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Notation Used NEW MEXICO TECH

@ Truth value

X
@ Measured value

X
o Estimated or computed value
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@ Error

[«
X\
Il
x|
|
x>

Overview
[ ]

Aly E EE 565: Po! , Navigation, and Timing April 11, 2018 2/17



Actual Measurements NEW MEXICO TECH

SCIENCE + ENGINEERING « RESEARCH UNIVERSITY,

Initially the accelerometer and gyroscope measurements, f 5 and &4, respectively, will

be modeled as

2,

b —Fb  AFE —Fb L AFE (1)
Gh=0h+Ash =00+ Ad) (2)

where fﬁ, and (,D',‘-’b are the specific force and angular rates, respectively; and Afﬁ, and

Awﬁ, represents the errors

these errors.
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. In later lectures we will discuss more detailed description of
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Error Modeling Example NEW MEXICO TECH

Accelerometers

Gyroscopes

&

b = by + (T4 M35 + Gof & + (4)
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Pos, Vel, Force and Angular Rate Errors

@ Position error

Bb="pp " Ipp
@ Velocity error R
6\72,[) = ng - ng
@ Specific force errors A
5Fh — £ _ 74
Afh =Afh — AFh =5
@ Angular rate errors
s5h =a8 -k
AGE =Ash — AGE = 0wl
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ECEF Error Mechanization NEW MEXICO TECH

Recall

Overview
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Errors After Calibration NEW MEXICO TECH
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In reality there will be error terms in the sensor that can not be calibrated. These terms
may be estimated. The error in the estimation of these terms may be expressed as

S
>

Afb = AFE — AFE = F 0%, +& (12)
AGE = ASE — AGY = Fugdxs + & (13)

These terms represent the difference between what we estimate the errors in the sensors
to be (either through calibration or online estimation) and the actual errors in the sensor.
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NEW MEXICO TECH
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The matrics F,, and Fyg, depend on the needed level of complexity in modeling the
errors. For example if we only model biases, e.g., X, = db,, then F,, = 7.

If more error terms are modeled, then most likely, we will end up with non-linear
equations, and therefore linearization is necessary.
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Error Modeling NEW MEXICO TECH

6;()3 — Faa(g)_(a + V‘_;a (14)
0%y = Fag0Xy + Wg (15)

The matrics F,, and Fgg are specific to accelerometers and the gyroscopes and there
specific configuration within the IMU.
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State Augmentation NEW MEXICO TECH

After state augmentation

zw e —QF, 0O3x3 03x3 O3x3  —CEFug &b,
sve, | |IGsFax 20y LB Ge)T CiR.  0aa | |avg,
e | = O3x3 Isx3 03x3 O3x3 03x3 0Fg |+
5%, O3x3 03x3 O3x3 Faa O3x3 0%,
5)-?g i O3x3 O3x3 O3x3 033 Feg | 0Xg
_—flf 03x3 03x3 O3x3 03><3_ g (16)
O3x3 —Cf 03x3 O3x3 033 G
03x3 03x3 03x3 03x3 O3x3| | O3x1
03x3 03x3 03x3 Z3x3 O3x3 Wa
[03x3 03x3 O3x3 O3xs Zsx3| \ Wg

= F(t)%+ GW
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Need for Integration

Aiding Sensor (e.g., GPS)

NEW MEXICO TECH
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c Foor GDOP Good GOOP Good GDOP—
Bad Visivilty
ttp/Inptelacin/courses/ 105104100 lectureB._11/B_11_3GDOPhtm
Advantages Disadvantages .
- - Advantages ‘ Disadvantages
Immune to RF Jaming Drifts — —
. R Errors time-indep. | Sensitive to RF Interference
High data rate Errors are time dependent S . . .
. A L No initialization No attitude information
High accuracy in short term Need Initialization
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Open-Loop Integration NEW MEXICO TECH

True PVA + errors Aiding sensors errors - INS errors
_l’_
Aiding Sensors O Filter
‘ =+ Inertial
INS (O errors
+
est.
True PVA + errors

Correct INS Output

Integration Architectures
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Closed-Loop Integration NEW MEXICO TECH

If error estimates are fedback to correct the INS mechanization, a reset of the state
estimates becomes necessary.

+
Aiding Sensors O Filter

INS INS Correction

Correct INS Output

Integration Architectures
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Kalman Filter NEW MEXICO TECH

Kiko1 = Pr1Xh 1)k 1 (17)

Project Ahead Pk|k—1 = Qk*l + ‘Dk,]_ Pk*l‘k*lélz—fl (18)
;?’k\k = >A?k|k—1 + Kie(2k — Hk;?k\k—l) (19)

Update Pk‘k - (/ - Kka) Pklk—]_ (I - Kka)T + KkRkKkT (20)
K = Pik—1Hi (HePre—1H{ + Rie) ™ (21)

Integration Filter

EE 565: Position, Navigation, and Timing April 11, 8 14 /17



Closed-Loop Kalman Filter NEW MEXICO TECH

Since the errors are being fedback to correct the INS, the state estimate must be reset
after each INS correction.

X1 =0 (22)

Prk-1 = Que1 + ®ro1Pro1u1®i_4 (23)

Xk = KiZk (24)

Puje = (I = KicHi) Pugse—1 (1 = KiHi) T + KiRiK, (25)
K = Pik—1Hi (HePre—1H{ + Rie) ™ (26)

Integration Filter
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Discretization

mglaxs  03x3
03x3
Q= 03x3  03x3
03x3  03x3
03x3  03x3
where At is the sample time, nZ, n3,, n2_,,

®,_; ~|+FAt

03x3

2
nyglaxs 03x3

03x3
03x3

03x3

n%gd are the PSD of the gyro and accel

O3x3

O3x3

03x3
Npaql3x3

03x3

O3x3
O3x3
O3x3
O3x3

2
nbgd|3><3

random noise, and accel and gyro bias variation, respectively.
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(27)

(28)
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Discrete Covariance Matrix Q NEW MEXICO TECH

Assuming white noise, small time step, G is constant over the integration period, and the
trapezoidal integration

1

> [®16k1Q(81)GT 1@y + G 1Q(t-1)G]y | At (29)

Q-1 ~

Integration Filter
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