EE 570: Location and Navigation

Error Mechanization (ECI)

Aly El-Osery!  Stephen Bruder?

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

March 10, 2014

phen Bruder ( ce March 10, 2014

1/21



Mechanization NEW MEXICO

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

We have already derived the kinematic models in several frames.
These models may be written in the form

% = f(%.1) (1)

where f is possibly non-linear.
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Due to errors in the measurements we estimate X by integrating

) ()

where U is the measurement vector from the sensors after applying
calibration corrections.
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% =f(%,
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Due to errors in the measurements we estimate X by integrating

) ()

<D

% =f(%,

where U is the measurement vector from the sensors after applying
calibration corrections.

If somehow we can model and possibly measure the error in the state
we can then subtract it from the estimate to obtain an accurate
position, velocity and attitude. We may also want to linearize the
problem so that linear estimation approaches could be used.

Overview

phen Bruder ( ce March 10, 2014 3/21



Gyro and Accel Measurement Errors NEW MEXICO

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

All accelerometers and gyroscopes suffer from
@ Biases
@ Scale factor
@ Cross-coupling

@ Random noise

Overview
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@ Fixed Errors: deterministic and are present all the time, hence can
be removed using calibration.

o Temperature Dependent: variations dependent on temperature and
also may be modeled and characterized during calibration.

@ Run-to-run: changes in the sensor error every time the sensor is
run and is random in nature.

@ In-run: random variations as the sensor is running.

Overview
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@ Truth value

X
@ Measured value

X
@ Estimated or computed value

X

@ Error

X =X—X
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Nothing above

@ Truth value

@ Measured value

X

@ Estimated or computed value

X

@ Error

S,
1
Il
x1
|
b
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@ Truth value

i

@ Measured value iy 1
Use “tilde

@ Estimated or computed value

X

@ Error

X =X—X
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@ Truth value

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

X =X—X
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@ Truth value

X
@ Measured value

X
@ Estimated or computed value

X

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

% =3+ 0% = f(X + 0%, t) 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

% =3+ 0% = f(X + 0%, t) 3)

Using Taylor series expansion

~ A . ~ f(x
F(R+0%.t) =X+ 0% = f(%t) +a(a;t)‘ SR+ H.O.T
LAY
~ T;:)ﬁdx

h 10, 2014



Linearization using Taylor Series Expansion NEW MEXICO

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

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

% =3+ 0% = f(X + 0%, t) 3)

Using Taylor series expansion

F(R+ 6%, t) = %+ 0% = SR+ H.O.T
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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

% =3+ 0% = f(X + 0%, t) 3)

Using Taylor series expansion

~ A . ~ f(x
FR+o% 1) =%+o%= fR 1) + a(a’;t)‘ S+ HOT
LAY
- T O
Loan XD @)
X |z_z
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Actual Measurements

Initially the accelerometer and gyroscope measurements, f 3, and @ 3),

respectively, will be modeled as

= Fh+Afh 5)

atil
ST

@ =0+ A, (6)
where ?f.’b and @ 5 are the specific force and angular rates,
respectively; and Af & and A@ b represents the errors. In later lectures

we will discuss more detailed description of these errors.
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Actual Measurements

Initially the accelerometer and gyroscope measurements, f 3, and @ 3),

respectively, will be modeled as

ib ib + @ these terms may ( )
Sbh o — be expanded further
a4 =at+po} ©

where ?f.’b and @ 5 are the specific force and angular rates,
respectively; and Af & and A@ b represents the errors. In later lectures
we will discuss more detailed description of these errors.

atil
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Accelerometers

Fb =B, + (T+ M,)Fb + nl, + i, 7)

Gyroscopes

@b =bg+ (T+Mp)@h + Gf b + g ®)
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Accelerometers
Fo (B (T + M)Fb + il + W %
Biases
Gyroscopes
&b (Bt (T + M) 4, + GgF b+ g ®)
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Accelerometers

il

b — by + (T+WM)FE +nl,+w, ?)

Misalignment and SF Errors

Gyroscopes

&b =g+ (T +HM)@ b5 + G, b + iy ®)
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Accelerometers

Fb = byt (T4 M)+l )+ i, @)
Non-linearity

Gyroscopes

@b =bg+ (T+Mp)@h + Gf b + g ®)
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Error Modeling Example NEW MEXICO
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Accelerometers

Fb =B, + (T+ M,)Fb + nl, + i, 7)

G-Sensitivity
Gyroscopes

@b =bg+ (T+ M)k + + g ®)
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Accelerometers
Fo =B+ (T + M)Fb + il +(,) @)
Noise
Gyroscopes
&b = by + (T+ M) + Gy b +(ii) )

rements

March 10, 2014 9/21



State Error Vector NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY

Define the error state vector as

597,
0Xijns = [ 0V, [+ mBEien ©)
5rﬁb

Think of X as the truth minus the estimate, i.e.,

x>

OX =X —

(10)

The subtraction doesn’t apply to the attitude component of the vector
and needs to be treated differently

rements
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@ Position error

SF g =745 — " ho (11)
@ Velocity error

8V =V =V (12)

@ Specific force errors
oFh =Fh —Fh (13)
AFl = AFL — AFh = —5F 5 (14)

@ Angular rate errors
b&h =ik —wh (15)
Al = ADG — N b = —6@ 5, (16)
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Define
5C) = et = W)~ T4 (697, %] (17)

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

rements
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The attitude error is a multiplicative small angle transformation from
the actual frame to the computed frame

Cy = (T —[697,x])C) (18)
Similarly,
Cp = (ZT+169],x)E) (19)

rements
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Similarly the measuremed specific force and angular rate may be

written in terms of the estimates as

atil

=

where f 5 and @ § are the accelerometer and gyroscope estimated

calibration values, respectively.
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Since the sensor measurements are corrupted with errors, derive an
error model describing the position, velocity, and attitude as a function
of time.
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L. . d o .
L= Cjol = 2 [T+ [Fipx)) ¢

(NM



ECI Error Mechanization

Attitude MEXICO TECH

L d e
Ch=Clop = - [(Z+[¢},x])C] =

(Z + 695, x]) )G, = [69 1, %] Ch + (T + [0 1, %)) Cf =

ECI Error Mechanization
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ECI Error Mechanization

Attitude NEW MEXICO TECH

- i d . i
Cj=C0h = 2 [(T+0¢}x)C)] =
+ [69 1, <)) ChOL, = [0 1, x] &)+ (Z + (691, x]) & =

A

(I+[5¢,b 1) (O, + 60p) =

ECI Error Mechanization
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ECI Error Mechanization
Attitude

- i d . i
Cj=C0h = 2 [(T+0¢}x)C)] =
§iyx]) ChOL, = (09 1, x] )+ (T + [0 1, x]) Ef

+ [0y
(I+[5¢,b NCi(OL +50k) =
+ [0

= CioQp, + (T lp::bx])éll;ﬂfz
L [0g iy x]00s, ~ 0

ECI Error Mechanization
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Attitude NEW MEXICO TECH

L d e
Ch=Clop = - [(Z+[0¢,x])]] =

x]) ChOk, = (097, x] G+ @ + (69}, x]) C
b +o0b) =
x]) GO

+ 094
(I+[5¢,b 1) E4(O3
= o0k + @ + [0y x
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ECI Error Mechanization
Attitude

.y : d D '
Ch= G0l = 2 [(T+[fhx])C)] =
= (61, x] i+ (T + [65 1, x]) &l =

+ 69 1, x]) CiOF, =
(I+[5¢,b x]) CH( O +00%,) =
= CLoO, + (T + [0 j,x]) CLO,

63 1, x] = CLoQ4,CP = [Cloa b x] (22)
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ECI Error Mechanization
Attitude

L d Ay
¢ = 0t = = [T+ 6§} x))¢)) =
= (64}, x18) + (T + [69 1, x)) & =

+ (o9, x]) EQ% =
(I+[5¢,b DG, +603) =
= CpoQ, + (T + 69}, x]) CLOG,
[0 1% ] = CoOREP = [Choc fx] (22)
5, = Clowh, (23)J
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vi,=Cif 5+, (24)

ECI Error Mechanization
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vi,=Cif 5+, (24)

vi, = ClFb + 7L, (25)
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Vip=Clfh+7h (24)

(25)
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(24)

VY (29)
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(24)

(25)

hen Bruder (NMT,



ECI Error Mechanization
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. (r&s(Le)” |
1 €. 1 L 27
')/Ib (rees(Lb)+hb)2+')/0< b) ( )
Assuming hp, < rfs
oy (hy —hp) s =
0y i~ —2 = Ly)u; 28
Yib r:S(Lb) gO( b)uD ( )
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Gravity Error NEW MEXICO TECH
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. (r&s(Lo))® |
1 €. 1 L 27
T (e (Ly) + )2 7ok 7
Assuming hp < rg
o hy — h Y
o7l 2o g 1), 9
es(Lb)

Then converting from curvlinear coordinates to ECI

i 2e0(Ls) Q'L T
8% ip R d (7)) o7, (29)
eS(Lb) ’ ‘2

ECI Error Mechanization
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Fiy="V} (30)

ECI Error Mechanization
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Fiy="V} (30)
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q b s~ b
Summary - in terms of 6f ;, 60 )
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o
vy

oy
OF iy

033 1343
o0 ],
_ Pl [eFy
Cp

5 b

0
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svio |+

57
> (32)
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oP i [ 03 Ons 033 5P,
Vi | = _[CA[;?;ZX] O3x3 %‘%2 (F)T svip |+
oy .
OF iy : 03x3 ) I3x3 03x3 ort, )
0 g T
% A
0 b

ECI Error Mechanization
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