Inertial Navigation

 |nertial Navigation
= The process of “integrating” angular velocity & acceleration
to determine One’s position, velocity, and attitude (PVA)
 Effectively “dead reckoning”

= To measure the acceleration and angular velocity vectors
we need at least 3-gyros and 3-accels

* Typically configured in an orthogonal
triad

= The “mechanization” can be
performed wrt: i

 The ECI frame,
e The ECEF frame, or
 The Nav frame.
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Inertial Navigation
* An Inertial Navigation System (INS)

= |SA — Inertial Sensor Assembly

* Typically, 3-gyros + 3-accels + basic electronics (power, ...)
= |IMU — Inertial Measurement Unit

* ISA + Compensation algorithms (i.e. basic processing)
= |NS — Inertial Navigation System

* IMU + gravity model + “mechanization” algorithms

Initialization
|
INS
IMU §
b
ISA Raw sensor| Comp T Mechanization Position,
outputs Algs = Equations Velocity, and
: : i Attitude (PVA)
- Basic Processing T
Gravity
- More Sophisticated Processing Model
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Inertial Navigation
A Four Step Mechanization

« Can be generically performed in four steps:

1. Attitude Update

 Update the prior attitude (a DCM, say) using the current
angular velocity measurement

2. Transform the specific force measurement
* Typically, using the attitude computed in step 1.

3. Update the velocity

* Essentially integrate the result from step 2. with the use of
a gravity model

4. Update the Position
 Essentially integrate the result from step 3.
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Prior PVA
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Inertial Navigation
A Four Step Mechanization
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Inertial Navigation
Case 1: ECI Frame Mechanization

e Determine our PVA wirt the.ECI frame
= Namely: Position ’_’;;;, Velocity, vy, , and attitude C,j
1. Attitude Update:

= Body orientation frame at time “k” wrt time “k-1"
e At=Time k—Time k-1

b(k
Z()

i i b(k-1)
Cb(k) — Cb(k—l)Cb(k)

b(k=1) _ Qb Ar Y
C _C Qb At x"
b (+) — LYy (—)6
i b Body Frame
= Cb (_) (I + |:a)lb X:' At) Body Frame at time "k

at time “k-1"
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Inertial Navigation
Case 1: ECI Frame Mechanization

2. Specific Force Transformation
= Simply coordinatize the specific force
fi=Ci £y
3. Velocity Update
= Assuming that we are in space (i.e. no centrifugal component)

-

al f 7/19

® Thus, by simple numerical integration
v, (+) =V, (-)+a;, At
4. Position Update

= By simple numerical integration

() = FL () 47 (DA + 3, 2 AL
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Inertial Navigation
Case 1: ECI Frame Mechanization

a 7
!

1. Attitude 2.SF

G = C;(_)(”[@"I;’X}At) C‘i =) —> Update Transform
fo=CH fy fi
o . 3. Velocity Grav ".i
a, = f, =7 Vo (7) Update Model 4
Vo, (+) =V, (—) +a,, At s p ‘1'
i . Position
1, (=)
*,. *,. " . AP ib Update
n,(H)=r,(=)+Vv,(-)Ar+a;, 7 P
M v .
C,(+) Vi (+) Tip ()
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Inertial Navigation
Case 2: ECEF Frame Mechanization

 Determine our PVA wrt the ECI frame
= Namely: Position 7, ., Velocity, Vv,  and attitude C,

1. Attitude Update:

= Start with the angular velocity @, = @. + @),

@, =0, +a, , )
@, “ y
e b A
=C,w,—® ! D x

° (Co)x|=Clwx]C .
QZb =CGQ,C) - Q, AT e

—.7
ye @’7 web

Cbe (‘I‘) — eQib Atclf (_) i -
X rame

~ (I + C;beCSAZ‘ — Q;Al‘) Cbe (—) Inertial Frame x°

=C; ()| 1+ QA |[-Q!,C; (-)Ar
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Inertial Navigation
Case 2: ECEF Frame Mechanization

2. Specific Force Transformation:
= Simply coordinatize the specific force
fi=Ci0) £
3. Velocity Update

" ECEF & ECI have the same origin r‘ Y
O b
i /f x

l

A [—e —e __ e—i Y
I".b — + Cereb — I"eb —_ Ci ’?b . // Body Frame

—e __ —e
Veb = Top
~ye =i e —i i | ECEF Frame
=C'r, +C7, s
Lol Lol Inertial Frame X
_ e el el 0 e e—i
=Q,Cr,+Cv, =—Q.r, +Cv,

11 March 2011 EE 570: Location and Navigation: Theory & Practice Lecture 7: Slide 9



Inertial Navigation
Case 2: ECEF Frame Mechanization

ez d e e, o
a,, = dt( Qi 1, + Civib)

=—Q°F +CT +CV!,
_Qzee_»eeb + Qe Ce_bl Cieaib ]_C;; - azb 7/b
Qlee_»eeb _Qe [_)e T Qzee_;b:|+ Cieaz:b aib = f 7'2
= 2007 —Q QO F +a 8, =V — QAT
=20 ¢ +ﬁ.,j+g; \

ie eb

el __ e—>e —>e

ie eb

a, = f,tg, +Q. Q. 7,

ie eb

v (+)=v, (—)+a’
=5, () +| fi + 35— 29,55, (-) | At
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Inertial Navigation
Case 2: ECEF Frame Mechanization

4. Position Update

= By simple numerical integration

—e - —>e —-=>e Atz
r,(+)=r,(=)+v,(-)At+a, )
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Inertial Navigation
Case 2: ECEF Frame Mechanization

1. Attitude 2.SF
Ci(+)=Ct (—)[1 + beAt] — Q! Ct(-)Ar Update Transform
fo=Ci(H) fy e e
T ’ 7 (=) 3. Velocity Grav &b (reb
—e e —e i —e @ ’ Update MOdel
a, = f3 8, —2Q,V,,(-)

v

v (+) =V, (—)+al, At

72 (-) 3. Position
AL ‘ Update
’ZZ (+)= ’ib (—)+ veb (—)Ar+ aZb 7
A 4 A 4
C,(+) V (+) o ()
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Inertial Navigation
Case 3: Navigation Frame Mechanization

e Determine our PVA wrt the Nav frame

= Position: Typically described in curvilinear coordinates

[L,. 4, h]

= Velocity: Typically the velocity of the body wrt
the earth frame described in the navigation Z,‘grame
(—()?b yb

frame coords P
->n
% "
e @, ) Q ¥
= Attitude: Typically the orientation QA) \Ay)
of the body described in the nav ' x
fra me i Zi' e Nav Frame
Cb .9
® This unusual choice facilitates TN
the guidance system function —— g Rl
Inertial Frame X
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Inertial Navigation
Case 3: Navigation Frame Mechanization

1. Attitude Update
= Note that a)b — a_j:g + &);n + ﬁ);b — a)nb — W~ a)ie B a)en

l

= Now

Cr=C; Q) =C; (Q,-Q)-Q )
=C, Q, -C, Q. -C; Q.

=C Q) - (Qr+Q, ;Cb\
/ / See next slide

Measured by the gyro . =C"'af

[ * g « 1707 ) cos(L,) |
— % * * 0 =, 0
| cos(L,) 0 —sin(L,)| |, | | —sin(L,)
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Inertial Navigation
Case 3: Navigation Frame Mechanization

= | astterm: _QZn & &’):n Courtesy of Mathematica

71

0 sin(L, )ﬂ; @,
Ci=CoQl = =(Ct) ¢ =|-sitaf, 4, 0 -cos(L,)A,
Lb CO a):n,x)ﬂ.% O
| cos(Lb)ﬂ'% | y
2, = -L . (Ry+h)
| -sin(Z,)4, From Egn. 16 (Wedeward handout) = ﬂ: - Vet
_ S - flb Cos(L,) (R, +h,)
eb,E _‘_},bD
(R;+h,) *
—~n _ ver;),N n " . n
CEe T (R, +hy) C, (+)=C, (—)+A:C,
tan(L,)v,, . o b\ __ n n ng
e =Cp () (1+A1Q) ) - (Qp +Q2 ) C) (-)At
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Inertial Navigation
Case 3: Nav Frame Mechanization
2. Specific Force Transformation:

= Simply coordinatize the specific force
i =CH fy
3. Velocity Update
* Recallthat |(Cw)x|=C[ox]C" = Clox]=|(Co)x]C

—n __ i —e - < -

Vep = Ce Veo VZ? — C: Veeb + CZ veeb
N\ n —e n re —~e e —e
_ Qnece veb + Ce (ﬁb + gb 2Qieveb)
__rn ~n _yn ono__ nMe —e
— Jib + gb Qen veb 2Ce Qieveb

__rn ~n _yn ono n n—e
— Jib + gb Qen veb 2QieCe Veb

= fo+ 8 —(Q, +2Q0 )7,
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Inertial Navigation

Case 3: Nav Frame Mechanization
= Finally

V(0 =T () + A f+ g - (Q, +200 ) 7,0 |

4. Position Update

= Recalling the relationship between v’ and the curvilinear
coordinates

) by (+) = By (=) + At | V], ,(+) |
| ) _
|| Ve ()
[Z":J Cos(L,) (R, +h,) Lb(_l_) = Lb(_) + Ar| =22
i R, —h,

A () =4 (—)+At

_(RE —hb)cos(Lb)_
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Inertial Navigation
Case 3: Nav Frame Mechanization

Cr (1) =C; (O (I+ArQ})—(Qr + Q) C) (-)At l i
on __ o b
fin =C, () iy ) 1. Attitude 2. SF
b Y Update Transform

Vi () =V (=) +
At[f;;‘ +g, —(Qr, +29) )‘752(‘)}

Ve (=)

hy(+) = By (=) + At ¥, ,(+) ]

v:,,,N<+>} h, (=)

L(+)=L(-)+ A{R

-) 3. Position
b Update
o (+) } A, (=)

(R, —h,)cos(L,)

N b

ﬂ,,(+)=/%(—)+A{
v

v
Cy(H) vy, (H) (), L), 4,(+)
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