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Original Research Paper In recent years, to reduce positioning cost for civil and robotic applications, low-cost inertial sensors,
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an inertial navigation system comprising low-cost inertial sensors increases due to significant
uncertainty of noises, bias and drift of MEMS sensors in short times. Therefore, combination with an
auxiliary system such as the Global Positioning System (GPS) is proposed in order to reduce the errors
through integration estimator algorithms. This paper aims to develop a new estimation algorithm for
integrated attitude and heading reference system (AHRS) with GPS. Kalman Filter is commonly used
for linear systems and its extended version has been used for nonlinear system. Generally, the Kalman
type estimators fall into trouble when the system exhibits nonlinear behavior and to overcome these
issues, the predictive estimator is considered in the paper. Design process of Model Predictive Observer
(MPO) is proposed based on the duality between the problems of control and estimation in linear
systems. To assess the performance of the proposed method compared with the extended Kalman filter,
practical tests of AHRS/GPS have been done on car and flight vehicles. The test results of the designed
MPO during all tests show the significant superiority in comparison to the extended Kalman filter.
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Table 3 Mean of absolute values of error by using the Euler dynamic in
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Table 4 Error angles in different modes for flight test

calisee slacdl> 5 )‘5;» S LS‘)'.' L\\5) 6Ua}4 Js»\’

EKF )5 a3 Jleo ll  EKF o las llas oSk MPO 5 Uas Loas Gl MPO s s sllas . Silee
Tp =4 Tp =2 Tp =2 Tp =4 Tp =2 Tp =2
N=5 N =10 N=5 N=5 N =10 N=5
6.3429 2.2053 5.8750 5.1342 6.0782 2.2117 2.0012 2.1206 Jss
(¢ (deg.))
3.4633 1.1425 3.2376 3.0980 3.4592 0.9943 0.8976 1.1052 &
(6 (deg.))
.‘ -
0.6515 0.3524 0.1075 0.0054 0.1267 0.1075 0.0234 0.1101 i
() (deg.))
e 1. N . g e .. 15 T T . .
W8S 50 (omsS g wld S aile lacalad pas S ess g9 0l - — MPO
)5 crass £55 cnl 5o (gile e Comdad pac gl talS (gl 040 oo EKF
Sealis Joo ot Al e JS5 @ 1) Conid e alex olsice or 1
anie o Sl —ow il (S 5 sl Al jo .85 L o cakie %D
blye 2975 b (Seollog iU 5 Sn (ool (sl K ) oslicial o 4, g
o
ol Glag pSeslail o 55 caabid pae asile (SNLEe T ojlasl 5 a e ©
25U wlg o5 Gaas s Soess dlie ool jo )0 352 b K
5 albaswg eSS S gl aes als 1) bogshd pae
Ol @ GGt S omedS Sl oad (b (oS5 el slaalels 0 200 400 600 800 1000 1200
35 g S Ly o)l albeles wsS e g ch e O b0ye5 0
S Lk olpls oo St s 55lul s pibcus, ol JLis & e
. . oo . g s =
)L>)9>)g n5"l> CA,,AM )“ .).:‘54‘54 oS dlmUa} Q|):..> 6‘)? ;u.g_j) =
Slwbre anje g gloj @ 5l Gugim Soeeds ol Skl sl =
oolitul g ey G3 00,5 S Oloy ol sl s, 5l (S o)l st
ol sileosly 3l ol bt cl paeds j0 eS Olex slasy
o3l (Silgn Cend 5 9,09 (S5 b alle lp S eSS 1 } ‘ L. .
;;S),> I dsl )f o.\..‘l';:\jl)l C“L"' u-’L-dl;-.' FON VPSRN Syt 0 200 400 600 800 1000 1200
g w| WRS 0 dﬂ)l Q,o.llf r.l.._% p.b”)si” O S |) Sy G‘L"' 400
S eSoslal geosls 5l glacgamme 28,5 i o o a4 o Slee 300
Ao o Sl sl sie pess o lag] 5l eolitwl § 4nidS glocle; 200
Lol o &
e = 100
£
&ln-8 2 °
[1] D. Titterton, J. L. Weston, Strapdown Inertial Navigation -100
Technology, pp. 36-45, Stevenage: Institution of Electrical
Engineers, 2004. -200
[2] D. Simon, Optimal State Estimation: Kalman, H Infinity, and 200
Nonlinear Approaches, third Edition, pp. 123-145, New Jersey: J. 0 200 400 600 200 1000 1200

Wiley and Sons, 2006.

[3] G. Kitagawa, T. Higuchi, Special Issue on Nonlinear Non-Gaussian
Models and Related Filtering Methods, Annals of the Institute
Statistical Mathematics, Vol. 53, No.1, pp. 3-3, 2001.

[4] M. Ncgrguard, N. K. Poulsen, O. Ravn, New developments in state
estimation for nonlinear systems, Journal of Automatica, Vol. 36,
No. 11, pp. 1627-1638, 2000.

[5] H. Zhang, Y. Zhao, The performance comparison and analysis of
extended Kalman filters for GPS/DR navigation, Optik-
International Journal for Light and Electron Optics, Vol. 122, No.
9, pp. 777-781, 2011.

[6] C. Hide, T. Moore, M. Smith, Adaptive Kalman filtering for low-
cost INS/GPS, Navigation, Vol. 56, No. 1, pp. 143-152, 2003.

[71 W. Wang, Z. Y. Liu, R. R. Xie, Quadratic extended Kalman filter

231

time (s)
Fig. 9 Estimated errors Attitude and Heading angels through MPO and
EKF in compared with INS/GPS Vitans reference values in automobile
test

9 EKF s MPO sl jsg, &,k 5l 55 g S by opmess slallas 9 K&

5,085 Cend 50 3l s INS/GPS s a1z 5o polie b aslie
P e g axg BB (bl 15 L plaalle ln esle sp)lS

3 1y sl ol aidbaswys edlST hg) fuess gllas ewl a5 LB

6 o ploids 17 0551396 D9 Mt )30 Suille (s



Uben 9 9939 Sues

ORI S ress 9 5L &0 )l odlaiwl 9 plagl Saolivs LAHRS i 5 jlwodly 9 Ak

[14] R. S. Bucy, Linear and nonlinear filtering, Proceeding of the IEEE,
Vol. 58, No. 6, pp. 854-864, 1970.

[15] J. L. Grassidis, F. L. Markley, Predictive filtering for nonlinear
systems, Guidance, Control, and Dynamics, Vol. 20, No. 3, pp.
566-572, 1997.

[16] T. Kailath, A. H. Sayed, B. Hassibi, Linear Estimation, pp. 555-
599: Prentice Hall Upper Saddle River, NJ, 2000.

[17] L. Wang, Model Predictive Control System Design and
Implementation Using MATLAB®, pp. 209-245, London: Springer
Science & Business Media, 2010.

[18] W. H. Kautz, Transient synthesis in the time domain, Transactions

of the IRE Professional Group on Circuit Theory, Vol. 1, No. 3, pp.

29-39, 1954.

[19] Y. W. Lee, Statistical theory of communication, Physics, Vol. 29,
No. 4, pp. 276-278, 1961.

[20] J. Keighobadi, M. J. Yazdanpanah, M. Kabganian, An enhanced
fuzzy Hoo estimator applied to low-cost attitude-heading reference
system, Kybernetes, Vol. 40, No. 1/2, pp. 300-326, 2011.

[21] S. Mahapatra, S. K. Nayak, S. L. Sabat, Neuro fuzzy model for
adaptive filtering of oscillatory signals, Measurement, Vol. 30, No.
4, pp. 231-239, 2001.

6 o leis 17 095 1396 D93 ety o )30 Splle (i

approach for GPS/INS integration, Aerospace Science and
Technology, Vol. 10, No. 8, pp. 709-713, 2006.

[8] J. Fang, X. Gong, Predictive iterated Kalman filter for INS/GPS
integration and its application to SAR motion compensation, IEEE
Transactions on Instrumentation and Measurement, Vol. 59, No. 4,
pp. 909-915, 2010.

[9] R. Sharaf, A. Noureldin, A. Osman, N. El-Sheimy, Online INS/GPS
integration with a radial basis function neural network, IEEE
Aerospace and Electronic Systems Magazine, Vol. 20, No. 3, pp. 8-
14, 2005.

[10] J. Keighobadi, M. J. Yazdanpanah, M. Kabganian, Fuzzy variable-
length sliding window blockwise least square algorithm with
application to vehicle heading determination, Mechanical
Engineering, Vol. 8, No. 2, pp. 59-79, 2008. (in Persian .. s)

[11] N. Musavi, J. Keighobadi, Adaptive fuzzy neuro-observer applied
to low cost INS/GPS, Applied Soft Computing, Vol. 29, pp. 82-94,
2015.

[12] J. A. Farrell, T. D. Givargis, M. J. Barth, Real-time differential
carrier Phase GPS-aided INS, IEEE Transactions on Control
Systems Technology, Vol. 8, No. 4, pp. 709-721, 2000.

[13] J. Wendel, O. Meister, C. Schlaile, G. F. Trommer, An integrated
GPS/MEMS-IMU navigation system for an autonomous helicopter,
Aerospace Science and Technology, Vol. 10, No. 6, pp. 527-533,
2006.

232



