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" Abstract ]

_ Strapdown Inertial Navigation Systems (SDINS) and Global Positioning Systems |
' (GPS) both can be used for a wide range of navigation functions. Each has its strength [
» and weakness in this respect,

Kalman filter is used to incorporate information from the accelerometers and gyros at ‘
high rates and information from GPS measurements at lower rates to improve ballistic

- missile strapdown navigation systems by GPS aiding. A linearized Kalman filter model |
| is implemented for augmented system based on the navigation frame to estimate the :'
| inertial system error based on the measurement error between the GPS and INS systems. |
. A three degree of freedom missile flight simulator with strapdown navigation algorithms |
- was carried out in order to compare the proposed augmented system with other |

navigation algorithms. The presents results show that the error in both position and
i velocity is very small compared with other algorithms.
| Keywords: Vehicular navigation, GPS/INS integration, Kalman filter
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1. Introduction

Since the early 1960’s, modern navigation
has been making use of the hybrid (integrated)
navigation systems, where various electronic
sensing devices (sensors) are used side by side,
to collect the information necessary o find the
“continuous™ position of the navigated vehicle,
and to reduce inertial sensor errors | 1]. The
integrated system combining several
independent navigation sensors, like inertial
measurement unit, Doppler radar, and radio
position fixed devices (e.g. TACAN) were used.
Sindlinger [2] investigated the optimization of
such integrated navigation systems e.g a
“Combined Navigation System”. A
comprehensive survey of this system presented
in [3, 4].

Integrated systems based on GPS and INS
generated increased interest in the airborne
survey and remote sensing community over the
past few years. Where. with full operational GPS
capabilily, it has been recognized that an optimal
combination of GPS with inertial navigation
brings a number of advantages over stand-alone
inertial or GPS navigation [5].

GPS contributes its high accuracy and

stability ~over time, enabling continuous
monitoring  of  inertial  sensors  errors.
Implementation of closed-loop INS error

calibration allows continuous on-the-fly error
update that bounds INS errors, because the INS
have drift characteristics that cause the system
error to -grow with time. They also exhibit un-
damped oscillatory errors that are undesirable
[6]. leading to decreased estimation accuracy.
On the other hand, INS contributes immunity to
GPS outage, continuous attitude solution, and
reduction of the GPS ambiguity search volume /
time [5].

This  paper is concerned with the
improvement of ballistic missile strapdown
navigation system by GPS aiding. And how
Kalman filter is required for such applications to
smooth and feed the measured information from
the GPS unit to the INS system.

Linearized and extended Kalman filters are
the two basic ways for the particular
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combination of inertial data integrated with
GPS system. Figure (1) shows the linearized
Kalman

filter, or the feed forward configuration, in
which  the output of inertial system
measurements are not used as “‘measurements”
in the Kalman filter. Rather, they are used
exclusively to provide the reference trajectory.

Although, both Linearized and extended
modes of operation have the same performance
within the linearity assumption and may have
been used successfully [7], the feedback
approach is to be preferred in applications where
the mission time is long, as would be true of a
ship at sea for many weeks or months [6, 8].

In our application, the mission time is short
and, hopefully, the actual trajectory will match
the programmed

one closely, so an ordinary linearized
Kalman filter will be preferred, where the
purpose of this filter is to estimate the inertial
system errors based on the measurement error
between the GPS and INS systems.

The rest of this paper is organized as four
sections, error dynamic equations of inertial
navigation systems will be derived first. The
GPS measurement equation discussed in the next
section, while the Kaman filters equations for the
augmented system described in the third section.
The last section will have the simulation results
and discussions,

2. Ins Error Model

Errors can be developed in the navigation
system state through a variety of sources as
discussed in [9, 10]; therefore it is important to
understand the behavior of the navigation system
erTor.

2.1 Position Error Dynamics
Since the position dynamic equation is a
function of both position and velocity [10], thus

the partial derivatives of this equation will be:
L)

5{-” i F‘Ilﬁzn i Fl:!é‘zu

where
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P 0 0 Ry and Ry: are the radii of curvature in the north
" ‘;ﬂ ;’: ‘3’ i (R-:’:I'_" y and east direction, considered as constants.
11 (;JT :3? ?}; i (& +-h }coszz 0 m
2 & 2 L 0 0 0 2.2 Velocity Error Dynamics
, , . (2) The computed value of the velocity dynamic
/AR Sgiliye 0 0 = s ; :
o By Reth cquation can be perturbed; and by collecting the
B = {"— gf; 5‘;”"7 =| 0 e O first order terms only, the velocity equations can
2 & 3aa_ 0 0 -1} be reduced to [8): . (4)
[L, I hl: are geodetic positions (latitude, OV" = Fydr" + Fy0v" + Fre” + R, 8" + 8"
longitude, and height) where
[VvVeVp]=V" geodetic velocity vector (north,
east, and down)
( , . 1;_ =y, v tan L
-2v,w, cosL - T e TP
= - = Vgvy —VeVp _J_\_‘_},_i"ﬂ e (5)
Fy=|2w,(v, cosL-v psSinL)+ Ty Ot e
: v Y 28,
2v,w,sin L 0 Beehl  (Re kY ok
Fy =| 2w, sin L+ -'f;-g};—’ ’—%ﬁi 2w, cos L + e h
( 0 f.{) "f.l? 0 ﬁ 01
F,]: -.ﬁr_} 0 fN (‘?) F:,z: H_—LE 0 0[ (]3)
Je =Iy 0 Ry
\ /i " Lo o 1)
RV
g,= g[ h} . (8) ( 0w, w,
it Fy ={ =~ Wy 0 wy, (1)
And  R= R R, -9 Lwe —w, 0)
Perturbing the upper Eq.(9) yields:
g, ... (10) 2.4 General Ins Error Equations
(;g :-—2 (5)’1 = = .
7 R+h From the above subsections, the general state
and

wie : Earth angular velocity (7.2921x 107 rad /
sec)

2.3 Attitude Error Dynamics
The attitude error dynamic equations can be
derived m the same manner as described in [11]:

é' = }‘;Ié‘frl + F‘D(S}_?” + FBE” . RM”HJ:’ T (I ])
where
. C -y \
( < sing 0 |
i, b e P 17
Ey = | 0 0 it ‘ (12)
. _ Vi Vyotan [,
‘l\_ '|r1-m cos L (Tt",".——ﬂ";c_a;:—;,- 0 Toh )
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equation can be given by:

%,(0) = AW)x, (1) + G()u(t) e 413)
where
X;(1): The nine INS error states = [&”", &, g
("';r Fy 0 ]
AD=|Fy By Fy| i)
\Fy B )
0 0 .
G=lcr o =
L | O
u:(‘?f:J . (18)
§wrh
where

Fy : Matrices defined in previous subsections
&": Accelerometers noise in navigation frame
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Gwat: Gyros noise in navigation frame
Cy": Transformation matrix from
navigation frame

body to

3. Kalman Filter Implementation For The
Augmented System

The state equation for the augmented
Kalman filter is given by the equations (14)-(17),
where the elements of u(/) are white noise whose
covariance matrix is given by:

Eluu()" |= 06 - 7)

where

.. (19)

0 (): Denotes the Dirac delta function whose
unit 1s 1/time [11]
Q: Spectral density matrix, and has the form:

O" O'“ 0-2- 0.1?':) {20}

Wy

Q=diag(o,, o},
where o, and o, are standard deviations of

accelerometers and gyroscopes, respectively.

For discrete Kalman filter, the state equation,
which is given in above equation, must have the
form: .. 2D

X (k+1)=F(k)X,(k)+w(k)

where

Xi(k+1) : INS error state vector

F(k) : State transition matrix

w(k): white noise during the time interval (1, 1))

But the sampling interval in the INS system
is very small, the state transition matrix, Frk),
can be given by[3, 8]:

F(k)=exp(A()A)~ T + A)ar @

where / is an identity matrix, and Ut is the
sampling time. The discrete from of the spectral
density O may be given by [6, 12]:

O(k) = Elw(kyw(k)" |~ GOG" ar - (23)

The observation equation, for the complete state
space model given by [13, 14]:

2(k) = H(R)X (k) + v(k) .
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which express the vector measurement, z(k), at
time f; as a linear combination of the state
vector, x(k), pulse the random measurement
error, v(k), with covariance matrix of:

R(k), i=k \
0, i#k
and
Elwkwv()" |=0 Vi k .. (26)

So that, the measurement equation can be
written as:

L.w'- - Lr,zs

S(k) = T NS J(P;‘ I I ins "Jms .. (27)
LvW\ "‘(,ru, hx\\ o (;’w
v :'r.v.s' 4 :; i

and the H(k), matrix will be a constant values:
H(k) i {IME 03:.3 U.b.ﬁ}
03x3

03x3‘- }3\\’3
and the covariance matrix for the measurement
noise sequence for C/A-code pseudorange data
1S

R(k) =

.. (28)

El, (k! (0]

= diag(o] o} o} o}, oy o) «{(29)
From the above model. the Kalman filter can be
applied.

In many cases, the estimation problem
begins with no prior measurements. Thus, if the
process mean is zero, the initial estimate is zero,
and the associated error covariance matrix is just
the covariance matrix of the states. T hcrt.{%c}
P(0) can be found from:

PO)=EX ()X (k)

—-dlagﬂ’_ “ OT;: '-_'\- O":';} Jfﬁb O-je:\ oge;.. O:h.s,,)
4. Simulation Results And Discussion

The outputs of the GPS receiver are directly
comparable with the INS outputs (i.e. both
outputs are position and velocity). Thus, the
simulation dose not needs to handle raw GPS
data structure and implement a GPS position
solution. In other words, this simulation
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discusses the operation of the Kalman filter for
the augmented system only.

Kalman filter for the augmented system added to
the operation of terrestrial algorithm as shown in
figure (2), where the GPS data can be used to
give the correct initial position and velocity.

In simulation we assumed that the GPS
provide missile position and velocity in every
one second, while the INS data is available in
every 0.1 second, and the receiver Kalman filter
used to predict the required values (position and
velocity) between sampling instants of the GPS
receiver.

Figure (3) shows a comparison between the
velocity of the typical trajectory and the
navigation velocity output. While displacement
was compare in figure (4). From the above
results, we note that the error in both position
and velocity is very small compared with the
terrestrial algorithm discussed in [10], although
the several types of noise dispersion was selected
for the values of ¢, and o,.

The position error in augmented system in
ECEF coordinates are given in figure (5), where
we assumed the discontinuity in GPS reading.
From these figures, Kalman filter always stable
although the discontinuity in GPS readings.
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Figure 2. Flow diagram of terrestrial navigation algorithm with augmented
Kalman filter
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