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@ In continuous time notation —b _ =b b
: c Wip = Wie + Wy
o Attitude: Cb = CEQ
o Velocity: vt, = th —2QLV b _ Ob b
Ve Qy, = Q5 — Q

N
e Position: r,.b = th

@ In State-space notation

rhy ‘7fb
—»ib — th- Qt 2t (1)
G CEQ?b
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@ In continuous time notation 5;% — b +(’U?b
1 e
o Attitude: Cb = CEQ
o Velocity: Vi, = th + g5 —2QL v, Qb — Qb _ Qb
e St tb — *%ib ie
o Position: 7 = v,

@ In State-space notation

i \7&,
vt = [t + g —2aL vt (1)
G Céﬂi’b

What is the effect of sensor noise in the measurements dz'ﬁp and f,-,’j on
the navigation solution position, velocity and attitude?
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. d . ~
Cp= CISbe = CE(Q,@Z - Qf;) T (Z + [0 x])CE| =

Attitude
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. d - A
Ch= Gy = Ch(Qiy — Q) = - | (T + [ x]) G| =

(Z + [60% x]) CEQE, =[50 x| CE + (T + [69,x]) CE =

Attitude
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. d - A
Ch= Gy = Ch(Qiy — Q) = - | (T + [ x]) G| =

(Z + [69%, x]) CEQE, = [69%, <] CE + (T + [69%,x]) Cf =
(T + [69%, x]) CE(QL, + 65, — 6Q5) =
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Tangential Attitude Error NEW MEXICO TECH

. d - A
Ch= Gy = Ch(Qiy — Q) = - | (T + [ x]) G| =

(Z + [69%, x]) CEQE, = [69%, <] CE + (T + [69%,x]) Cf =
(T + [69%, x]) CE(QL, + 65, — 6Q5) =

(I + [6J§bx])€l§§\2?b + 615(5937 - 6Qf)e) = [61/7£b><]69?b ~0

Attitude
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. d . ~
Ct=Cib =ci(Qp—ap) = P (Z + [0 x])CE| =

Attitude
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Tangential Attitude Error NEW MEXICO

Ch= Gy, = Ci(Qj — Q) =

pre (Z + [5J§b><])ég =

(Z + [60% x]) CEQE, =[50 x| CE + (T + [69,x]) CE =
(Z + [50, x]) CE(QL, + 595 — 508) =
(T + [56%, x]) CLQL, + CL(QL — 605) =

[0t x] = CH(6Q — 6Q5)CE = [CE(6a 5, — daE) ] (2)

Attitude
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Tangential Attitude Error NEW MEXICO

Ch= Gy, = Ci(Qj — Q) =

pre (Z + [5J§b><])ég =

(Z + [60% x]) CEQE, =[50 x| CE + (T + [69,x]) CE =
(Z + [50, x]) CE(QL, + 595 — 508) =
(T + [56%, x]) CLQL, + CL(QL — 605) =
[607, x] = CE(6Q, — 505) Gt = [CE(6w 5 — 68 x] @)

o0ty = CE(Owh — daib) (3)

Attitude
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5?;3) = Ci(6wp, — 637)
= Clowh — Ch(wb — &b)
= Cloap, — (CiCt — D),
= Cb5_’ + 5¢tb X L

Attitude
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5?;3; = Ci(6wp, — 637)
= Clowh — Ch(wb — &b)
= Cloap, — (CiCt — D),
= Cb5_’ + 5wtb X L

sty = CLoch — GLov, (4)J

Attitude
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-

= Cif b+ & — 2QLV1, (5)

<{-
o

<SP
& ~+

»=CLf b + gl — 204V,
=(Z- [&be])cﬂ’?i 5f,b) +g —2Q}.v v

Velocity
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Vip = Cof i+ & — 2LV (5)
aib = 615'?3; +§1§ - 2Qfe‘A7§b
=(Z- [(ngx])czf(fﬁ; —of f?b) + 85— 20V,

A
=

SV =Vl — Vi, = [00h,x]|CEF b + CLof b + og) — 2QL6vE,

= [0, <] CEF b, + CEoF 5 + 0gf — 2QL6v Y,

Velocity

(NMT) EE 570: Location and N
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St _ tfEb =t t ot

Vib = Cpf ib+ 8p — 282V ¢p (5)
5 _ AtZb St t St
Vib = Cpfip + 8p — 27V 1p

=(Z- [&ﬁbx])q(’?ﬁ; - 57?5)1)) + é’ﬁ - 2Qfea§b

(6)

0Vl =Vip— Vip = (00l x|CLF b + CLOF b + 085 — 20167,
= [0, x]CLF L + CLoFE + ogt — 2Qtevt,

v, = —[CLF b x]o0t, + CLOF b, + 6gf — 2QLV Y, (7)J

Velocity
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o ac2e0(ly) FE, feco
g~ G~ =2 (r'ey) T CEOTY, (8)
reS(Lb) |reb|

=2

N and March 31, 2016 6/16
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A —Q 03x3 033 S,
Ar2go(ls) FE (>
sve, | = _[CiFEx] —20t Cé%ﬁgﬁz( re)TCe| | ove, | +
5rtb | O3x3 1343 0343 ort,
(o ¢l .
o2 (e
& oo
st
0

(11)

Summary
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@ Truth value

X
@ Measured value

X
o Estimated or computed value

X

@ Error

[«
x|
Il
x|
|
R

Basic

Aly E i 5 1 and March 31, 2016
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Nothing above

@ Truth value

@ Measured value

X2

o Estimated or computed value

X1

@ Error

[«
x|
Il
x|
|
R

Basic
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@ Truth value

x|

@ Measured value vt 1
Use “tilde

o Estimated or computed value

X1

@ Error

[«
x|
Il
x|
|
R

Basic
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@ Truth value

x|

@ Measured value

X2

o Estimated or computed value

" n
@ Error Use hat

[«
x|
Il
x|
|
R

Basic

March 31, 2
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@ Truth value

X
@ Measured value

X
o Estimated or computed value

X

@ Error

Basic

Aly E i 5 1 and March 31, 2
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Given a non-linear system X = f(X, t)

1 and March 3
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Given a non-linear system X = f(X, t)
Let's assume we have an estimate of X, i.e., X such that X = X + §X

F(X + 6%, t) (12)

X1

_I_
(o9
X1
I

X =

Linearization

(NMT) 5 ton and N i March 3
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Given a non-linear system X = f(X, t)
Let's assume we have an estimate of X, i.e., X such that X = X + §X

X=X+ 06X =F(X+ 0%, t) (12)
Using Taylor series expansion

O (X, t)

F(R+0%.8) =X+ 05 = f(%1) + 22| 0%+ H.O.T
X k=%
~ b ARY se
O P

Linearization
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Given a non-linear system X = f(X, t)
Let's assume we have an estimate of X, i.e., X such that X = X + §X

(12)

0%+ H.O.T

Linearization
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Given a non-linear system X = f(X, t)
Let's assume we have an estimate of X, i.e., X such that X = X + §X

%=X+ 0% = f(%+ 6%, 1) (12)

Using Taylor series expansion

(R4 0%,1) =X+ 6% = f(%1) +8féxjt) 0X+H.0.T
X =%
A Of(X,t) .,
~ X ox | OX
5 87‘()?, t) .
~ 1
= 0X - X~:§»5X (13)

Linearization

(NMT) 5 ton and N i March 3
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Initially the accelerometer and gyroscope measurements, fl-g and J)'I%,
respectively, will be modeled as

fib=1fh+ 0% (14)
&b =db + Ash (15)

where fﬁ, and (,D',‘-’b are the specific force and angular rates,
respectively; and Aff’b and Acﬁﬁ, represents the errors. In later
lectures we will discuss more detailed description of these errors.

Inertial Measurements

(NMT) EE 5 ton and N i March 3
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Initially the accelerometer and gyroscope measurements, fl-g and J)'I%,
respectively, will be modeled as

2b _ 7b

flb o f ib + N these terms may (1 4)
b __ =b be expanded further
Wip = W jp H AW (15)

where fﬁ, and (,D',‘-’b are the specific force and angular rates,
respectively; and Aff’b and Acﬁﬁ, represents the errors. In later
lectures we will discuss more detailed description of these errors.

Inertial Measurements
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Accelerometers

Fb = by + (T + Ma)F b+ nl, + w, (16)
Gyroscopes
‘3:% = Eg +(Z + Mg)w ?b + Ggff)b + wg (17)

Inertial Measurements

(NMT) EE 5 ton and N i March 3
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Accelerometers

Biases

Gyroscopes

Inertial Measurements
(NMT) EE 5 ton and N i March 3
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Accelerometers

:'b -

ﬁb:ba+(z+Fﬁ,+ﬁ/a+Wa

Misalignment and SF Errors

Gyroscopes

= Zb .
Wi+ Ggf 4+ Wg

Inertial Measurements
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Accelerometers

fb = by + (Z + Mu)f b +al,)+ W, (16)
Non-linearity
Gyroscopes
‘3:% = Eg +(Z+ M)}, + Ggff)b + W (17)

Inertial Measurements

(NMT) EE 5 ton and N i March 3



Error Modeling Example NEW MEXICO

SCIENCE  ENGINEERING « RESEARCH UNIVERSITY

Accelerometers

G-Sensitivity

Gyroscopes

Inertial Measurements
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Accelerometers

Gyroscopes

Inertial Measurements
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@ Position error

5ng_ng—rﬁb (18)
o Velocity error .
5vgb_\7gb—\75b (19)
@ Specific force errors
5Fb = b — Fb (20)
AFE = AFE — AFE = —5Fb 21)
e Angular rate errors
05 =&, — & (22)
Al = A&l — ASh = 035, (23)

Inertial Measurements

(NMT) 5 Location and Navigation March 3
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Define
0C) = CJCh =l T4 597, x] (24)

This is the error in attitude resulting from errors in estimating the
angular rates.

Attitude Error

(NMT) 5 ton and N i March 3
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The attitude error is a multiplicative small angle transformation from
the actual frame to the computed frame

Gl =(Z—[097,x))C) (25)

Similarly, . A
Gl =T+ [&bj{bx])Cg (26)

Attitude Error

(NMT) 5 ton and N i March 3
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Specific Force and Agnular Rates W MEXICO

Similarly we can attempt to estimate the specific force and angular
rate by applying correction based on our estimate of the error.

fh="fo—AFh (27)
b =k — AGE (28)

where fﬁj and o?ﬁ) are the accelerometer and gyroscope estimated
calibration values, respectively.

Estimates of Sensor Me

March

(NMT) 5 ton and N
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