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NAV Attitude Error NEW MEXICO TECH
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NAV Attitude Error NEW MEXICO TECH
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NAV Attitude Error NEW MEXICO TECH
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NAV Attitude Error NEW MEXICO TECH

Cp = ol —b) = & [T+ 150 5x))CE] =

(Z + [&ZZbX])éb nb = [5¢ bX]Cb (Z + [&ZZbX])AE =
~(T+ [&mbx])étg(ﬂgb +0Qp, — 5,
~(T+ [5J2bx])€gﬁgb + 65(5953 —0Qp,

[00 7 x] = CP(0QE, — 695)CE = [E(05 L — 65 5)x] (1)
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NAV Attitude Error (cont.)

Computing 665 2, NEW MEXICO TECH

'SCIENCE + ENGINEERING » RESEARCH UNIVERSITY

Recall that
-b _ r~b=n
Win = anin

Expressing the above equation in terms of estimates we get
Gy + 063§y = CR(T — [00 7 <)@, + 065,
65§y~ C(00 5, — 160 7y X15T)
Substituting this result in Equation 2

A

Sy = —QnsGn, + CRowl — 0w, 3)
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NAV Attitude Error (cont.)

Computing 6 7, NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

Using Taylor series and retaining the first order terms
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NAV Attitude Error (cont.)

Define terms for simplicity

NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

Attitude
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NAV Attitude Error (cont.)

Final Expression NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

0 py = Fyp0t 0y + Fuu07 3y + Fyed7 D, + CROG 5, (7)J

where Fy.y, Fyy and Fy, are defined by Equations 4, 5 and 6, respectively.

Attitude

0000®
Aly E (NMT) n, Navigation and Timing ril 9, 6/23




Velocity NEW MEXICO TECH

V= Cof b+ 8] — (Q0, +200)7 5 (8)
Vep = be b+gb (Qn +2Q, )3 eb
= (Z—[00 0, x])CR(FE — oFh) + &0 — (Q0, +2Q0)v 7,
Computing the 6\;/'2,) we obtain
5Veb =V =V
= [51/1an]be + Cgéf +0g h+
— (2, + 2Q1)57 5, — (692, + 20QL)V 2,

NAV Velocity Error
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Velocity Cont.

—(Qn, 420 NEW MEXICO TECH

'SCIENCE + ENGINEERING » RESEARCH UNIVERSITY

The term —(Q7, +202) is dervied as

S Fnerand, Vo
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Velocity Cont.

— (690, 4+ 26Q0)v 7, NEW MEXICO TECH

SCIENCE + ENGINEERING + RESEARCH UNIVERSITY,

The term —(6Q2, + 2607 )\2/"e’b is dervied as

e
A PN OF, PN OF, PN
— (0008, + 2000 )V 0y = PNV T+ a0V I,V D (1)
ore, ovi,
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Velocity Cont.

Gravity Error NEW MEXICO TECH
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Velocity Error Cont.

After tons of algebra NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

5V = Fuyd0 " + F 67, + Furd7T + CRGF D, (13)J

where F,y, F,, and F,, are defined by Equations 14, 15 and 16, respectively.

NAV Velocity Error
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Velocity Cont.

Fvy, Fow and F,

W MEXICO TECH

Foo = — (G375 ]

o ST _
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Position NEW MEXICO TECH

;f’" — Veb,E 17
eb cos [,,(RE(L“,,)+B,,)) (17)

Computing §7 %, using taylor series expansion and retaining only the first order terms

57y = Fry " + Fry07 0 + Frr677, (18)J

where F,y, F, and F,, are defined by Equations 19, 20 and 21, respectively.
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e0

n, Navigation and Timing 2023 13/23



Position Cont.

Fry, Frv and Fp, NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

Fry = 03x3 (19)
1
Ru(Lo)+ho 0 0
S L (20)
(Re(Lp)+hp) cos Ly
0 0 -1
VN

0 0 (Rn(Lp)+hs)2

F, = Veh g tan L, %3 (21)
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Summary - in terms of 5f,b, NEW MEXICO TECH

'SCIENCE + ENGINEERING + RESEARCH UNIVERSITY

54 1y Fow  Fou Fyr) (897, o 57

5‘/ P szp Fvv er 5an + 6[;7 0 5_‘15 (22)
Wip

5" nb O3x3 Fn  Fur 5F,'71b 0
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Notation Used NEW MEXICO TECH

@ Truth value

X
@ Measured value

X
e Estimated or computed value

X

@ Error

[«%)
X1
I
X1
|
X1

Basic Definitions
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Notation Used NEW MEXICO TECH

Nothing above

o Truth value

@ Measured value

X
e Estimated or computed value
X
e Error
XR=X—-X

Basic Definitions
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Notation Used NEW MEXICO TECH

@ Truth value

X
@ Measured value e
Use “tilde
e Estimated or computed value
X
e Error
X=X-—X

Basic Definitions
[ ]
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Notation Used NEW MEXICO TECH

@ Truth value

X

@ Measured value

X1

e Estimated or computed value

@ Error “Use hat”

[«%)
X1
I
X1

|
X1

Basic Definitions
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Notation Used NEW MEXICO TECH

@ Truth value

X
@ Measured value

X
e Estimated or computed value

X

@ Error

Basic Definitions
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Linearization using Taylor Series Expansion NEW MEXICO TECH

Given a non-linear system X = f(X, t)

Linearization
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Linearization using Taylor Series Expansion NEW MEXICO TECH

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

%=X+ 0% = f(%+ 6%, 1) (23)

Linearization
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Linearization using Taylor Series Expansion NEW MEXICO TECH

Given a non-linear system X = f(X, t)

Let's assume we have an estimate of X, t.e., X such that X = X + §X

%=X+ 0% = f(%+ 6%, 1) (23)

X

Using Taylor series expansion

- A . ~ (X, t
R+ 070 = 240k = F(3 1) + 250

X+ H.O. T
5% ﬁgéx—i— 0]

X=X

0x

A Of(X,t)
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Linearization using Taylor Series Expansion NEW MEXICO TECH

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

%=X+ 0% = f(%+ 6%, 1) (23)

Using Taylor series expansion

F(R+ 6%, 1) = X + 65

Linearization
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Linearization using Taylor Series Expansion NEW MEXICO TECH

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

%=X+ 0% = f(%+ 6%, 1) (23)
Using Taylor series expansion
5, so 5 5 3 Of (X, t) >
f(X+0X,t) =X+ X = f(X,1t) —1—7 0X+H.0.T
~ )2(’ + Lf(x_: 2 0xX
X |z—%
: f(x
Looga ABD 5o (24)
0X ez

Linearization




Actual Measurements NEW MEXICO TECH

Initially the accelerometer and gyroscope measurements, f,b and ch’b, respectively, will

be modeled as

fb —fb + AFE (25)
Gb=3b + ASh (26)

where f,b and w,b are the specific force and angular rates, respectively; and Af,b and
AGE i, represents the errors. In later lectures we will discuss more detailed description of

these errors.

Inertial Measurements
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Actual Measurements NEW MEXICO TECH

Initially the accelerometer and gyroscope measurements, fﬁj and ch’b, respectively, will

be modeled as

b _ 7b

f ib — f ib + these terms may (25)
b _ ~b be expanded further

Wip = Wip b (26)

where 5 and &5 are the specific force and angular rates, respectively; and Af % and
ALU,% represents the errors. In later lectures we will discuss more detailed description of

these errors.

Inertial Measurements
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Error Modeling Example NEW MEXICO TECH

Accelerometers

Fb = by+ (T +Ms)F5 + nls+ W, (27)
Gyroscopes
Gh = by + (T + Mg)dh + Ggf b + g (28)

Inertial Measurements
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Error Modeling Example NEW MEXICO TECH

Accelerometers

Fo = (T+Ma)F8 + i, + W, (27)
Biases
Gyroscopes
55 =0 > (T+Mg)dh + Ggf b + g (28)

Inertial Measurements
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Error Modeling Example NEW MEXICO TECH

Accelerometers

fb —b,+(T+ bt nl,+ W, (27)

Misalignment and SF Errors

Gyroscopes

Inertial Measurements
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Error Modeling Example NEW MEXICO TECH

Accelerometers
1?57:53+(I+M3)F3,+ W, (27)

Non-linearity

Gyroscopes

Gb = by + (T4 Mp)d b + G f b + g (28)

Inertial Measurements
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Error Modeling Example NEW MEXICO TECH

Accelerometers
fb = b,+ (T+ M,)fb +nl,+ w, (27)

G-Sensitivity

Gyroscopes

Inertial Measurements
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Error Modeling Example NEW MEXICO TECH

Accelerometers
Fb = byt (T+ Ma)F8 + iy + (@) (27)

Noise

Gyroscopes

Gb = by + (T+ Mg)dh + Gt (28)

Inertial Measurements
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Pos, Vel, Force and Angular Rate Errors NEW MEXICO TECH

@ Position error

0F = Fhp— Tl (29)
o Velocity error A
0V =V =V (30)
@ Specific force errors
5Fb — Fb _fb (31)
AFE = AFE — AFE = 67 (32)
e Angular rate errors
b =ob &b (33)
Al = ABE — AGE = 038 (34)
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Attitude Error Definition NEW MEXICO TECH

Define
5C5 = CJC = V) x T4 [357, ] (35)

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

Attitude Error
o]
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Attitude Error Properties NEW MEXICO TECH

The attitude error is a multiplicative

the computed frame

Similarly,

small angle transformation from the actual frame to

¢l = (@ —[6v2,x1)C) (36)

Gl = (Z+[007,x))C] (37)

Attitude Error

oce
PAPE] 22 /23
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Specific Force and Agnular Rates NEW MEXICO TECH

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

fh=Ffh—Afh (38)
Gh=dh - Ak (39)

where f% and o?’f-’b are the accelerometer and gyroscope estimated calibration values,

respectively.

Estimates of Sensor Measurements
[ ]
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