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Navigation

The Navigation Problem

Inertial Navigation Schemes

Reference Systems and Earth Models
Navigation Equations

Sensors: gyroscopes and accelerometers
Non-Inertial navigation systems
Navigation Error Dynamics

Integrated Navigation System

1.
2.
3.
4.
5.
6.
7.
8.

what is my current position?
where am | travelling to?
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NavigatonProblem

The Navigation Problem is the Solution of
position and velocity at any given time.

Requirements:

A Reference Systems

A Measurements with respect to known
locations and/or inertial directions

A Correct computation of the variable Time.
Difficulties
A Computation of Error sources

A Error reduction
A Error Propagation reduction
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NavigatonProblem

A EarlyNavigation
Use ofMagneticCompass
Mapsand Chartsfor Latitude

Problemwith Longitude(requiresprecise timecomputation
Sextantinventedin 1731 for star location (C. Colombo 1492)

Chronometeralittle later

North

 latitede - N/

L 6cal horizon

Elevafionabove L

LOS to knov\Efn star

- Knowledge of time . |

required

. Longitude

magn iyng glass

mkrometer dum  clamp
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Navigaton hmpplerastaadion

A Two basic Implementations
A Requiring external Aids

A Dead-Reckoning

A First, a definition is in order. Dead reckoning is the process of estimating the position of an
airplane or ship based solely on speed and direction of travel and time elapsed since the last
known position (or fix). So all you need to figure out approximately where you are is an
airspeed indicator or log or other measure of speed, a clock or watch, and a compass. Dead
reckoning stands in contrast to pilotage (navigation by visible landmarks) and celestial
navigation (navigation by reference to stars or other heavenly bodies). Navigating by external
reference points is more accurate, but dead reckoning is the fallback when all else fails. The
term dates from the seventeenth century, so we have to look to the sea for the origin of the
term, not the air. The story you refer to has it that dead reckoning was first called "deduced
reckoning," which someone then abbreviated (in a ship's log) as "ded. reckoning." Later
someone reading it thought "ded" didn't make much sense, so he wrongly (according to this
theory) thought it must be a misspelling for "dead." The other theory is that it was "dead
reckoning" from the beginning, but since this sort of navigation doesn't seem to have much to
do with death, someone assumed the derivation from "deduced," which must have made
more sense to him.
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Dead-Reckoning relies on the continuous updating of the position data derived from
inputs of velocity components or speed and heading generated from a known start

position

A simple example of this techniqgue is a system, which uses a compass heading in
combination with a device, such as an odometer, to measure the distance travelled
over the ground

The accuracy of dead reckoning is largely influenced by the accuracy with which the
initial position, velocity and heading are known

The need to transform measured quantities from a reference frame to another

is an additional source of errors

Example: velocity measurements transformations

a REC& V H
ASSEMBLY

RA(‘IAYE' D

& 4 s | Rotation Matrix
Syntax
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Deadi ReddoimadNavigaton

Latitude and
Longitude Computation

4

A

. Possible Mechanization = [EENUNWSSEE.

Position change function of position and velocity _
| Errars:-funetions of initialization, position, velocity |-

Mag hetic

Compass

east

(.
sy

<. é

Doﬁpler |
Sensor | |
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|nertial Niawigabars Seimeees

Inertial sensors measure angular rate and acceleration information
relative to an inertial frame of reference.

An inertial coordinate frame does not rotate or accelerate with respect to
any other system of reference

Accelerometerameasure change of velocity (acceleration) with respect to
an inertial frame.

Gyroscopesneasure change of rotation (angular velocity) with respect to
Inertial space.

If one carrelate measurements made in this inertial frame to some
navigation frame then inertial sensors can be used to realize both 3
dimensional coordinates anddmensional attitude in a world that makes
sense to navigators.

Inertial systems (accelerometers, gyroscopes, and computer) constitute a
seltcontained unit, with no relation with the outside world, and this is
one of their main advantages.
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|nertial Niawigabars Seimeees

A Severateference framesnust be defined in order to
Implement Inertial Navigation

A At least:

A Inertial Frame (i)
A Navigation Frame (n)

A Body frame (b) GﬂEﬁ?‘S"’dﬁ” GEégg:IL-HICI

NAVIGATION
AXES

EQUATORIAL
PLANE
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|nertial NavigatonSdiwenaes

Basic concepit:
Measure accelerations

: H — . : :
Integrate accelerationto get | =f &, 20:'*”} Y +9_ b ’_5*55”"19" known - |
velocity : : :

Integrate velocity to get
position

.Velomty

L From accelerameters

Earth relative 'velocit\,r function of position and velocity
Errors initialization, acceleratlor_l bias, transfon‘natlon
p05|t|on and veiomty

Issues:

A Accelerations are measured in
Attltude
the sensor reference frame

A Velocity and position might be | : { =@, ]C”"”?r—““—f meGymsmpe""""""'

meaningful ONLY in a different
frame (the Navigation Frame)

Must convert measures _from | Attitude Chariqe function of position, velocity and attitude :
sensor frame to Navigation ; Errors initialization, gyroscope blas transformatlon p03|t|cm

frame if sensor frame | rand veioclty
rotates | '
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|nertial NavigatonSdiwenaes

Two implementations of the basic same principle:

Slip rings and rorquér
on each axis :

(not shown) Vehicle

A Stabilized platform | .

A Sensors are alway§=PT ALIGNEith the Navigatio -
Frame

A Measurements can be readily integrated

Accels

Pitch pickoff/ pZ

A Strapdownplatform
A Sensorsotate with thevehicle
A Must ESTIMATEehicleto navigationframesrotation

A X then transform(rotate) numericallymeasured
accelerationfrom sensofbody frame tonavigationframe

A X then measurementgan beintegrated

Figure 1.8. The strapdown system.
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|nertial NavigatonSdiwenee sSiaiil | zeloPlaifonm

This mechanization isolates the accelerometers from rotational motions of the vehicle and
maintains the proper orientation of accelerometer axes. This solution finds its main application in
space travel.

The major advantages are: simpler gyros (platform rotates at small rates, lower dynamic range),
high accuracy (North and East accelerometers do not see a component of gravity), self alignment
by gyro compassing and sensor calibration by platform rotations.

The main disadvantages are: complexity and cost, gimbal magnetics (torquers must not leak
magnetic flux) and reliability (bearings and slip rings tend to wear).

Slip rings and torquer
. 0’! eac a'xl's,. ........ s = .

(not shown) Vehicle

o

Accels

- Gimbals

Roll
pi{;koﬂ'

A
Attitude, ©
o

> Yawams
] P :
: Heading pickoff :

Veljicle axisé
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|nertial NavigatwonSdiweneesSistil | zeloPlkstfonm

B

_ = | Nulttoops |-
YGyro H——

Gimbals POSITION, SPEED,

|""ZGyrd"§ e R ' . _

= NAVIGATION
‘COMPUTER |

| . Integrations |

- Corrections :
X:Accel f - § ; f Gm'ity f

Y:Accel ‘HH 5 5 q .
: < | Accelerations =

o éAcccl |—

A ————
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Statillzednertial NavigatonExanukes

Gyro -compass
Mark XIV,
About 1944
the most widely
built ship gyro of
WW I

SOUTH VIEW NORTH VIEW

FIGURE |

MK. XIV GYRO COMPASS

(REMOVED FROM BINNACLE)

SPEED AND LATITUDE CORRECTOR 10. ROTOR CASE
. SUSPENSION CAP 1. MERCURY BALLISTIC
FOLLOW-UP TRANSFORMER 12. AZIMUTH MOTOR
TRANSMITTER 13. SPIDER TERMINAL BLOCK
. TRUNNION BEARINGS 19. LOST MOTION ADJUSTING KNOB
VERTICAL RING 31, VERTICAL RING LOCK
. COMPENSATOR WEIGHT 57 SPEED AND LATITUDE CORRECTOR SETTING KNOB
. PMANTOM RING 58. AUXILIARY LATITUDE CORRECTOR SETTING KNOB
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Sitattl|lzzeid nertial NavigatonExanudes

LISTIC

OR

INAL BLOCK

| ADJUSTING KNOB

16 LOCK

ATITUDE CORRECTOR SETTING KNOB
TITUDE CORRECTOR SETTING KNOB
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PE CORRECTOR SETTING KNOB
CORRECTOR SETTING KNOB
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Stattlzzed nertial NaviigatonExannies

PLATFORM GIMBAL CONFIGURATION

ROLL
+X

T RESOLVER

PRELAUNCH
VERTICAL
AL IGNMENT

>
PITCH OUTER /l
+Y GIMBAL Mg / PENDULUMS

) I'

. GYRO 2 q
RESOLVER 1A ’\‘" "/ SERVOTORQUE
3 ; ., MOTOR

GYRO

TRRRSRA OA 1R INERTIAL
SR < // GIMBAL
VEH O 0 GYRO
VEHICLE '/ /
7

FRAME MIDDLE
GIMBAL
RESOLVER

~

oS

SERVOTORQUE
SERVOED MOTOR
INTEGRATING PRISM
ACCELEROMETERS FIXED
PRISM

SERVOTORQUE
_ MOTOR
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Statilzednertial NavigatonExanukes
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|nertial Niawigaibars Seimem eSiraphiovwi Plstforim

Are characterized by components rigidly attached to the vehicle with benefits due to reduced
size, cost and performance.

Among the advantages of Strapdown systems we have: simple structure, low cost; more rugged

and lighter assembly; reliability (no gimbal magnetics, no slip rings, no bearings, electronics more
reliable then machinery).

There are disadvantages such as: more difficult to align; more difficult to calibrate; motion induced
errors which can only be partly compensated for; accelerometer errors (each accelerometer may
feel 1 g from gravity) and requires a computer that can perform quick coordinate rotations.

Figure 1.8. The str: wn m
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|nertial Niawigabars Seimem eSiraphiovwi Platdforim

7 POSITION, SPEED,
U ATTITUDE

COORDINATE g aToN
TRANSFORM ) Integrations
COMPUTER Corrections
Coriolis
iGravity;

X Accel

Y Accel ﬂ
Accelerations

Z Accel

VEHICLE AXES D<= FIXED AXES

Figure 1.9. The basic strapdown system.
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|nertial Niawigabars Seimem eSiraphiovwi Plstdforim

,n;f;. GYI’OSCDPES _ Earth Rate

¥ h J ¥

T
Opip = mJIe-I_meIn_CbmJIb

+h] cns¢

[ hb-',‘?:'a’.l'

ﬁ:—v3

o

Gravity Model

_.B : :
f: Accelerometers
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Exanuitcodt 2D Stirapttowni INSS

A The system contains:
2 accelerometers ,
1 rate gyroscope = & SENSITIVE AXIS.

The sensitive axes of the = RESOLUTION.
accelerometers, indicated = INTEGRATION.
by the arrows directions
are normal to each other
and in the directions of :
motion (Xb, Zb) axes \

The gyroscope is
mounted with the

sensitive axis orthogonal '
to both accelerometers, GYROSCOPE
allowing it to detect

rotations about an axis //////////////////////////// ‘

perpendicular to the plane
of motion (Yb)
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Exandeod®d DB tEipalpdWNINS:
Navigatonwk il tiled daerbibifarame

body attitude g is computed
by integrating the measured

angular rate ,/K/b with
respect to time

This information is then used
to resolve the measurements
of specific force (fxb, fzb) into
the reference frame

A gravity model, stored in the
computer, is assumed to eq
. . T ]
prov!de estimates of_the Af, =f, cos q fsin
gravity components in the e z
reference frame 1, = fpsin dfgcos
These are subsequently n, . o,
integrated twice to obtain n. = _ :
estimates of vehicle velocity S Ja Dead Reckoning
X, =
7, =

and position

(hxi’ Q)

0 Must know Initial attitude
0 velocity and position

€ ) Lorenzo Polling Sistemi di Guida e Navigaziogk a Ly 3S3Iy SNA I w2 0 2 dUniddi Pis Mz- i




Bkmﬁm)éeoﬁfZBltEdpaipWNSNS

tonw.

Consider now the navigation solution in a rotating frame:
A Vehicle moving in a Meridian Plane (along a Longitude line)

KEY :
—»= SENSITIVE AXIS.
Xy ® = RESOLUTION.

(] ]= INTEGRATION.

© =SUMMING
JUNCTION.

Pitch angle
XNED

ACCELEROMETER
North Pole i

South Pole

The previous mechanization entails a further transformation of the velocity and position, to a
geographic frame. An alternative often used is to navigate directly with respect to the latter reference
frame, defined in this case simply by the direction of the local vertical at the current location of the vehicle.
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Exaniitcod D PSiraptomnINS

In order to compute attitude with respect to the local geographic frame
it is necessary to keep track of the navigation information

with respect to the local geographic frame that rotates with

vehicle motion to follow the earth curvature. This information

can be extracted by taking the difference between

gyroscopic measurements of body turn rate with respect to

inertial space, and current estimate of the turn rate of the

geographic frame with respect to the inertial space.

Transport Rate

LOCAL
GEOGRAPHIC/
NAVIGATION
AXES

LOCAL
MERIDIAN
PLANE

EQUATORIAL
PLANE
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Exaniitcod D PSiraptominINS

In order to compute attitude with respect to the local geographic frame

it is necessary to keep track of the navigation information e
with respect to the local geographic frame that rotates with

vehicle motion to follow the earth curvature. This information

can be extracted by taking the difference between

gyroscopic measurements of body turn rate with respect to

inertial space, and current estimate of the turn rate of the

geographic frame with respect to the inertial space.

The Transport Rate for a vehicle moving with velocity n, and
With a spherical Earth of Radius Ro, is:

LOCAL
GEOGRAPHIC/
NAVIGATION

EQUATORIAL
PLANE

q =W

R, +h

The transport rate is used to compensate gyroscopic measures
and also generates coriolis effects (the navigation frame is now
not inertial).

The navigation R
Solution is : D

X

R, +h

=f,, cos g f sin
= {,sin dftcos
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Exanuitcod D D[Sirapttownl NS: .Comipgnddeson

Comparison:

Lorenzo Polling Sistemi di Guida e Navigaziogg a

Inertial Reference
?q = W
it =f,cos g fg sin
1f, = {,sin gfcos

~ 'z

in, =

r.]zi :fzi g-zi
X =
z,= 9

Rotating Reference

. _ nx

47 R

. —f,cos q ff sin

= {,sin qf,tcos
n

: n, 0
R, +h

—_— =) D:

—n _—h

N

>
4

x

N
N

>
4
Q@

—_— =) =) =) =) =) ) ) =) =) —)
1

]
NS XS
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Comparisanwtis isteibdezbel arfatform

What changes with a stabilized platform ?
Inertial Reference The platform attitude is

Xopmo | VEHICLEAXES | . / [ CONSTANT ! (=0)
| B ' The vehicle attitude is

Y Gyro ' Gimbals POSITION, SPEED, measured from the
| AITITUDE - - gimbal angle and
~ NO MORE computed !

oy | SOMPUTER. |
7l : (Coriolis
Gy |

X Accel _
SERNDIRAOSUIE [ DUPRRIRURNY U g The graV|ty components

Y Accel - —— ; ; (] ; , change with motion
———— | Accelerations .
: : : : : : : => compensation
ZACGCI . . . . . . . .

: ; ’ _ ; ; : requires knowledge of
<= _ _FIXED AXES | _ position w.r.t. earth!
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Caomparisonwittilsisisibdezel affatform

What changes with a stabilized platform ? The Transport Rate is
| —
Rotatina Reference used as reference for
° N / platform null loops
=W = (= desired platform
Ro+h angular velocity)

X Gyro -

Y Gyro : :

VEHICLE AXES

Gimbals POSITION, SPEED,
| - ATTITUDE

—h

x

Gimbal angles | aviGaTioN |
| COMIUTER. |
S Integrations
7l : (Coriolis
Gy |

Platform Attitude is
NOT CONSTANT
w.r.t. the inertial frame
BUT is always parallel
To the navigation frame

—h

N

x

X Accel

Y Accel H—m ; N
< | Accelerations . oo

Z Accel

>
4

N
N

The vehicle attitude
(w.r.t. the nav. frame) is
measured from the
gimbal angle!

— = =) =) =) =) =) —) —) —) —) —) —) (hy:

N. X > g
1

NN H

E——

-\\'Q;E(‘J_e‘. GYROSCOPE Na gaton rta
_ vigation w.r.
/ r\ Gravity Is constant NON INERTIAL frame

\ only along Z axis in still requires Coriolis

l'_,-,.-"‘E'..le rs \Y\ the navigation frame Compensation

“ RADIUS R, \ EARTH'S SURFACE

\
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Navigatonmathemaiss

Frames of References and Coordinate Transformations

Earth Models
A Earth shape and elliptical coordinates
A Gravity Model
A Magnetic Field Model
Inertial Navigation Equations (Mechanization)
A Gimbaled and strajlown
A Attitude and Position dynamics
Aiding sources
A GPS, etc.
Sources of Navigation Errors
A Derivation of error Dynamics
Integrated Inertial Navigation
A Sensor fusion and Indirect (Errstate) Kalman Filtering
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Reflaratec and Models

The motion of a vehicle is based on its relationship to an inertial system
Other references may be more useful from the point of navigation

Coordinate Transformations are used to express the navigation vector variables in
one reference system or another according to necessity.

The most common transformation is the DCM (direction cosines matrix) based on
Euler angles

Here we use the standard aerospace (and SNAME) standard for Roll Pitch and Yaw
angles

R%XI (North)

Y, (East)

Pitch ()

o

Q

Vector & Rotation Matrix
Z, (Down) Syntax
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DCNYaawacRalll Pticth) ,amnldyawang)kes

A Sequence of three basic rotations that bring frame A (navigation/inertial) into frame B
(body):
A Rotate A around Z axis of Yaw angle Y

Roll () X, (North)
A then around NEW Y axis of Pitch angle 9 ﬂ
A then around NEW X axis of Roll angle ¢ /\\k

Y, (East)

Pitch (0)

Yaw (y) >

égcosa sina O

:g sin  a&os a

> b _
X B C, =C, (DG, ( )X,( )

ecosa 0O -sin a

=0 1 0

gsina 0 cos a @ch GSj Yﬁﬁsy ﬁSJ Cjcyg+

R é . | .
Cx(a)=§)gosagine :éCSJ Y CJ] ystsy sk s gsy

€ -sin a cos a é—SJ Sq J ch J
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Use DO

A Transform vectors expressed in a frame into an other

v = Cv

Rc%ﬂ){l (North)

A Compose successive frames rotations

Y, (East)

C CCCb & :C: Va = Pich (0)
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DC\Wrates

-
If a frame rotates with angular velocity: Wi/y :[ 1\/V 2W 3]V\;

(angular velocity of frame Y that rotates around X frame, expressed in the Y frame)

Cxt)ECHH) W, | =cxm)( LW

W W oo
W;dy =a W 0 '1\&

e w w 0
Cl(t)= - WC)(t)

Woy =Cx WGy

X
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Confdl nateSHtstams

A There are several reference
systems used in Navigation
(Earth, and near-Earth)

A ECEF-Earth-Centered, Earth-
Fixed Frame

A ECI-Earth-Centered, Inertial

A Local Geodetic (Geographic)
Frame

A Wander Azimuth Frame
A Geographic Local Horizon
A Body Frame
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CoaidiateSiteiams

A ECEF-Earth-Centered, Earth-Fixed Frame
A Non Inertial, Origin at Earth center

f = Latitude Earth Spin Axis defined differently depending on the problem
| =Longitude Z-Axis = spin axis left figure
h= altitude / distance Y-Axis = spin axis center figure
from surface X-Axis = spin axis right figure
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Confdl nateSHtstams

Local Geodetic (Geographic) Reference

ASeveral possibilities exists and all of them are equally valid

NED (North-East-Down) ENU (East-North-UP) NWU (North-West-Up)

X [N
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Confdl nateSHtstams

Wander Azimuth Frame

The Wander Azimuth (WA) frame is currently used in navigation, and has several definitions.
It plays an important role for navigating at high latitudes without incurring in transformation
singularities associated with North-based implementations.

~ NED v ENU NWU

A X Y A X
o o o

N
A

Time rate of change of Wander angle
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Contdl ateSHstetams

Example:

ECI (i)
ECEF (e)
ENU ()
ENU + Wander Azimuth

Earth Fixed
Frame (&)
» )

Inertial Frame (i)
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CoaidiateSiteiams

KGeographical Local Horizon LOS

A line of sight can be defined on the local horizon plane, if there are sensors used for navigation or
targeting such as cameras pointing a specific direction. Figure shows the orientation of a LOS in
terms of Azimuth (Az) and Elevation (El) angles relative to a NED geodetic frame.

@CEICAZ CElsAz - sEl
C%%(z) = g sAz cAz O
&EIcAz sElsAz cEl

Rotation 1: Azimuth about D - Axis
Rotation 2: Elevation about E& Axis

The above expression can also be used to derive the

relative (linearized) position Dr of an object at range r,

being tracked by a station
position
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SheadiftcCoaidl nateT Faaseionatadions

1. Transformation matrix from ECEF to the local geodetic frame NWU

ce=R( ) RX) 9 =c

e 0 0O gcfe 0O s f

sl Y0§ 100

0 -sl c IgsgD c

2. Using the Werame, as Navigation Reference
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SheadiftcCoaidl nateT Faaseionatadions

Aransformation matrix between the ECEF and NED

Rotation 1: | about Ze
Rotation 2: -f aboutY 6 e
Rotation 3: alignment of axes from Up-East-North
to North-East-Down (-90 deg around Y 6)G

(‘,90 0 1gcfé, O sf Cg)l(‘?s 0
CE=R,(+) B( YR,(Q g0 = 0 z0g 100 & & 0o0-

&1 0 0p £f0 c fog g0 1
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gct Il cs f 4 g f

est( | yasst- f) & + The transformation between earth centered inertial
g:s(- ) + ) I B¢ and | ocal geodetic is o
Gct( | ¥ acst f) Is+ angular displacement q = Wt
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Precise Modeling of the Earth is fundamental problem in inertial navigation

Main sources of errors are:
Ahe shape of the Earth
Ahe variation of gravity due to the non uniform density of Earth itself

The most widely used model today is the World Geodetic System (WGS-84)

Reference ellipsoid

Te, M

f

Clarke 1866

Clarke 1880
International

Bessel

Everest

Modified Everest
Australian National
South American 1969
Airy

Modified Airy

Hough

Fischer 1960 (South Asia)
Fischer 1960 (Mercury)
Fischer 1968

WGS-60

WGS-66

WGS-72

6378206.4
6378249.145
6378388
6377397.155
6377276.345
6377304.063
6378160
6378160
6377564.396
6377340.189
6378270
6378155
6378166
6378150
6378165
6378145
6378135

294.9786982
294.465

297
299.1528128
300.8017
300.8017
298.25
298.25
299.3249646
299.3249646
297

298.3

298.3

298.3

298.3

298.25
298.26

WGS-84
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6378137

298.257223563

Defining parameters
Equatorial radius r, 6378137
Angular velocity, w;/, 7.292115 x 1073
Earth’s gravitational constant, ¢ 3.986005 x 10*!
Second gravitational constant, J,  1.08263 x 1073

Derived constants
Flattening, f 298.257223563
Polar radius, r) 6356752.3142
First eccentricity, € 0.0818191908426
Gravity at equator, gwas, 9.7803267714
Gravity formula constant, gwgs,  0.00193185138639
Mean value (normal) gravity, g 9.7976446561




BlippsodiGeeomieiry

Ellipsoid Geometry

Geocentric Latitude
Geodetic Latitude

Polar Radius
Equatorial Radius
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BlippsodiGeeomieiry

From Ellipse Equations and Geometry

s b2 22
4+
2

2
Fe I

=1

r.2
L= (el

e

Equatorial Plane Variables

b .
> Eccentricity X = ltos |
y = Iin |
r.(1- é)sin

J@- &sin® )
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Ellipticity

Flattening Z=




BlippsodiGeeomieiry

The radii of curvature (along the lines of constant
Longitude (M) and Latitude (N) respectively) are:

V@t dG Md O f
V @t dL N-co d

b B r
T cosf  f(1- Esin? )

N =R

3
5%3
OU
o’

adz
M=R__. giT G
meridian dzz (1_ ésinz )a:
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Blipsodide epraeiry

Compute the position coordinates in the The radii of curvature (along the lines of constant
ECEF frame for a point on the surface Longitude and Latitude respectively)

0
\/ rée - 4 ¢os dos R b r,
(1- sin )f : normal — = .
" cosf Ja- &sin® )

X
m
(@]
m
m

I

Qo @88 Qo

<
1

° 0O
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During the motion on the surface, the values of Latitude and Longitude vary with time with respect to
the inertial frame, and with respect to the arc-length along meridians and parallels

n

north

+h Left equation is always valid except for poles operation, where
a singularity exists. Position evolution in this instance must

cast use other methods (DCM or Quaternions).
+h)cos f

meridian

n

normal
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BlipsodGiraxvt@tiond Acca e satoon

The mutual mass attraction due to Earth, or Gravitation, can be found as an
approximated series of terms that include a first term representing spherical
Earth, and successive terms approximating the oblateness.

For a small mass m on the surface of
earth (with radius r,)

Fl=mg with g = ﬁ’;"’

a

= = GM
|F“ ,nzm

Newton's Law of Gravity
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BlipsodGravtaiondlAcce e aiton

The mutual mass attraction due to Earth, or Gravitation, can be found as an
approximated series of terms that include a first term representing spherical
Earth, and successive terms approximating the oblateness.

If we stop after the first two terms we have (for point (x,y,2 in ECEF)

\

R=x2+y?+22

Equatorial radius r, 6378137 m
Angular velocity, w;/e 7.292115 x 1073 rad/s WGS84 constants

Earth’s gravitational constant, 1 3.986005 x 10*!*  m’/s?
Second gravitational constant, J,  1.08263 x 1073
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BlipsodGravtaiondlAcce e aiton

The mutual mass attraction due to Earth, or Gravitation, can be found as an
approximated series of terms that include a first term representing spherical
Earth, and successive terms approximating the oblateness.

If we stop after the first two terms we have (for point (x,y,2 in ECEF)

R=x2+y?+22

Equatorial radius r, 6378137

Angular velocity, w;/e 7.292115 x 1073 WGS84 constants
Earth’s gravitational constant, p  3.986005 x 10+

Second gravitational constant, J,  1.08263 x 1073
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BllipsodiGeaaity

Gravity is the acceleration on a rotating Earth; therefore we must adjust to account for
the centripetal accel er at i-mertialdeteence ionedtdadr t h 0 s

g_:é - |\/¥ |/\é\r

Gravity vector may defined as perpendicular to the reference ellipsoid; thus only its
magnitude needs to be defined.

. 2
‘g‘ =0 ises (1+ Gwes: SIN ) WGS84 formula

J@- &sin® )f

Gravity at equagdr, 8WGS, 0.7803267714 m/s?
Gravity formula constant, gwgs, 0.00193185138639
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BlijpsocdiGeaaivity Clinarpgemwtitin diddiitiele

Earth’s surface gravity
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BlipsodiGeaaivity Cinarpgewtiih aitidde

The main contribution to Gravity is given by the Gravitational acceleration part:

g/:'é‘ - |\/¥‘\|/\é\r
~99.5% i ~N ~.5%

and variation in the two terms due to altitude above the ellipsoid is larger due to
gravitational potential. => approximate change due to altitude as a quadratic
function of distance (as in the gravitational acceleration part):

gy =g 6~ g@ "M h goy=2g90) "
(R+h) ”h h=0 R

(1+0yeq. SIN°

Ja- &sin? )f

Altitude correction.

9] = Guweso

This equations represent only an approximation, various versions exists, and the
value of R can be, with different levels of approximations, the equatorial radius or an
equivalent corrected equatorial radius given by:

R=R, /(1 4/f m 2/f sinO) WGS84 formula
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The geoid is the shape that the surface of the oceans would take under the influence of
Earth's gravitation and rotation alone, in the absence of other influences such as winds and tides.
The geoid is by definition a surface to which the force of gravity is everywhere perpendicular.
This means that when travelling by ship, one does not notice the undulations of the geoid;
the local vertical (plumb line) is always perpendicular to the geoid and the local horizon
tangential to it.

1. Ocean
2. Ellipsoid
3. Local plumb
4, Continent
5. Geoid
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Deviation of the Geoid from the idealized figure of the Earth
(difference between the EGM96 geoid and the WGS84 reference ellipsoid)

b~ — - ——— -
_...4._;._ P~ P | P
G ) . o, S ¢ =
y S, A s
" 3 . .9
— j . -  » "\“ “Jj

Red areas are above the idealized ellipsoid; blue areas are below.

Om
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The Geaittl (EGHN96)

Geoid Undulations
Earth Gravity Model 96
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Altitude h and Geoid

/ undulation N correction.

(1+0yeq. SIN°

Ja- &sin? )f

9] = Guweso

Gravity at equat-or, gWGS, 0.7803267714 m/s?
Gravity formula constant, gwgs,  0.00193185138639
Mean value (normal) gravity, g 9.7976446561 m/s?

Gravity deviations from the nominal value given are usually represented in vector
form with respect to the local level geographic frame

Xg Meridian Deflection of Vertical

- g‘] Normal Deflection of Vertical

g
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Gravity deviations from the nominal value given are usually represented in vector
form with respect to the local level geographic frame.

Example: North America NORTH-SOUTH deflection from the vertical in arcsec
Xi09

N = 8574241 Min = -52.59
Mean = -0.37 Max = 53.31

SD =4.07

—

T
-8
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Magnetiic Canpass

A TheMagneticCompassndicatesthe directionof North
A in absenceof disturbances

A in absenceof distortionsof the magneticfield
A onlyifthe 9 I NIn&gQedicfield is «ideab (andit is not!)




MagnetiicCaneas® Dedlmaton

A TheMagneticCompassloesNOT point to thegeographiamorth

Magenta:
magnetic declination
(deviation fromgeo -

Graphic North) in
degrees

Cyan:
annual change
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MagnetiicCaneas® Dedlmaton

A TheMagneticCompassloesNOT point to thegeographiamorth

O 08 NAVGAT

BruroeAslagi
{Deny

'
71 STOCKHOLM

{ oo’ s A

Kristiansand] o0

g
o

! Norgn sef ¥

inbufgh

A
A

| Garisd -
\ WARSZAWA. J
POLAND

.-f/.m1 l\s | o Krakow\

n |
| by P\ 7N
Miinchgn TS0 SLOVARIA L \

B
C|
e YT AvsTHLd )/;;mmv X ER
- K ANGARY |, pomANA X0EBvA
g ~po \ 1,
B of Bicoy,
!h’rlé‘dm) o

) |Casabifinca
Arauipdloge do Modeita
5

2 W
ey,
BANGHAZ (~—a)

EGYPT

W Al
N\m.w ‘MSV» ¥

il B L

h

Ra's Tannorah
RAHRAIN

AR RIYAD
SAUDL

Qp’

« MAKKAHA RAETA

¢
S
A\ i

N~




AT 108 NAY

Shetfond :,f } Bergen |

71 STOCKHOUA

Suafonee’

st
|/soregur s

inbufgh
{

DENM.

\ \ 1
| WARSZAWA #
POLAND

& \
sy et N | Keapiw\ 1
/ [N eoie NS 2 A8
‘s PARIS Minchgn A\ SLOARIA_
£ B 2
|
SUUANGE iy 2 Ko
FRANCE I 3
3 SWITZ 7
B of Biscoy, Lyof e |
(in'rlemnr) 2)

fracioss
=" Terceira Boleor

4 Me, M TRRKEY
tagens 2 £ o T Antalya 7@ iskenderun .
eipo——] VA o ~
['ALGER AT i s
NICOSIA * TEHRAN
| Casabipnca
‘Arquipglogo do Madeita

IRAN

X n ™
- Aerar,
| BANGHAZI @ 8

3 CANARIAS|(S) RUNED ?\”(m

T Lorugrny
1 poima, Tonerte |

{Hiamo! ** O
Giﬂé‘ ::M \}\}—} Ra's Tannirah
T EGYPT ~ 7 RaRRAIY
ARRIYAD qps!

SAUDL

Dakhia
\ 7

A\ g\l
N\mn»- MSV‘ \

« MAKKAHA RAETA

e — o

h

Lorenzo Polling Sistemi di Guida e Navigaziopp a Ly 3S3y SNA |




