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A b stra c t. T he dem and o f  vehicle navigation and guidance has been urgent for m any years. The 
idea o f  integrating m ultisensor navigation system s was im plem ented. T he m ost eíĩic ien t 
m ultisensor coníiguration is thc systcm  integrating an inertial navigation system  (IN S) consisting 
O ÍM EM S based  m icro sensors and a global positioning system  (G PS). In such system , the G PS is 
used for providing position  and vclocity whereas the INS for providing orientation. T he estim ation 
o f  the system  errors is perform ed by a K alm an filter (K F). A serious p roblem  occurs in the 
INS/GPS systcm  application that is caused by the accidental GPS signal blockages. In this paper, 
thc m ain ob jective is to im prove the accuracy o f  the obtained navigation param eters during  periods 
o f GPS signal outages using đ iíĩeren t m ethods. The overall pcríbrm ance o f  the system  have been 
analyzcd by  expcrim entation data; and results show that thcse m cthods indced im prove the quality 
o f  the navigation and guidance system s.

1 . In tro d u c tio n

In the last decade, the demand fo r accurate land-veh ic le  nav iga tion  in  several app lica tions has 
gro\vn ra p id ly  [1 ]. W ith  the strong g row th  o f  M icro -E lec tro -M echan ica l-S ystem  (M E M S ) technology, 
there appears a new  trenđ in  nav iga tion  and guidance dom ain: it  consists o f  the in teg ra tion  o f  IN S  and 
GPS altogcther [2] . In tegrating these tw o  naviga tion  methods can im prove  the perío rm ance o f  the 
system and reduce concurren tly  the disadvantages o f  both  ENS and GPS. The K a lm a n  í ì ltc r  (K F ) is 
u tilize d  to estimate the System errors in  order to im prove the accuracy o f  the o ve ra ll system [3]. In  the 
case o f  the GPS signal b lockage, pos ition ing  is p rovided  by the IN S  u n til GPS s ignals are reacquired. 
D u ring  such periods, naviga tion  errors increase ra p id ly  w ith  tim e due to the tim e-dependent IN S  e ư o r 
behavior. For accurate pos ition ing  in  these cases, some so lu tions should be used to im p rove  nav iga tion  
in íbrm ation . In th is  paper, a ĩle x ib le  coníìgura tion  o f  K F  w i l l  be used ío r  the IN S /G P S  in tegra tion . 
The land-veh ic le  k inem atics data set is also used w ith  induced GPS outages. B y  us ing  these methods, 
the results showed rem arkable im provem ent o f  pos ition  errors.

2. Integration of INS and GPS usỉng Linearized Kalman Filter

The IN S  system has tw o  m a in  advantages when com paring w ith  other nav iga tio n  system: se lf- 
contained a b ility  and h igh  accuracy fo r short term  navigation. The serious p rob lem  o f  the IN S  caused
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b y  accum ulation o f  gyroscope and accelerometer errors. Therefore , in  long-te rm  navigation  
applications, the INS w orks  w ith  the aid o f  other systems such as rad io  nav iga tion  systems (Loran, 
Tacan), satellite navigation systems (GPS, G LO N A S S ). The im portan t advantage o f  these systems is 
stable períbrm ance. Consequently, there is a great need fo r in tegra tion  o f  IN S  w ith  One o f  these 
systems. The in tegration o f  IN S  and GPS is considered an op tim a l com b ina tion . The heart o f  
integrated system is  Kalm an a lgorithm .

The K a lm an íìlte r is a m u ltip le  input, m u ltip le  output d ig ita l íì lte r that can o p tim a lly  estimate in 
real tim e the states o f  the system based on its noisy outputs. Some o f  the most successíul app lications 
o f  Kalm an íìlte r in g  is that it  can deal w ith  non-linear measurement re la tionships. The p rinc ip le
approach in  such cases is to linearize  the non-linear m odel íĩrs t and then app ly  the S tandard  Kalm an
íilte r  to obtain the State o f  the system. There are eight such states vvhich c o n s is t  o f  ve loc ity  eưors 
(eV N, e V E, e V D), d r if t  term s (G x, G y, G z) and attitude errors (T n , Te). The GPS output is used as a 
too l to estimate the eưor in  the IN S  and to correct the error as m uch as possible. I t  is called the GPS- 
aided IN S  system con figu ra tion  [4 ]. L ook ing  at the State space m odel:

X =  F x  +  G u  (1)
where F is the dynam ic m a trix  (obta ined by  partia l derivatives), X is the State vector, G is the design
m a trix  and u is the íiorcing ĩunc tion .

Because our naviga tion  system w orks in  real tim e mode, w e convert equation 1 to its discrete 
tim e form :

*k+. =  +  WK (2 )
where <I>k is the State transition m atrix, wk is the driven response at tk+i due to the presence o f  input 
w hite  noise during  tim c in terva l ( tk, tk+i).

Because th is tim c in te rva l is short ( it  means that the updatc rate o f  thc IN S  is h igh), w e can 
approximate <ĩ)k as:

4>k =  e (FAt) «  I +  F A t  (3)

an d  th c  c o v a ria n c c  m a trix  a s so c ia te d  w ith  w k is
Q k =  E [ w kw ; ] * * kG Q G T* Ĩ A t

(4)

w h e re  Q  =  d ia g Ịo ^  a ị  a l  G *x ơ ^x Ơ^XỊ.

L /)ok ing  a t the  obse rva tio n  equa tion :
z  le =  H k X k +  V k (5)

where R k =  E [ v kv ‘ j =  d ia g Ị is the covariance m a trix  fo r vk.

In th is  system, w e assume that the process noise w k and the measurement noise vk are
uncorrelated.

Fig. 1. Feedforw ard (open-loop) conĩiguration.



T. D. Tan et al. /  VNU Journaỉ o f  Science, Mathematics - Physics 23 (2007) 243-251 245

Fig. 1 illustra tes an open loop (o r feedforw ard) coníigu ra tion . Its advantage is that provides a 
rap id  íì lte r response. A lte m a tiv e ly , the coníìgura tion  in  Fig. 2 is a closed loop One. T h is  configu ra tion  
is more com plex than the open loop one but it  can prov ide  better períbrm ance in  the existance o f  
non linear effects.

Fig. 2. Feedback (closed-loop) configuration.

3. Vehicle Motion Constraints

It is obv ious that the perform ance o f  the INS w i l l  degradc in  the absence o f  GPS signal. The 
reason is that the lo w  cost M E M S  IM U s  consists o f  lo w  qua lity  sensors w h ich  p rov ide  large eưors and 
noises. In these cases, we som ctim c u tilize d  land vehic le  m otion  attributes to prevent INS eưor 
accum ulation. The equation derived from  behavior o f  a lanđ veh ic le  w i l l  compensate the G PS’s 
mcasurement. In th is  paper, we m ention  to ve lo c ity  and height constraints.

3.1 Velocity Constraỉnts

W e have to  make sure that the vehic le  does not s lip  on the road and not ju m p  o f  the ground. 
Then, the ve lo c ity  o f  the veh ic le  in  the d irection  perpendicu lar to the m ovem ent o f  the vehic le  w ou ld  
be zero as shown in  Fig. 3.

z

Fig. 3. Land vehicle velocity constraints.

The constra ints are:

v xb 0 )  = 0  

v}(t) = 0
Eq. 6  can be transíbrm ed to  the naviga tion  frame:

(6)
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VN v,b

VE =  CỈ v ;

VD
v*k

T h is  equation can p rov ide  the Virtual ve lo c ity  measurements to aid the EMU. W hen a GPS 
signal is lost, a com plem entary K a lm an í i lte r  is used to  com bine the IN S  and Virtual ve loc ity  
measurements in o rder to reduce the pos ition  and ve lo c ity  errors (see F ig . 4).

Fig. 4. Velocity consttained navigation block.

3.2 Height Constraỉnts

T h is  constra in t is derived from  the fact that the height does no t change m uch in  land vehicular 
s ituation , especia lly  in  short tim e periods. It not o n ly  im proves the he igh t so lư tion , bu t also the overa ll 
horizon ta l so lu tion  accuracy du ring  GPS outage. H ow ever, a rea lis tic  measurement uncerta in ty value 
must be chosen fo r these measurements, because any eưors in  the he igh t so lu tion  w i l l  u ltim a te ly  skew 
the horizon ta l so lu tion .

4. E x te rn a l  H e a d in g  A id in g

T o  take the in -m o tio n  a lignm ent o f  the naviga tion  system, w e use the heading fro m  GPS o r the 
extem al heading measurements such as m agnetom eter in to  the attitude com puta tions. The heading 
e rro r is an im portance parameter because o f  its re la tion  to the system e rro r statcs. The heading e rro r is 
derived based on the fo llo w in g  heading com putation equation w h ich  can be transíbrm ed to the 
nav iga tion  írame:

(1, 2)
\ịf =  ta n (8)

5. E x p e r im e n ta tio n  R esu lts

In th is  study, as fo r the ĨN S  system we have used the IM U  BP3010 (see F ig . 4 ) w h ich  consists 
o f  three A D X R S 30 0  gyros and three heat compensated A D X L 2 1 0 E  accelerometers. The 
measurements are realized by IM Ư ’s m icro -con tro lle rs  and transm itted  out v ia  RS232 interface. The 
u n it transm its output data as angular increm ental and ve lo c ity  increm enta l data in  serial frames o f  16 
bytes at the írequency o f  64 Hz.
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Fig. 5. The IMƯ B P3010 -  A M EM S unit used in our IN S/G PS system .

The integrated nav iga tion  system im plem ents both  open loop  and closed loop  con íĩgu ra tions. 
The eưo r com pensation m odule u tilizes  the veh ic le  m otion  constraints and the m agnetom eter 
measurement dunng  GPS outages. The log ic  svvitches in  the V C + +  soítvvare allovvs the f i lte r  to sw itch  
between various íìlte r designs, depcnding on GPS ava ilab ility .

A íte r characteriz ing the IM U  errors [5] , the in fo rm a tion  o f  these noises is app lied  to  the K F  
based M E M S -IN S /G P S  in tegra tion  m odule in  order to estimate thc ve loc ities , positions and attitude o f  
the object.

To  see the uscíulness o f  the K F , look  at the F ig . 6  and F ig. 7 that illus tra te  the heading o f  IN S  
vvhile standing s till in the case vvithout K F  and w ith  K F , respcctive ly.

tưne(s)

Fig. 6. The d riít o f  heading (w ithout KF).

tữne (s)

Fig. 7. T he heading w ith the present o f  KF. N ote that ứie 
d iíĩerence in scaỉe o f  the graphs in F ig.6 and Fig. 7.
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For the expcrim ent o f  the IM Ư  on road [6 ], GPS and the đata acqu is ition  system were installed 
in  a vehicle. The vehicle was d riven  fo r 12 m inutes in  a 5 km  trạ jecto ry . In it ia l ly  thc vehicle was at 
rest, w ith  the engine on, fo r about 60 seconds in  order to estimate the determ ined errors.

The update from  the IN S  was taken every 0.015625S, the GPS update was taken every ls  and the 
K F  was run every 0.5s to  achieve better accuracy. The fíe ld  test 2 -D  trạ jecto ry  is presented in  Fig. 8 .

Fig. 8. T rajectory o f  the experim ental vehicle.

In the case that the GPS loses its signal as in  an experim cnt in  F ig . 9, thc INS continues to 
compute the pos ition  during  the pcriod  o f  lost GPS signal ( fro m  the 400 th to thc 470 lh scconds, in the 
ừajectory in  Fig. 9). It can be seen that the INS/GPS tra jecto ry  (so lid  cu rvc) supportcd by K F  fo llow s 
the GPS one (dot curve) w ith  sm all e rro r fo r quite  a long tr ip . In th is  com bined structure, the closed 
loop K F  is u tilized  when the GPS signal is availab le and the open loop  K F  is applied when GPS is 
outage. W e note that th is íĩgu re  shows the pos ition  o f  the veh ic le  a long N o rth  and East d irection  on 
the Earth instead o f  the la titude and the longúude. The reason is that we can prcvent num crica l 
instab ilities  in  ca lcu la ting  the K a lm an  gain.

Fig. 9. Trajectory o f  the land vehicle in the case o f  G PS outage. The insert show s the tim e tim c interval wherc
the GPS signal is blockageđ.
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F ig . lO .a an d  lO .b  show th e  E a s t an d  N o rth  ve loc ities  o f  th e  in tegrated system. It c a n  b e  seen  
that the IN S /G PS ve loc ities supported b y  K F  (so lid  curve) fo llo w s  the GPS one (dot curve) vvith small 
e rro r fo r quite a long trip . In case o f  the GPS signal outtage, the accuracy is affected as we can see 
fro m  th e  graphs. B u t once the new GPS values are read by  the program , the K F  takes very less tim e to 
settle dovvn tow ards the actual values.

(a)

LU

time (s)

(b)

Figure 10. V elocities in the navigation frame: in the N orth (a) and in the East (b).

Fig. 11 .a and 11 .b show  the ro ll and p itch  o f  the navigation  system. These results seem to  be 
quúe reasonable fo r a system was on to  a land vehicle.



250 T. D. Tan et ai. /  VNU Journal o f  Science, Maíhemaíics - Physics 23 (2007) 243-25 ì

10

5

1 0 
1
è  -5
Jữọ
o. -10

-15

-20 200 400 600 800 1000
tìme (s)

(b)

Figure 11. Roll (a) and pitclì (b) angles o f  the integrated navigation system .

6 . C o n c lus ion s

In  th is  paper, an e igh t State Kalm an í ĩlte r  was proposed to be used in  order to enhance the 
qua lity  o f  a com bined GPS and IN S  system. The vehic le  m o tio n  constra ints and m agnetom eter 
measurements are u tilized  to reduce the IN S  error degradation d u ring  the periods o f  GPS 
u na va ila b ility . The experim ental results have shovvn that the in it ia l ca lib ra tion  and a lignm ent is 
accurate enough to allovv nav iga tion  w ith  IM U  sensors fo r extended period  o f  tim e  w ith  lo w  dcad 
reckoning  errors. In  fact, the K a lm an íìlte r trem endously im proves accuracies com pared to the GPS 
and IN S  when operating alone as in d iv id ua l naviga tion  systems. The accuracy o f  estimated parameters
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is im proved  by  increasing the d im ension o f  the systems’ states space. O bv ious ly , by  its s im p lic ity , th is 
m odel can be embedded easily in to  a real tim e  system. Future w o rk  w i l l  investigate in - f lig h t 
ca lib ra tion  and a lignm ent a lgorithm s extending the error m odels o f  the IN S  system.
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