5é|: f,k(yk k 06X1 )

2, =1, +3,

a4 =a, + 5, (%)
P = P K¢ H Py

2o, =1(2, &)

5é-k_+1:[q)k] aa,

10151015
_ T
P =P PP +Qq

ol buly) g adlarwgi palls yilid (S ymo —)-F

yLs 51 GPS 3 INS slaasbels 5.l cg (L8 asu o
S A Ceond ol 00 (6550 alasuy ]S
by sleyign Ly, mioen J bl g opolls als
W) .A.tb|5.> o)L.i‘al ‘_g);o)’bj‘ LS;L“)jﬁ)"‘? P

Ly Sop sl e VA0 ans Sl jo WIS ild
Lad Jao 5l ald cnl jo 0,51 sgzgar (s3leyilid aykai o
B9 o plol iS5k O jgods pedd g ool colatll Sl
(S5l Dygeas plS e 50 est (50)5] Cawsas Sl
5 pole sloatd) 5l o)l o S (nl 65 e el
vy g Rl 5 Bim o obs, ol aled )5 50 (pwaige
Jlael L6 a5 glaailols o ook pallS kb el o
sba ol ) olyises s e slealls o Ll col
o5 ols 5l ojlee wigSepl jo 0ged colaiul i
SeSar Ygore by, (nl )3 d9dos 6 S0 aBbdngs
03y i hat glaae b (bl sladoe sk Lo
alele 59, » Jloel BB (el i3 & jg0 0l 5o 090 00
Dgr dlgm odnl Cowsdy o

(Gmoi) Sl ileoplione al> 5o 50 ol (29,
PSS 0 a8 adlboe (e pSojluil (g5loplae 4
S3b oo Gioles LB



VWAA s ) oyles 10 ol Lablen SlKo  _tmgls — cole aslilad

\PY

Ax in body frame

i 2000 4000 6000 8000 10000 12000 14000 16000 18000

o ol jo AX Clis 1(B) S

the rate of yaw:r

0.1 L

o A O
oosl P P P L P P P P i
] N -
] T S E e B S A —
] N N -
] N N -
1) SRS N O RPN N PN N E E— -
] N N -
T T E e E B S e R —

0
0 2000 4000 6000 8000 10000 12000 14000 16000 18000

T Slagly Cae e 1(F) S

bug & Glagy cepm 5 Ol sl

S0l INS wlolos Lo lossSnsf 5 agiwolis
Ly oadolnl e W il oo olyen Ua> L 09l o0
L 5 o5 anlyis odly IS nrpe s 5y INS aibols
00,5l ¥ S 10 ot 1 Lol gl el ol dlas
5 INS+GPS (GPS NS 4 Ly e &5 > (sl jone 5 o
Soges (S ol jo el eald ool lid a8l s
oged sl aly 5 o (2Bly ps @ bgye oS50
5 INS wlobe 51 oolid b aly <8 1 jaune oS5, 5m
|, GPS wilols b by &5 > s colins (sloabaii loges
il ) ool b 4 alisg S > s b0 e L

O byx gbls 5L, Jua  (misalignment)

03,51 (V) 5 (V) Ll o lasSug g 5 lagiwlids
DY) ol oo

AK
fmeasured = ( freal + Nfreal + kc fvertical + Ba +Va)(1+ ?) (\ o‘)
A !
Oreasured = (a)real + Sar + Bg +V, )(1+W) )
Loy eadgpSoilil ols f o (0) alal, o

e Sl Nodly ol f ) actis
(S0l jeme p Sges jeme QL ey il
bl ByugnSoslail jsme yr oges jome Coles K
AKy ol cope Kgwolid pg v, qiwolis
(Vo) ahly o aiiis mwoll whie cuyo sl
P98y Lawgs osdis S ojluil slaygly ey Dreasired
Sl o ol Gl S ly Slagly o gy
wird KlosSusn ng Vg osSusny bt By.a,

ookl b (b yo jabud e8> (g 5lwanls —F
GPS 5 INS il cboaitobu

L8y 90 ot oS, (gileand lp wwnd Gl o
ol S o Sles o oaddil) Gilive 5,
aslllas GPS/INS il &5 45 5 ko5 4 INS 5 GPS
SSee g S sl ) Giluand Cex oebo
ous oolaxwl Simulink/Matlab ,l58le 5 51 ¢ ;e5d0 glaaileles
b ol a5 caol oals 58 gl o5, L8, jo o]
O U O gody S0 olws j0 X jemme (gliwly o alews
A D Z 5y jeme sbiuly jo alwy b3 Sl 5 wil
o 2l s P slagly sloce pw rizras 5 Col £ S
a JEsl 5l e Glagly sbbce g ool () asiis
sbml 1y USSmye jes Sy ECEF claiis olfiws



\VPY

o laalobs 36 SSa b yo et G (885 (6ol

Gt a5 sl osds (55 eli K00 S > Lk, 4o

S o 290 5 Jol slajgmme Ll 5o polid (A3

Slazsly gloce o los ol ¥+ 98 Gl S8 & 50
M0=0,9=0,r=0) ol yao 5 dwg

Ax in body frame

i i i i i | | |
0 2000 4000 6000 8000 10000 12000 14000 16000 18000

o olws jo AX Glis H(R) JSCb

Ay in body frame

I S S S R S
0 2000 4000 6000 8000 10000 12000 14000 16000 18000

o olws o Ay Clis (V) S

5 GPS 5 INS ilize (sloailols o V) S o

oo plil (glanlio ANS/GPS (sloaloles 3uili prizeoes

000 iwddy yamo 45 34 oo odblive JSias 4z g5 b .l
ol So05 Aoy (o28ly ety Lo (il ol ]

S5, b el 0] Cwsas INS/GPS sl wleles jo ellS
2ali ailolu a5 548 oo cdmline .l ool ools jlis 50,8
Wl o035 Ay S8y 2Bly e 4 L

compatison of GRS | INS | GRSANS

120 j ! J !
ook . " SETU T J
BOF e TR A ----------------- e
o] R SRR e i X NI N [
I o l-rajectary :
* ops
AD oo gps-ins-kalman .......... 4
ins
0}
OF e R e e e e Y [
0 i I i ; i

i !
-0 ] a0 L] =] 2] 100 120 140

GPS alad 0y ;508 b baaibolus i, e (V) JSC

;L.AL" Lol o PLICO W uaJB A Ji“’ 5
el 00l alad 4l VO Gowdy GPS «lels INS+GPS
Cdo )l adl wlole 50 Sl ol jo aS 0ed o cdwlive

] )‘Q)P)'f L‘?’P G».w.:

comparison of GPS | INS | GPSANS

10 ! ! ! f ! !
100}y s .
1] R .......... RN . FAUTR PO SR
BOFooeeed | N ealtrajectory [l AR

* s

-ins-kl
ko W :gps ns-aman |
ns

Wfo R S S | SR S
D_ .......
2D 1 | 1 1 |

K i ! i i !
-0 0 20 40 0 80 100 120 140

a8 0525 b 00K L baaslols (L8 anlio :(A) S
GPS



VWAA s ) oyles 10 ol Lablen SlKo  _tmgls — cole aslilad

\lai

oaslobo b ow il (69l aibole 3oali ol oo (Slolone
3 ab>de B sgage el GPS wiile ;55 (9l SeS
albol g0 3l llin ol jo 090 o0 bl (pl o, Slas
apdy pbal oS il plbay ol oSl Lawg (S de
Slp 57 Glite sl 55 50 Giluand @b ol
GPS 5 INS il alle a5 was oo olis obye olis
Sl 0, Sles g wds sl olesa INS aloles a4y coois
Sdeds GPS ahad b > o inils ailelos o .ol oo s 5L
(JeB B axg 4 055 5,Slec 4 INS ailole a il Y-
i 3l 6l pae GPS suzme Jog 5l dm g aas o dalsl

s’.”jﬁ’b\-ﬁ:’.—)\

09,5) Olpl 2l mlio Gome 5 (Jbo Zolax L ojgn ]
alS sl cwl pg¥ g ad pdy pboxl (Gt olhe apd mbo

Lsly (nl 50 &5 i pgb g B (it lagisu sl
Dl Jesas o a8 5 Sas wilesges (5, Sen

&1y -

1. Grigorie, T., Lungu, M., Raluca, I. and Obreja, R.
“Concepts for Error Modelling of Miniature
Accelerometers used in Inertial Navigation
Systems’’, Annals of the University of Craiova.
Electrical Engineering series, No. 34, pp. 212-
219, 2010.

2. Farid Abdelfatah, W., Georgy, J., Igbal, U. and
Noureldin, A. “FPGA-Based Real-Time
Embedded System for RISS/GPS Integrated
Navigation” Sensors, Vol 12, No. 2, pp.115-147,
2012

3. Duc-Tan, T., Fortier, P., and Huynh, H. “Design,
Simulation, and Performance Analysis of an
INS/GPS System using Parallel Kalman Filters
Structure”. REV Journal on Electronics and
Communications, Vol. 1, No. 2, pp. 88-96, 2011.

4. Falco, G., Einicke, G., Malos, T., and Dovis, F.
“Performance Analysis of Constrained Loosely
Coupled GPS/INS Integration  Solutions”,
Sensors, Vol. 12, No.11, pp. 15983-16007, 2012.

5. Sokolovic, V., Dikic, G., and Stancic, R.
“Integration of INS, GPS, Magnetometer and
Barometer for Improving Accuracy Navigation of
the Vehicle”. Defence Science Journal, Vol. 63,
No. 5, pp. 451-455, 2013.

6. El-Diasty, M. “An Accurate Heading Solution
using MEMS-Based Gyroscope and
Magnetometer  Integrated  System(Preliminary

compatisan of GPS NS | GPSANS
120 ———
: ‘ S| — o rajectary

1DD- ....... AV *ogps H
: T N : gps-ins-kalman

g0

G0

40

0

0

0k [

-A-UED 6 EID 160 Wéﬂ 260 Qéﬂ SDID 3%0 leID 450
o S5 50,5005 b bailolas lis ) aslie :(1Y) JSC&

GPS alob 50 IS ol

alolu ¢ aal wlelw o Conl oals (5,8 VW S 0
(ol 00l 728 VO S ooy YOS U Y+ S 0090w 4o GPS
alolw GPS alad 5429 L v oo lis (gilhants s

Wl 0465 1 o B STl jorn aals

comparison of GPS | INS | GPSANS

120 T T T ! T T T T
oL D | —lrajectory
ook G I *ps H
: || (A : gps-ing-kalman
1] - ........

B0

a0

2

0

a0k

40 | | L i | i 1 L i
-a0 0 50 100 150 200 250 300 350 400 480

s S 0,550y b baailelis L8 anglie :(VY) JSCB
GPS alad 392 by JS5 oy

S5 Az -Y

Sz boable on e 514 oyl sl glaalel
aiboe Syme Jlug Condy g S woabye (ros
sl g oyl Gl K sl dex 51 Slalks ol ls



V2O

o laalobs 36 SSa b yo et G (885 (6ol

10. Titterton, D. and Weston, J. “Strapdown Inertial
Navigation  Technology’’, (2nd  Edition),
Institution of Engineering and Technology,
United Kigdom, 2004.

11. Huijts, M. “Low-Cost GPS Aided Inertial
Navigation System for Vehicular Applications”,
M.sc Dissertation, KTH Royal Institute Of
Technology in Stochholm, 2005.

12. Grigorie, T., Julia, N., Cepisca, C., Racuciu, C.
and Raducanu, D. “Evaluation Method of the
Sensors Errors in an Inertial Navigation”, Wseas
Transations on Circuits and Systems. Vol. 7, No.
12, pp. 977-987, 2008.

13. Ghasemzadeh, S.V. “Modelling and Simulating of
Inertial Navigation Systems in Inertial, ECEF and
NED Coordinate Systems”, Aero. Mech. J. Vol.
14, No. 4, pp. 75-89, 2018 (In Persian).

Results)” ISPRS Annals of the Photogrammetry,
Remote Sensing and Spatial Information
Sciences, Vol. I1-2, , Toronto, 2014.

7. Pham Van, T., Nguyen Van, T., and Nguyen, D.
“15-State Extended Kalman Filter Design for
INS/GPS Navigation System”, Journal of
Automation and Control Engineering, Vol. 3, No.
2, pp. 109-114, 2015.

8. Abdel-Hamid, W. “Accuracy Enhancement of
Integrated MEMS-IMU/GPS Systems for Land
Vehicular  Navigation  Applications”,  Phd
Dissertation, University of Calgary, Faculty of
Geomatics Engineering, 2005.

9. Bijker, J. “Development of an attitude Reference
System For An Airship”, M.sc Dissertation,
University of Stellenbosch, Faculty Electrical and
Electronic Engineering, 2006.



