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ABSTRACT 

This report presents two strapdown navigation software processing 
algorithms, one Implemented in the inertial navigational frame and the other 
in the local-level geographic frame. 

The presentation Includes derivation of various mechanization 
equations to obtain positional and navigational Information from input data 
provided by three gyros and accelerometers. Directional cosine matrix and 
quaternion update procedures together with initialization schemes are also 
presented. In the Inertial frame implementation a new exact algorithm was 
derived to transform inertially referenced data into geographic coordinates. 

Simulation results of a C141 race-track flight profile are 
presented to Indicate the level of performance accuracy for the above two 
processing algorithms. Complete listings of software programs are also 
presented in the Appendices. 

RÉSUMÉ 

Ce rapport présente deux algorithms de traitement par logiciel de 
"strapdown navigation", un implanté dans le contexte de navigation inertiale, 
et l'autre dans le contexte de navigation géographique locale. 

Le présentation inclus des dérivations de diverses équatios de 
mécanisation afin d'obtenir de l'information de position et de navigation des 
donneés d'entrée venant de trois gyroscopes et accéléromètres. Une matrice 
des cosinus de direction et une procédure de renouvel lement de "quaternion" 
ainsi qu'une routine d'initialisation sont aussi présenteés. Dans 
l'implantation par inertie, un nouvel algorithme exact a été dérivé afin de 
transformer les "donneés d'inertie" en coordonneés géographiques. 

Les résultats de simulation d'un profil de vol d'avions C141 sont 
présentés pour indequer le degré de précision obtenu avec les deux 
algorithmes mentionnés ci-haut. Un relevé des programmes logiciels est aussi 
présenté en appendice. 

Receding page blank ill 
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l.U GENERAL INTRODUCTION 

1.1 Introduction 

Conventional gimballed inertial navigation systems (INS) are now in 
comparatively widespread application, in vehicles as diverse as civil and 
military aircraft, missiles, submarines and space-craft. 

In a gimballed inertial system, the gyros and accelerometers are 
mounted on a "stable platform". The gyro outputs are used to drive gimbal 
motors in such a w«y as to maintain the platform in a known orientation, 
irresspective of the vehicle motion, and the accelerometers measure the 
acceleration of the vehicle along all three axes, with reference to the plat¬ 
form itself. Integrating the specific-force indications from the 
accelerometers, with a correction of gravity, yields the velocity and posi¬ 
tion information of the vehicle, by contrast, the gyros and accelerometers 
of a strapdown system are rigidly attached to the structure of the vehicle, 
and therefore provide signals proportional to specific-force and angular rate 
with respect to inertial space coordinates in the vehicle boc|y axes. The 
transformation from the sensor bogy axes to inertial reference coordinates is 
digitally processed by a conputer rather than gimbal mechanized. The advent 
of the microprocessor has made it attractive to replace highly complex and 
fallible moving conponents by conputer power inherent in silicon chips. 
However, the simplicity of the strapdown system is gained at the expense of 
subjecting the inertial sensors to a more severe vehicle motion environment. 

With the aim of developing navigation technology where new 
capabilities are emerging rather than in those areas which are technically 
mature, the DREO Navigation sub-program has undertaken some research and 
development work in the following areas of strapdown navigation technology: 

i) The development analysis of an aiding GPS/Strapdown inertial 
navigation system 11-2J. 

Ü) The development of a Strapdown Aircraft Heading and Reference 
System [3J, and 

iii) A Spot-light Mode Synthetic Aperture Radar motion sensing 
technique. 

Since the structure of the navigation algorithms depends upon the 
coordinate frame chosen for navigation conputation, the above activities 
necessitate the development of two distinct sets of navigation software 
mechanization schemes, in the following two coordinate frames: 

i) Inertial, and 

ii) Local-level geographic. 

This report presents some of the design rational and analytical 
descriptions of these two sets of navigation algorithms for deriving 
attitude, heading and navigation information from a strapdown system. 
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Simulation results are presented to illustrate typical test results and the 
achievable levels of performance accuracy. 

Both of these mechanization algorithms called navigators from now 
on, were programmed in a Xerox Sigma 9 Fortran environment. Program listings 
appear in Appendices 1 and 3. The navigators were driven by a modified ver¬ 
sion of the flight profile simulator [4] called PROFGEN, implemented at DREO. 
PROFGEN generates profiles assuming that the aircraft is an ideal point mass 
without any side-slipping or crabbing motion. It also generates the 
corresponding ideal position and velocity information to use as a reference 
for comparison of the navigators' outputs (Fig. 1). 

IDEAL 
POSITION AND 
VELOCITY 

ESTIMATED 
POSITION AND 
VELOCITY 

FIGURE 1: NAVIGATOR SIMULATION 

1.2 General Description of Coordinate Frames 

For a strapdown system, there are several algorithms possible to 
compute navigation quantities of position and velocity from the outputs of 
the inertial measurement unit (IMU). These algorithms in general correspond 
to the choice of Cartesian reference frame in which the algorithm is 
mechanized. AT DREO, two mechanization schemes were chosen for implemen¬ 
tation. Namely, one inertial frame and another one in local-level geographic 
frame. 

For strapdown systems, since the gyros measure body angular rate 
with respect to inertial space, the inertial frame (Fig. 2) is most 
appropriate in navigation computations. The origin of this frame is taken to 
be the earth's centre, its x-axis through the equator at the Greenwich 
meridian at time zero, its z-axis through the north pole and the y-axis 
through the equator completing the right-handed system. It is also assumed 
that the inertial frame is non-rotating relative to the stars, i.e. non¬ 
rotating in the inertial space. 

The local-level geographic frame (Fig. 2) is typically adopted, 
when the navigation information output in geographic coordinates is desired 
by the user. The origin of this navigator is the location of the strapdown 
system, with its x-axis pointing north, its z-axis normal to the earth's 
reference ellipsoid and its y-axis pointing in an easterly direction 



- 3 - 

completing the right-handed system. Clearly the local level frame rotates in 
inertial space because of the earth's rotation and because of the system's 
own motion over the earth's surface. 

WC 

FIGURE 2: INERTIAL AND LOCAL-LEVEL GEOGRAPHIC FRAME 

Even though a navigator software designer is at liberty to select 
the coordinate frame of his navigation computations, the coordinates of the 
IMU are rigidly attached to the botjy of the vehicle. Ideally speaking, these 
three axes correspond to the three Input axes of the strapdown gyros and 
accelerometers. Therefore, It Is necessary to define the bo<Jy reference 
frame, so that the orientation of the computational reference can be 
determined with respect to this reference frame. The boc|y frame has Its 
origin at the strapdown IMU, Its x-axls along the longitudinal direction of 
the vehicle boc|y, its y-axls pointing out through the right side, and the z 
axis down through the vehicle's underside. 

2.° INERTIAL-FRAME NAVIGATOR 

2.1 Introduction 

Conceptually, the inertial-frame navigator Is perhaps the simplest 
for a strapdown system. The reason for this Is that the strapdown sensors, 
being rigidly fixed to the vehicle boc(y, directly sense ary rotational or 
linear acceleration of the vehicle bocjy with respect to the Inertial space. 
Hence, ary angular motion sensed by the gyros of the IMU can be enployed In a 
straight-forward manner to keep track of the vehicle's relative orientation 
to the Inertial reference frame. Using this relative orientation Informa¬ 
tion, the velocity Increments sensed by the accelerometers can be transformed 
to the inertial-frame (with a correction made to remove acceleration 
components due to gravity), and finally Integrated to provide velocity and 
position Information. 



- 4 - 

2.2 Attitude Computation 

The distinguishing algorithm of strapdown inertial systems, as 
opposed to gimballed inertial systems, is the calculation of 3 x 3 
direction-cosine transformation matrix that relates the orientation of the 
accelerometer measurement axes to the selected inertial navigation frame. 
This matrix is updated continuously using gyro-sensed attitude increments A6B, 
by a third-order quaternion scheme which is generally regarded in the 
literature [5, 6] as being more accurate and requiring less computer time 
than the corresponding direct direction cosine algorithm when operated at the 
same sampling rate. If q^+At is cons,idered as updated quaternion and qt 

is the previous quaternion, we have 

^t+At = fal» fl2» ^3» ¢4) 

3 
= «M1 

A0L A9B . A6B A0B . A0B . nB -qg • - AÖ A0C 
(i) 

R * 
where A0D is the attitude increment of the previous interval, and the 
multiplication of qt and various terms in the brackets are derived on the 

basis of the following rule: 

If = M + 

q2 * A2+ 

qiq2 = ^2 + + *2*7 ‘ *7 * *7 + *7 x *7 (2) 
then 

In order to minimize scale and skew error effects, the quaternion q 
must be periodically renormalized to satisfy the constraint 

qTq = 1 

which only requires a vector multiplication and a simple scalar division 

(qTq)* /qj2 + q2á + q3z + q4z 
(3) 

Then the updated direction cosine matrix Cg* can be constructed 

from the elements of q at any time using the relation: 

1 - 2(q 2 + q 2) 2(q q - qq ) 2(q q + q q ) 

2 3 14 

2 4 13 

2 3 14 2 4 13 

+ ) 1 - 2(q 2 > q 2) 2(q q - q q ) 
4 3 12 

Ziq^q, - q,q ) 2(q q + q q ) 1 - 2(q 2 + q 2) 
4 3 12 

(4) 
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2.3 Gravity Model 

and a The jravlty model implemented is taken from Britting's work Í71 
and is ^function only of the Inertial system's Inertial frame9 coõrdUtes 

The radial component is given by: 

Gr = Ï2- ' I J2 <3 COs2* - 1) - 2Js (¾3 COS* (5 COS«* - 3) 
K 

r R 4 

" 8 J4 (r' ^35 ^441 ’ 30 cos2^ + 3)] (5j 

and the colatitude component by: 

G,> * 3 R2 51 n<^ cos* 

x[j2 +1 J3(^-) sec* (5 cos2* - 1) +Ij4(ie_)2 {7 cos2^ . 3)j (6) 

where R = + y2 + z2 

Rç - 2092.5640 ft. = equatorial radius 

♦ * geocentric colatitude 

u * 1.407645 X 1016 ft.3/sec2 

J = .0010823 
2 

J3 * -2.3 X IO*6 

J * -1.8 X 10-6 
4 

Hence Gx - (Gr + g* tan Lc)x/R 

Gy * (Gp + G* tan Lc)y/R 

Gz S cot Lc)z/R Where Lc = geocentric latitude 

(Gx, Gy, G2) is the inertial frame vector which ideally gives 

Z accelerometersI°rCe °f ittraCti0n exerte<l the ««h and sensed by 
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2.4 Position and Velocity Computations 

The relations between position and inertial measurements, expressed 

in an inertial coordinate frame, are 

•I 
R I 

(7) 

and (8) 

where R and V are respectively, inertial frame position and velocity 
coordinates, and A* is the non-gravitationa] specific force measured by the 
accelerometers. The gravitational effect G due to mass attraction wlJichJs 
sensed by the accelerometers, must be subtracted in the computation of the 

total rate of change of velocity. 

Solutions of Equations (7) and (8) yield: 

V1(t At) = V1(t) + AV1 - G!At 

and R1 (t At) = R^t) + V^tjAt 

= I AtfAV1 - G1 At) 
2 

2.5 Coriolis Correction 

If the strapdown system is rotating in inertial space while 
velocity increments are being sensed by the body-mounted accelerometers, 
certain errors referred to from now on as "coriolis" effects are introduced 
into the transformed velocity increments in inertial frame. Some correction 
for these error terms, however small, should be made. Instead of a detailed, 
ri gourous approach as in reference [8], a simpler but nonetheless effective 
method was followed. This method effectively transforms the sensed velocity 
changes in body frame by the direction cosine matrix C¿ corresponding to the 

midpoint of the update interval. Thus, most of the dissymmetries caused by 
transforming body velocity changes via a direction cosine matrix at either 
end of the update interval are avoided. 

Let Ci and C2 be the d matrices at the beginning and end of an 
update interval, i.e. at times t and t + At respectively. Let AV be the 
sensed velocity increments and A0 the sensed angular increments in body 

frame. 

where 

Then, to a first order approximation, C2 = C^I + M) 

M 

”0 -AG® A0® 

A@2 0 -A0J 

-A0® A©5 0 
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Hence, 

Cl ¿VB + Cz AV8 _ Ci AVB i Ci(I + M)AVB 

2 2 

s Cl AVB C¡ AVB + CiM¿VB 

2 

= Cl AV8 + Cl AVB 
2 

= cid + ^)avb 

equivalentT(ío a\Trstthfrdlr^nppf?oT;:\lV?o^Vaa:sfo^^ 1^7^ " 

directfon cosine matrix at t a it. Transforming by C, and C2 and averaging 

^7i’ds For 
2,6 Computation of Navigation Quantities 

2*6«1 Latitude-Altitude Algorithm 

necessary ^Thi^Secti9eo^rap ^ce^guantities 

mix tzrîs; 
reference êmpsóÍS^^n^nêrtiiíV^^òor^naí^'1 ‘intiq^^hfoía 
conta,n,n, P and the poiar Z-axis is Presente^^re ?t ù^apiaîent^ 

W = /x2 + y2 

0(w, z) onTtheareference 

(10) 

h2 = (w - w)2 + (z - z): 
1 1 

and the ellipsoidal equation is: 

(11) 

wi * 
(12) 



- 8 - 

where Rg = earth equatorial radius 

and Rp = earth polar radius 

L = geographic latitude 

Substituting Eq. (12) into Eq. (11) gives 

h2 = - jT?) ' 2w ^ • ^-) + w2 + Zj2 - 2ZZ! + z2 (13) 
P Kp 

Since Q is the point on the ellipse with the minimum distance from 
P, then differentiating Eq. (13) w.r.t. z^ and setting it to zero yields 

/i-iii- ■w Rxil 
Rp2 Rp2(Zl - z) - Re2z, 

Squaring both sides of Eq. (14) gives us the following quartic 

(14) 

expression 

z^ ->2> „ 3 
R 2 
RP R 2 

RP 
I (15) 

(R 2 _ R 2)2 w2 R 2 

+ [—P' ' . /-z2 - -r-4-} Z!2 - 2(Rp2 - Re2)zzj + Rp2 z2 = 0 R 2 
RP R 2 

RP 

Hence Zj can be solved for exactly using the standard quartic root 

formulae or it can be found using the Newton-Raphson iterative technique. 

Using the iterative method and a starting value of 

R„ 
z, = 

Corresponding to the point p' in Fig. 3, it was found that only 2 or 3 
iterations are necessary at most to find z^ Starting with Eq. (12) and then 

using Eq. (11) the altitude h of the point P can be solved for. 

íín4e Pu Ünd Q hav3 the same geographic latitude L, the 
latitude of P is obtained based upon point Q, which implies 

R 2 7 

L s tan —L) 
Rp2 « ‘ 
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\ 

Furthermore, for any point inside the ellipse, the quartic 
relationship of Eq. (15) also generates distance-to-el1 ipse extrema and it 
can be shown geometrically that for depths smaller than half of the earth 
radius, the Newton-Raphson technique will converge to the proper (minimum 
distance-producing) root of Eq. (15). 

In order to test this latitude-altitude algorithm, it was 
programmed in a stand-alone fashion along with Bowring's algorithm [8] for 
comparison. rhe FORTRAN program listings are presented in Appendix 2. At a 
single iteration both algorithms have comparable accuracy and take comparable 
lengths of CPU time. At 2 iterations both have comparable accuracy 
improvements, but the new algorithm takes significantly (approx. 20%) less 
CPU time for execution than Bowring's. Aberrations in the behaviour of the 
algorithms occurred at the equator and at the earth's poles. At the equator, 
the algorithm presented here takes about twice as much CPU time as normal. 
At the poles* Bowring's algorithm breaks down and gives wrong answers. 
Essentially, the OREO algorithm has the advantage of being simple in concept 
and provides an analytically exact transformation from inertial frame 
coordinates to geographic position. 

2.6.2 Velocity in Local-Navigational Frame 

To compute the velocity information in the local navigational 
frame, it necessary to take into consideration the effects of the earth's 
rotation. This relation is simply: 

VN = cÇ (V1 - ß|e R1) 

N 
where Cj is a standard function of longitude \ and latitude L. 

2.7 Navigator Initialization 

To initialize the operation of the navigator, it is essential to 
insert externally derived navigation information on latitude, longitude and 
altitude. The following algorithm summarizes the initialization process: 

a) Direction Cosine Matrix Cg 

pi _ pi pN 
lB ■ ln lb* 

where 
I 

C 
N 

-sin L cosA 

-sin L sinA 

cos L 

-sinA -cos L cosA 

cosA -cos L sinA 

0 -sin L 

Ai 
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cosH cosP cosH sinP slnR - sinH cosR 

sinH cosP sinH sinP slnR + cosH cosR 

-sinP cosP slnR 

cosH sinP cosR + sinH sinR 

sinH sinP cosR - cosH sinR 

cosP cosR 

and L * latitude, X = longitude, H = heading, P = pitch, R * roll 

b) Quaternion q 

Qj s (/1 + + C22 + C33Î/2 

a ^32 " ^23)/4^1 

R3 = " ^31 

% s (C2i * ^12)/4^i where <c1ji = CB 

Then normalizing, = q^/Zq!2 + q22 + ^32 + Ri«2 ^ = 1,2,3,4) 

This method is due to Grubin [9, 10]. 

c) Inertial Frame Position Vector (x,y,z) 

Let R = Re//1 - e2s1n2 L where Re = equatorial radius, 

e = earth's eccentricity 
Then x = (R + h)cos L cosx 

y = (R + hjcos L slnx 

R R 2 
z = (--+ h)s1n L 

Re2 

where Rp = polar radius, h = altitude 

d) Inertial Frame Velocity Vector V1 

Letting wje = .7292115147 x 10"4 rad/sec (earth's rotational rate) and 

V = wie /x2 + y2 , 



then V sinX + vi 

11 

V I * 
X 

Vy = V COSX + V2 

vj = V3 

where (vi, va, V3) is the inertial frame velocity due to the body possibly 

not having zero velocity relative to the earth at initialization time. 
Usually (vi, V2, vs) * (0, 0, 0), i.e. the system is stationary at 

initialization. 

2.8 Navigator Block Diagram 

In Fig. 4 is shown a block diagram of the inertial frame navigator 
with angular increments A6B and velocity increments AVB as inputs. Note that 
the latitude-altitude algorithm implemented is a new and efficient algorithm 
developed at DREO. 

2.9 Test Results 

All testing done using a flight profile simulated by PR0F6EN [4] 
which corresponded to a C141 "racetrack" flight of 1750 seconds duration as 
shown in Fig. 5. The navigator was iterating at a 50 Hz rate, i.e. 
At = 0.02 sec. 

The starting conditions for this scenario were 45° latitude, -60° 
longitude, 0 ft. altitude, 90° heading, 0° pitch, 0° roll and 0 ft/s 
velocity. Total RSS position error of the navigator as a function of time 
for the whole run is shown in Fig. 6. This is the error with respect to the 
ideal position generated by PR0FGEN, and after 1000 seconds of flight time, 
the error is only about 15m, which clearly shows the accuracy of this 
navigator. 

In order to demonstrate the improvement due to the coriolis 
correction, the same scenario was repeated another 2 times without the 
correction. In the first repetition, the AVB,s were transformed to AV 's 
only before C¿ was updated. The resulting error is shown in Fig. 7. In the 
second repetition, the Air's were transformed only after Cg was updated with 

corresponding error shown in Fig. 8. Clearly, the coriolis correction 
improves position estimates especially during turning manoeuvres. 

3.0 LOCAL-LEVEL NAVIGATOR 

3.1 Introduction 

In some applications, such as marine navigation, it may be 
necessary to eliminate the vertical direction from the dynamics of the 
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navigator. This requirement can be easily met with a coordinate frame which 
has one axis along the local-vertical, and the other two axes in the local- 
horizontal plane. For the present purpose, it is convenient to define a 
local-level geographic coordinate frame which is aligned with the local 
north-east-down coordinate system. Several features of the inertial frame 
navigator were carried over to the local-level version, in particular, the 
coriolis correction and the quaternion attitude update algorithm. 

For the purpose of completeness in presentation, the DREO software 
implementation assumed the presence of all three accelerometers to measure 
the geographic referenced specific force. A complete software orogram print 
out is presented in Appendix III. In view of the intention to use the local- 
level navigator chiefly for two dimensional (i.e. earth's surface) 
navigator,'it is justifiable to select a simpler and less accurate gravity 
model. This gravity model is entirely different from that of the inertial 
frame navigator, since the concept of inertial frame does not have any 
implication in the local-level navigator. 

3.2 Gravity Model 

For the local-level navigator, a crude gravity model [7] 
coordinized in north-east-down coordinates was used. The component, g in the 
down direciton, accurate up to 20 wg's is 

qD = ü_ [1 - 1 j2(l - 3 cos 21)] - R wie2 Cos L Cos Lc 
R 4 

the north component is -1.63 x 10~8 h sin L cos L and the east component is 
zero. These components model the earth's mass attraction force plus the 
centrifugal force due to the earth's rotation. 

The geocentric radius is approximated by 

R = R0 + h. 

The error in this approximation increases with increasing altitude, but is 
only about 1 foot even at the altitude of 200,000 ft. 

The radius of the reference ellipsoid can be computed from the 
equation of an ellipse, and is approximately 

Rn = RJl - £ (1 - cos 2L) + e2 (1 - cos 4L)] 
0 e 2 16 

where the first and the second term are, respectively accurate to 150 ft and 
1 ft. 

The geocentric latitude can be written in terms of the geographic 
latitude L, which is 

Lc « L - e(l - J-) sin 2L 
Ro 
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3.3 Quaternion Attitude Update Algorithms 

The directional-cosine matrix to transform anqular velocity from 
the body frame to local-level geographical frame is given by 

rN - rN oB “NB 
where 

0B - oB nB 
‘‘NB " nIB * ^IN 

or simply 
A*8 = A<j»^B= AeÇg - AiJ>8^ 

Then the qjaternions of Cg are represented by 

qt+At ~ (ql» q2» q3> ^4) 

= q [ 1 + a£ . Al8 . A(jiB _ M8 . A4»8 . .B A^8 x AòB*i 
2 « 48 9 24 J 

where A<f8 = A(f8 of previous interval. 

Hence the DCM matrix Cg can be constructed from the quaternions as 

1 ' 2(,32 + \2) 23 - VJ 2iqz\ * 

V 2<V3 + 1 - + %2) ^Vs-Va1 
2(q2q4 - qiq3) 2(q4q3 + q^^ 1 . 2(q 2 + q 2, 

3.4 Mechanization Equations 

The rate of change of earth-referenced velocity as seen in the 
local-level geographical frame is 

(Ve)n = VE + fiNE X VE 

= VE - ßEN X VE 

where the rate of change of earth-fixed veolicty is: 

VE = a + q - 2 nIE X VE 
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and 

I* ■*$ well known that angular velocities fljE and nEN are given by 

n 
IE 

wHo Cos L 
ie0 

-wie Sin L 

We also have: 

nEN = 

I cos L 

-L 

-1 Sin L 

q 0 

Therefore the rate of change of velocity components are 

Vr = aN - 1.63 X 10_8h Sin L Cos L + vD L - vE(f + 2 wie) Sin L 

vE =■ aE + (I + 2 wie) (vN Sin L + vD Cos L) 

= aD + " VN " ve(Î + 2 wie)Cos L 

aN = CN AvN 

aE = CE Ave 

an a CD AvD 

where 
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The latitude, longitude, and altitude are related to the earth- 
referenced velocities as: 

and 

L = 
(r L + h) 

1 /= 
VE 

(rL + h) cos L 

h = -vD 

3.5 Navigator Block Diagram 

A complete local-level navigator mechanization diagram is presented 
in Fig. 9. As can be seen, there are two timing loops, a fast inner loop 
iterated at 50 Hz and a slower outer loop at 2 Hz. 

The fast loop continues to update the quaternions and Cg matrix to 

maintain the correct body to navigation frame orientation using the outputs 
of strapdown gyros, corrected by The velocity increments Ay in body 

frame are also transformed to navigation frame velocity increments Ay, which 

are then followed by a coriolis correction. 

The slow loop iterates once every "nav interval" i.e. every 0.5 
seconds. In the middle of the nav interval, the quantities CN, Cç, CD are 

computed for use at the end of each nav interval where position and velocity 
are calculated. Also, since the A#* used over the previous nav interval t 
to tk+ was a prediction based on Wj«(k), a correction is made at the end of 
the nav interval using the new knowledge of Wj^(k + 1). Further elaboration 

and a full analytical development of the local level navigator algorithm is 
given by Van der Velde [ll]. 

To initialize the navigator, Cg is computed from input position and 

attitude (see Section 2.7, same as the inertial frame navigator). Then the 
quaternion is calculated from Cg using the Grubin [9, 10] method once more. 

3.6 Test Results 

The Racetrack scenario described earlier was used to test the local 
level navigator. In Fig. 10, the solid line shows the total RSS position 
error in meters of this navigator as a function of time. The dotted line is 
the corresponding position error for the inertial fame navigator repeated for 
comparision. Most of the local-level navigator's error is due to the cruder 
gravity model employed. This is demonstrateo by the plots of altitude error 
in meters for both navigators in Fig. 11 (the local level navigator is 
represented by the solid line) where it can be seen that the local level 
error in altitude accounts almost entirely for the total position error. 
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4.0 CONCLUSIONS 

This report presents the derivation of two strapdown navigation 
algorithms for deriving navigation information from a strapdown inertial 
measurement unit. The navigation processing algorithms are implemented in 
the inertial navigation frame and the local-level geographic frame. In the 
inertial frame mechanization, a new exact algorithm was derived to transform 
inertially referenced data into geographic coordinates. Simulation results 
and complete listings of software programs are also presented. 
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FIGURE 4 - INERTIAL-FRAME NAVIGATOR 
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Fr,m 5 ■ 'RACETRACK1 FLIGHT PROFILE 



FIGURE 6 - NAVIGATOR POSITION ERROR (METERS) VS. TIME (SEC) 
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FIGURE 7 - POSITION ERROR - TRANSFORMATION BEFORE UPDATE 



FIGURE 8 - POSITION ERROR - TRANSFORMATION AFTER UPDATE 
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figure 9 - LOGAt-LEVEL NAVIGATOR BLOCK DIAGRAM 
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FIGURE 10 - NAVIGATOR'S POSITION ERROR (METERS) VS. TIME (SEC) 
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FIGURE 11 - NAVIGATOR'S ALTITUDE ERROR (METERS) VS. TIME (SEC) 
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APPENDIX I 
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