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Abstract

Many of accurate inertial guided missile systems 1eed to use more complex
mathematical  caleulations and require a high speed process:ng to ensure the real-time
aperation, This will give rise to the need ol developing an efficient high-speed
computing system with modern inertial guided algorithms. In this work, a llexible
computer  simufation program  Tor the terrestrial strapcown INS algorithm was
developed and implemented for six-degree of freedom mi ssile [Tight simulator. The
eviluation ol the algorithm  is based on the accuracy of the proposcd algorithm with
read dato.

I. Introduction

The celestial strapdown ncrtial
navigation system  is mechanized in
mertial - frame This  frame s widely
used  {or spacecraft applications  in
which  peographical information in not

coordinate uszd by the GPS system, for
GPS aiding navigation system (3. 4].

In this work the terrestrial algorithm
will be derived and implemented for
six-degree ol freedom. This algorithm

represents o developed  version of the
alporithm described in {51

The navigation equations are expressed
on the basis of navigation frames,

required  [E]. Bul. for  terrestrial
navigation. the inherent tme-varying
relationship between the inertial and
geographic  frames  complicates  the
space-stable system design [21. which arc used in the navigation
Tl the inertial franie socicly.  So.  the  descriptions and
assumptions  of the coordinate systems
transformation,  will  introduced  al
Appendix AL

implementation results in the  most
straight-forward navigation-state
differential  equations, which  is not
commonly used. The reasons for this
lack  of  use are the difficulty in
calculatimg gravitational forces, and the
terrestrial navigation has the same
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2. Ferrestriad Strapdown System
Dynamic Equation
The differential equation ol the relative
quatersion  between  body coordinate
and geographic coordinale given by {2,
R

. 2
=50 "
Where,
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the angular
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symmelric matrix €2, and €2, are
given by [5]:
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where
fL. L hlp are  geodetic posilions
(latitude, longitude, and height)

e, wp, Wy oare the body angular

velocities in the body coordinate (roll,
pitch, and yaw}, respectively.

Body fixed coordinate to navigation
coordinale (") can be described in
terms of the quatemnion parameters [6]
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“differential - cquations  of the
vehicle position in terms ol latitude,
longitude. and heading can be arranged
i matrix form mstead of set of
cquations as deseribed m (6. 7]
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where

Ve Fr b = geodetic veloeity
veetor {north. cast, and down)

Ry and Ry are the radit of curvature in
the north and cast dircetion and given

by |8]:

.
By i e o — D)
T (e sin ()

B o (8)

J= )

and e ; ecceniricity (= 0,0818)

The differential  equations relating the
scecond  derivative  of the peodetic
position and veloeities can be derived
as |5]:

where
7t Specific foree outputs in
the body coordinute = /7. £ 1]
g s Graviny foree applied on
down dircetion
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Gravity force {g.) can be Tound from
inttial gravity gy [ 3,

bl |
L 0.005302dn" (1) -

g = 9.780327 ,
0.0000038sin~(21)

........ (1)

and

Iy
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- 2 2
0.072 ~ 10 h

Fquations (1. 6. and 4. represent the
mechanization cquation  for  the
terrestrial - navipation  system. The
[ollowing  scections will pive the details
of the developed algorithm to solve the
above equalions.

3. Initialization

Initial velocities and positions in ECEE
coordinate system are foaded to missile
computer belore missile launch, where
the data should he foaded to the missile
processor through launcher computer,
Tnitial Position and velocity

Missile  initial LOTHE
coordinale  system s computed from

[8]:

posilion  in

(f\‘ Lot f.’“ )l_‘ni f“ s I“
.‘r".(fli 5 (A\f: gy )ﬂn .’” vos T

/(,('?). [f\", (E o )‘ ;"l'“ }\il] i'(.
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Aoy

while inttial velocity are zero in BECETD
[tame.

Initial quatesnion paranteters

By applyimg the transformation nririx
[8]

0 sy wosy

(‘;: b cos y [TTE35 20 R ( 1%)

10 0
Puler  angles  divectly obtamed by
applying  the cquations (AT1-Al5).

And initial quaternion can computed
from |81

Hy T OCos (‘l' [ )C()S (@ 52 )\‘ili ((D ! 2) +

sin (0 2 )uin {00 72 Yeos (07 2)

wy = cos (1072 ) in (@72 )cos (@ 12) -

s (w72 )eos (072 )sin (@ 7 2)

iy = cos (12 Yain (072 )sin (w0 72) ¢

sin (% 72 )cos (e 2 Yeos (a7 2)

wy = cos (172 Yeos @ 72 cos {7 2) -

sin (1 22 Ysin (e 7 2 )sin (0 7 2)

Initial graviry

Initial gravity, which effect on the 7.~
axis v BECIFTF frame is computed by
execuling Eq (10).

4. Updating Algorithm

Update quatzrnion parameters

Gyros outputs (1wg, wp, and wy) and
equations (2. 3, and 4} are used to

solve the Lq.i ).

Compute  Iransformation  matrices
(4"

Using the above computed guaternion
parameters.  and by applying the
algorithm  desertbed i [5],  the

transformation between the body and
the navigation coordinate can be found.
This algorithm have more accurale
resuits and 1nore reliable {or real time
applications then matrix described in
Fq.(5).

Compute missile velocity and position
Missile  velocity in navigation frame
{(I'v, Tpo and V) is determined by
integrating the Eq.(9), where gravity
vector computed by  applying
equations.( 10 and 1 1).

Missile position in ECEF coordinalte is
computed using Iq.(6).

Updaring

paramefers
Missile pasition (latitude, longitude,
and altitude) used to find the curvature

gravity force and other
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in the north and east direction using
equations (7)and (8), and gravity lorce
from the equations (10} and (1 1).

The above steps are sumumarized as a
Now chari deseribed in figure (1),
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Figure §10 1 s diagr s of terresteial nas ipstion

gt s

5 Algorithms Evaeluations:

The data of fpures (2) and (3). which
represent the accelerometers and oyros
oulputs — for a  six-degree  missile
simulator,  are used  as inputs o
navigation  algorithm  deseribed  in
previous sections. ‘The initial position
is taken wt point (33.210% latitude,
4440387 longitude, and 0 m altitude).
These values  used in the terrestrial
navigalors Lo predicl position  lime
clapsed. The  comparison between w
fruc  velocity and position ol typicat
trajectory  and  the  terrestrial  INS
without error velocity  and position
output are shown in ligure (4 a and by,
While tigure (3 a. b, and ¢) show the
mmpmi.on of velocity i Xeaxis, Y-
axts, and Z-wxis between the true and
celestial  INS  output  without  error,
Figure (6 a, b, and ¢) show the
compartson of position in X-axis. Y-
axis, mand Z-uxis  between the true and
caleulated output without error.

Figare (7 a and b)) shows the
comparison between the true velocily
and position of typical tajectory and
the  algorithm  output  with  error
velueity and position otlput,

trom these dgures. we note  that the
developed  algorithi is perlect without
any errors, While  we know that there
exist errors in any INS sensors system
and that  crrors (which depend on type
ol INS) wil! be grows as time increase.

The above figures are based on severul

source errors. as shown in table (1),

6. Conclusions

The followiag points summarize the

main conclusions in this work:

LA pure INS maplementation can
sulfer frem unbounded growth in
the position and  the velocity error
duc to the integration of inertiul
measurements  that will contain
virious lerms of error,

I~

The accuraey  of the inertial

strapdown guided missile system is
sensitive lor  the pyro drift rate,
therefore when the eyro drifl rate is
zero the corresponding error in the
computatien o the actval range
will be also zero. Also the accuracy
of the incrtial strapdown guided
missile svstem is sensitive for the
bias ciror in the aceelerometers.
3.0 At the end of this paper, we
must  sbess that the strapdows
navigation coimputer should be tast
enough 1w do Il the strapdown
caleulations in a fow millisceonds
during  the  {light, making this
system 1) operate within a real-
time mode; therefore the speed of
the processor, the cccess time of
the RAM with its capacity, and the
type ol the programming language
which will be uscd in the building
of the soltbware, ol fhese Teatures
must  be taken  carcfully  into
account when we are building this
real-time system,

2

. Future Works
Future work may be directed in the
following dhireciions:

1. lurther  algorithms  can be
developed 1o make  synthesized
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practical  strapdown system. Suclt
alporithms  include  startup. scll-
test. sensor calibration. .. etc.

The software can be improved

to achieve all the requirements of

the  modern  gaidance  theories.
which need  more  flexible
programming lanpuage. to get the
high perfommance and accuracy for
the guided missile systems.

The pipeline tochnique for the
navigation computer can be used to

4.

VYol 2 (1) 2005

reduce the operaling time foe the
gutded  nussile systems with very
high degree of accuracy.

Increass the accuracy by using
the aided INS system, such as
Global  Position System (GPS).
And 1o lead the slowest possible
growth of navigation error in
between. GPS updates using any
estimation  technique, such as

Kalman 1 lter.
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Figure (2): Acccleromcters

(c)

outputs {(a) Ax, (b) Ay, and (¢c) Az
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Figure (4): Comparison between True and Terrestrial INS without crror (a) Vetocity (b)
Position
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Fipure (5): Comparison between True and Terrestrial INS without error (a) Velocity in X-
axis (b) Velocity in Z-axis (¢) Veloeity in Y-axis
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Figure (6): Comparison hetween True and Terrestrial INS without crror (a) Position in X-axis
(b) Position in Z-uxis (¢) Position in Y-axis
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Figure (7): Comparison between True and Terrestrial INS with error (a) Velocity (b) Position
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) _Gym Errors

Accelerometer Errors

Constant = 12°/4
¢ dependent = 2°/hi g
Random = 10°/ 4

| Bias = 0.001x g
Scale factor = 5%
Random = 2g=107°

Table (i}ﬁ-Gyrus and Acccleromelers crrors
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Appendix A Reference Frame and
its Transformation

There are so many  frames
needed in navigation according to the
requircments [ he pproach  roblem.
These [frames are orthogonal (vighi-

lhinded  coordinate  frames). A briel

deseription of these  frames and its
transformations are given below [1. 3.

A Inertial Frame (i-frame. x;, vi ,z)
A Trame that has its origin in the
mass center ol the carth and is non-ro-
tating relative to  the stars can be con-
sidered as  an inerlinl frame for the

measurements made o the vicinity of

the earth, where:
0 = At the center ol the carth
xp = Initially through intersection
ol cquator and Greenwich meridian
in the dircction of sky at time Go-
inertial {(close to launch-time).
¥oo= Completes right-hand trined.
= Coimcwdent wily  the carth
axis in the direction of north.

A2 Earth-Centered-Earth-Fixed
Frame (e-frame; X, Ve 20

It s also called ECEY (Farth Cen-
ter Farth Fixed) frame. This frame is
similar to the inertial frame but itis
fixed in the earth and rotate  with it
where:-

0 = Al the center ol the earth

Noo = Through the intersection of

the cquator and Greenwich meridian
in the dircction of sky.

¥e = Completes right-hand triad.
. = Coincident with  the carth
axis in the direction of north.

College  of

s —— A L E SN

Inertial to carth-fixed and reverse
transformation matrices (C) are

defined by earth rotation angle [3]:
1 r

"ti' lE‘l‘
oA =G|y HA-D
= E 5

3 (]

ot we f) | I.I':.f: ]
i ;
", = sand W f) ol f) l.-s [.-"";-2]

C; =(Cly
Where

we  Earth angular velocity
(7.2921% 10 rad / sec).
("= Translormation matrix from the

ws BT

inertial to Eth frame.
€= Transformation matrix from the

Farth to inertial frame.

A3 Navigation Frame (n-frame; x,,
Yiis E,J'

Is a local navigation frame which
has its origin conceding with that of
the sensor liame and it has the north.
cast, and Jown direction. The north
direction is  pointing to the North pole
of the earth. the down direction is
normal line to the local point on the
reference cllipsoid, the cast direction
completes  the  right-hand orthoponal
sol: where:

( : AL the vehicle center

of mass projection to the carth

surlace

X« =N: Naorth direction

¥ I IZast direction

o =0 Directed to the center

of the carth
The  tanslormation  matrix  which
converts  [rom the e-frame to the n-
frame  (C.") can be expressed by
geographic position angles [4]:

X - X

v =G ] (A8
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Where
o
[, = The initial geographical
longitude.

I ="The geographical longitude.
L ="The peopraphical latitude.
And can be calculated rom | 1]

i

L=tan  —2=_{Ad=T)
X.
f—— e _I-......l:l:‘.'l......._ ‘ '3]
= [an o %E szl
Y. +br

A Body Frame (b-frame; R, P, Y):

It is a frame that is fixed w the
vehicle.  Therelore 1t is the same
angular rotations ol the vehicle. e
roll, pitch, and yaw. The roll axisis
pointing lorward, the pitch  axis is
pointing out right-hand side and yaw
axis 15 pointing downward (all wilth
respect o the vehicle). as shown in
lpure (A-1).

The transformation matrix relationship
from body 1o navigation Trames (Cn)
cun be obtained from Luler angles. | 1.
3

.

n

i o vF

it P aia W s e e T el T e 8 ae

- |
J

i T s s e 0 B i B

- .

w17 a4 (R LY PRTOL B L PR T

| (el

BDURORPRNY . : | o= 4 1 1 [F =

Where
th, @, and y = Fuler angles (roll. piich.
and yaw angles, respectively)

also, .
=G A1)
The Luler  angles can  also  be
determined  rom the DCM by the
following equation | 7|:

i
B o= - ! ——:JL; _____ ( Ad=11}

= o [n';-. O3y )I{ Ad=-12)
W = e ? (., 7 ,i'll )...,..... t.'! i3 )
Where

. - . . 9 . = = 0h
e 1 S& JE 5= are the{li]))

clements of OM (€.

afan? = is the fouwr quadrant inverse
tangent funct on,

Luler divcetly  related  with
angular velocity ol the nussile (gyros
outputs) by {i]:

angles

L&) oo v o 0 g O e 0 “"H

Ll L} i 1 = s e W g
lil i = -\-_Illi wuws . wy
| wars s &
....... {A-11)

Where wp, v and ey == roll mate, pitch
rate. and  yiw rate angles, respeetively
ol the missile body,
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