EE 570: Location and Navigation

Error Mechanization (Tangential)

Aly El-Osery!  Stephen Bruder?
y y P

1Electrical Engineering Department, New Mexico Tech
Socorro, New Mexico, USA
2Electrical and Computer Engineering Department, Embry-Riddle Aeronautical Univesity
Prescott, Arizona, USA

March 23, 2014

hen Bruder (NMT,



Tangential Attitude Error NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

, d o X~
Ct=Clab =Cl(ap—0p) = pr (T + [69,x]) CE] =

Attitude

r (NMT,ERAU)



Tangential Attitude Error

Ch = Ciy, = Ch(Qh, - OR) = o [(T+ 1695, %]) €] =

(T + [69%,x]) EEQE, = [5¢%,x] &E + (T + 95, x]) Cf =

Attitude

hen Bruder (NMT,ERAU)



Tangential Attitude Error NEW MEXICO

, d o X~
Ct=Clab =Cl(ap—0p) = pr (T + [69i,x])C) =

(T + [695,x]) CEQE, = (8¢5, x| CE + (T + [695,x]) Cf =
~ (T + [69,x]) CL(Q, + 6Qf, — 6Q7)

Attitude

Aly El phen Bruder (NMT,ERAU) EE 570: Location and i March 23, 2014 2/15



Tangential Attitude Error NEW MEXICO

. d 5 n
Ci = Gk, = Ch(Qh—Ob) = = [(T+ 69l x]) Cf) =
(T + [69%, x]) CEQE, = (69, x1CE + (T + [695, %)) & =
~ (T + [69,x]) CL(Q, + 6Qf, — 6Q7)

~ (T + [0, x])CLOL, + CL(6QL — s0b .
( +[ll)tbx]) b tb+ b( ib /e) [&Pibx](ggszo

Attitude

Aly El phen Bruder (NMT,ERAU) EE 570: Location and i March 23, 2014 2/15



Tangential Attitude Error NEW MEXICO

, d o X~
Ct=Clab =Cl(ap—0p) = pr (T + [69i,x])C) =

2 X]) ChQE, = [698, %] CE + (
b b —500%)
- CE(6Q)5 — 6035

e

Attitude

Aly El phen Bruder (NMT,ERAU) EE 570: Location and i March 23, 2014 2/15



Tangential Attitude Error

, d o X~
Ct=Clab =Cl(ap—0p) = pr (T + [69i,x])C) =

(T + [69%,x]) EEQE, = [5¢%,x] &E + (T + 95, x]) Cf =
~ (I + 098, x]) CE(Ob, + 50k — s0b)
~ (I + [0¢, <)) CEOL, + CE(6Qh —605)

A

695, %] = CE(8QE, — 60L) CE = [CE(6h, — s@h) %] (1)

e

Attitude

Aly El- Stephen Bruder (NMT,ERAU) EE 570: Location and ati March 23, 2014 2/15



Tangential Attitude Error

, d o X~
Ct=Clab =Cl(ap—0p) = pr (T + [69i,x])C) =

(T + [69%,x]) EEQE, = [5¢%,x] &E + (T + 95, x]) Cf =

~ (T + [0t x]) CL(OE, + 605 — 602)
~ (T + [69t, x]) CEOE, + CE(6Q%, — 605)

A

e

5ty = Ch(owh — 6wh)

e

Attitude

)

)

Aly El- Stephen Bruder (NMT,ERAU) EE 570: Location and ati March 23, 2014



Tangential Attitude Error (cont.) NEW MEXICO

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

0§ty = Ci(0wh, — oh)
= Cpowi, — Ci(@R — &)

= Clowh — (CLch — 1)@t

e
__ /et b Tt —t
= Cowjp + 6Py X Wi

Attitude




Tangential Attitude Error (cont.)

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

5ty = Ci(dwh, — oak)
= Clowh — CH(@b — @b)
= Clowb — (Cict — 1)@
= Chowpy, + 6y, x @

oty = Clowh — QL 6%, (3)J

Attitude

hen Bruder (NMT,



NEW MEXICO TECH

v, = Ciff + 8t — 2QLV, 4)
Vttb = CEHfE + gt — 208 V5,

ot t Zb ts (5)
= (T — [0, x]) CE(FE — 0FF) + 2001V,

Velocity

r (NMT,ERAU) EE 570



NEW MEXI
SCIENGE - ENGINEERING + RESEARCH UNIVERSITY

éthb = Cifp+ &5 — 2047}, (4)
v = be/b + 8} — 204V}, (5)

=(T- [5¢tb><])cb(fib — OfE) + & — 204V},
CLoFE + 68 — 208678,

5th = th - th = [5¢tbx]c tl;
b CLof + 08 — 20086V,

= [51[th><] C

Velocity

hen Bruder (NMT,



NEW MEXICO TECH

Vi = Cifp + 8 — 2047, @)
Vi = be/b + &) — 20V}, . )
= (I_[5¢tbx])cb(ﬁb_5ﬁg)+§l§ 200V,
SVl = Vip — Vttb [0, <] CEFE + CLOFE + 08f — 2QL0VE,
— (69t x| CLFL + CLOTY + 681 — 204,07,

1

6Vl = —| Aﬁigx]fsﬂb + CEofp + 08t — 200V, (6)J

Velocity

014 4/15

ephen Bruder (NMT,ERAU)



2:280(Lp) P8 a7 4
5—’1‘% Ct gO( b) reb (?e)TCte(s—'t (7)




NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

Tib = Veb ®)




NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

Tib = Veb ®)

Brude E rch 23,2014



Summary - in terms of 5.2, 5@

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

(5175@, -Qf O3x3 03x3 5Pt
‘Svtb - _[Ct ><] _2QFe 6«:2,?;((%:));532(?:1,)Téf (SVHJ +
575, | Osxs T3x3 03x3 5T,
5w,b
i 0

(10)

Summary

hen Bruder (NMT,



Notation Used NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

@ Truth value

X
@ Measured value

X
@ Estimated or computed value

X

@ Error

>,
x1
Il
x1
|
X

r (NMT,ERAU)



Notation Used NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

Nothing above

@ Truth value

@ Measured value

X1

@ Estimated or computed value

X

@ Error

>,
x1
Il
x1
|
X

r (NMT,ERAU)



Notation Used NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

@ Truth value

x1

@ Measured value Sy 1
Use “tilde

@ Estimated or computed value

X

@ Error

>,
x1
Il
x1
|
X

r (NMT,ERAU)



Notation Used NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

@ Truth value

X
@ Measured value
X
@ Estimated or computed value
o Error “Use hat”

>,
x1
Il
x1
|
X

r (NMT,ERAU)



Notation Used NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

@ Truth value

X
@ Measured value

X
@ Estimated or computed value

X

@ Error

r (NMT,ERAU)



Linearization using Taylor Series Expansion NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

Given a non-linear system x = f(X, 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

+ 0% = f(X + 0%, t) (11)
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Linearization using Taylor Series Expansion

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

+ 0% = (X + 6%, t)

X
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Actual Measurements

Initially the accelerometer and gyroscope measurements, £ and 0%,

respectively, will be modeled as

fo=Th+ (13)
b = @b + Ak, (14)

where ?ig and @5 are the specific force and angular rates, respectively;
and Aff and A@¥ represents the errors. In later lectures we will
discuss more detailed description of these errors.

Inertial Measurements
March 23, 2014 10 / 15

Bruder (NMT,ERAU)




NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

Actual Measurements

Initially the accelerometer and gyroscope measurements, £ and 0%,

h=* 13
b ! + @ these terms may ( )
Sb _ —b be expanded further

Wip = Wip @ (14)

where ?ig and @5 are the specific force and angular rates, respectively;
and Aff and A@¥ represents the errors. In later lectures we will
discuss more detailed description of these errors.
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Error Modeling Example NEW MEXICO

Accelerometers

£h = b+ (T + M)FL + l, + (15)

Gyroscopes

&b = by + (T + Mg)@h + G, 72 + W, (16)

Inertial Measurem
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Accelerometers
0 =, (T + M)FE + nl, + W, (15)
Biases
Gyroscopes
&b = bg I (T + Mg) @5 + Gyf2 + g (16)
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Accelerometers

b =B, + (T + WMFL +nl, + W, (15)

Misalignment and SF Errors

Gyroscopes

y
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Non-linearity
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G-Sensitivity
Gyroscopes

&b = by + (T + Mg)@h + (G 72 I g (16)
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Accelerometers

(15)

Gyroscopes
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@ Position error

OFgy =T — Aﬁ”b 17)
@ Velocity error R

Vg = Vg — Vg (18)

@ Specific force errors
ofp = Th— £ (19)
Do = AT — Aff = —off (20)

@ Angular rate errors
8iop, = @h — 05, (21)
Ae@h = A&}, — ADE = —5h, (22)
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Define
5C) = € Cb = Vi) x T4 (53, %] (23)

This is the error in attitude resulting from errors in estimating the
angular rates.
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Attitude Error Properties
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The attitude error is a multiplicative small angle transformation from
the actual frame to the computed frame

Cy = (T—[6¢7,xD)C) (24)
Similarly,
Cy = (Z+[09),x1)C) (25)

Attitude Error

hen Bruder (NMT,

March 23, 2014 14 / 15



Specific Force and Agnular Rates NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

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

fib = ff — AFp (26)
&b = &b — AGL, (27)

A
S

where ££ and &% are the accelerometer and gyroscope estimated
calibration values, respectively.

Estimates of Sensor Measurements
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