@it 7

IR SR IRETRE

@.. RREERRED R

0 Fm (Bias, FSIRE. MHIRE)
m G&KEAE (Noise)

O EefEF (Scale factor, E7SIRE. FMiRE)
s G&IELM (non-linearity)
= HIRFE/AAAZY. (Axes misalignment / cross-axis)

O oo

=EDHE
IREfERY
MR & FRE

fRREERIRE TR (E)

Sensor Output
- - Scale Factor = Slope
. ”
7’ . .
-7 Physical quantity
_____ g (Acceleration or
Biasl Angular velocity)

* Reference: IEEE Standard for Inertial Sensor Terminology
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TRizZE (Bias Errors)

O BEARRIRERE

#{EizZ (Constanterror)

EE1M (Repeatability) --multiple runs
faEM (Stability) --within one run
A3 (Noise & Bandwidth)
MEURE (Thermal sensitivity, 2/Z) ?

O M FEEHLIE

(Deterministic vs. Stochastic)

© Dr. Xiaoji Niu, Nav. Group, WHU

O UERAGIKEBBRAERIRELE
n BETR, THREEH, BE

Sensor Output (Acceleration
or Angular velocity)

Sensor Output "'Nq% Bias Instability
,,,,,, AN WA
Constant Bias V \/ V\/J
------ [ True Value —
Time
64 © Dr. Xiaoji Niu, Nav. Group, WHU 65



Ek 5El Fi=% (Scale Factor Errors)

o EEBIEF:
MHEENENESHNEE * EHIEFARARAE?
O 3EZkit:
FEFIN R S Hay EL IR F

O HRBMMEX:

BRI G ZEEERANMESMA BRI

Output signal

~1000Hz)

Noise(fs

Noissifs=100Hz)

e

~10Hz)
- S

Noise(s

P
S T

2 A
Ideal sensor \
/ - O

Non-linearity

-

Input Signal
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O RMS vs. Averaging time

average noise — sample rate
T

~
T

o

i

AirZ= (Noise Error)

[m]

125 (ARW & VRW)

SR E,

se&fEtl (FLBAETAHERX) ;

WL,

M A AR EY THERE % MU A 51 9 AR RN AR
O EEE: (55 2)/sart(Hz).

O 1&ERMS)SHETFEHRMIEL

O 1&E(RMS)5 FHRTEHIF SRR L

B4 rad/s/sqrt(Hz), deg/s/sqrt(Hz), deg/sqrt(hr)
m/s~2/sqrt(Hz), m/s/sqrt(hr), mGal/sqrt(Hz)
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SRR RS (RS

Gyro output (deg/hr)

70

KVH Gyro Wlth gyro drlft of 7°/hr
B0 - e R AaReRE LI SRR :

" ----- Theoretical output = 11.67 deg./hr :
: 1 | ; |
0.5 1 15 2 25 3
Time (hr)
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PetZiN E4REY

Ol,=0+b,+S o+N o+ ¢,

—

o

®
b
S
N

HE B B B B H
B

:SME1E (deg/hr).
CEMAIRE (deg/hr).

PedZER (deg/hr).

: PESREL 5 FXEF%.

PR AR A RE R

g, :PEIRRRERIRAERE (deg/hr).

IR E i EHREY

S, 0
bi =| b si=[0 s
0 o

=

0
0 N =16 0
Siz
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RIERRE

70

O ZIRFERBLS:
m Bias vs. Bias error; SF vs. SF error;
m  Random Walk vs. W hite Noise
O [EXa:
= Drift, variation, instability, stability;
m  Non-orthogonality, cross-axis, axis-misalignment
O ZURERSBAL
m  Accel: m/s"2,g, mg, ug, mGal, m/s/h;
m  Gyro: rad/s, deg/s, deg/h;
For white noise (or random walk):
m  Spectrum density (q) vs. sqgrt(q)

m rad/s/sqrt(Hz), deg/s/sqrt(Hz) = deg/sqrt(s), deg/sqrt(h);

m m/s"2/sqrt(Hz) = m/s/sqrt(s), ug/sqrt(Hz), m/s/sqrt(h).

* Reference: IEEE Standard for Inertial Sensor Terminology
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)

Case Study 1

- RMS
-P-P
o +/-

72

O L=f+ b+ S;f + S,f2+ Nf + 89 + &

m [ EE (m/sec?).

m F :ESLEEH (misec?).

= B MEEITER (m/sec?).

m S, RE T ML G E FiRERERE.

m S, : ELMEL IR TFIRESERE.

m N KBS

m §g  ENREXRE (REERENE) (m/sec?).
g EEIHERSRERERE (m/sec?).

© Dr. Xiaoji Niu, Nav. Group, WHU

IREIRE

71

O FEHRE
m  White noise (Gaussian
distributed) ~__

Random wak ~—

lst-order Gaussian-
Markov process —

Random constant

O =EREAIRZ

m  Auto-correlation

O EFRMRERE

Constant error
Repeatability
Instability

Noise

Thermal sensitivity

m  Power spectrum density (PSD)

m Allan variance
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B #83% (Auto correlation)

0 EKEETE R(D)=30)

m BEVLIEEE x(t) BT
X(t) =W (1)

IhZERiEZE (PSD) -Example

0 —MADRA KSR R(Y)

Noise variance
%(t) = - L x(t) + }Eazw ®
T T

~t

, =
Rt)y=0e"
Estimate the correlation time att =1
ie
R(t) =c?el=0o?/e=c%/2.7 T
=0.3678 ¢? Correlation time ¢
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Allan 5 &

(After H. Hou MSc. thesis)

T=nt T=nt,
| [yt Y HHHHH//HHHHH
12 3 Lﬁ

t (n<N/2)

Where ty,, =t + T

Q,(T)= j "omdt O

U

N-2n /
(M)t Y [0,,(1)-0,0)

2(N-2n) o

1 tea+T
(T):? [ amad

k+1

next

T=nt,

Reference: IEEE standard for Testing IFOG (AnnexC_Allan)
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Power Spectral Density (m%/s%/Hz)

PSD plot of STIM300 accel. based on 12 h 125 Hz static data

Bias Instability J
10° White Noise

Bandwidth

IUNINI

10 10° 10? 10" 10
Frequency (Hz)

10 10

© Dr. Xiaoji Niu, Nav. Group, WHU 75

Allan 5 &

(After H. Hou MSc. thesis)
T=nty T=nty

w//N

I8
123 Lﬁ i
b

(n<N/2)
_ 1 pteT 1 k+n-1
QT )== Q(t) dt Y, =— :
(=21, 2o S DN
— 1 [ I:: > _ 1 +2n-1
Qnext(T)=_ J- Q(t) dt Yin == Z Yi
T ¥t N1 iZk+n
o’ (1) = —— V... -v. )
( ) 2(Nc _1) é(yk‘*l yk)
Reference: IEEE standard for Testing IFOG (AnnexC_Allan)
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Allan 75 - Example 1

Rate Random
Walk

Correlated
Noise

Sinusoidal

Allan 75 Z - Example 2

g,
o™
Bias
Instability r
] 1 ] 1 1 -
Sample plot of Allan variance analysis results
(After IEEE Std 647-1995, Annex C)
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Mk 515 E

O R vs. fRE
O RSIRE vs. FEHIRE
O FE4MNR
O ¥ &k

Reference: David Titterton, Strapdown Inertial Navigation Technology (2nd edition.)
Chapter 8: Testing, calibration and compensation
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Allan of ADI gyros based on 28h 200Hz static data

: -

Bandwidth ~\\
\Y
A\

N< X

i

[y
o,

N

White Noise
\
\\ L

2 0

10 10 107 10*
Cluster Time (sec)

[N}

Allan Standard Deviation (deg/s)

N
o.
L
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HEMASHFENHZE

o K O #R7E
B ES n FRE
m FEER m LEHIETF
m RENR m HEEE
m HRHA m NIREE R
m FABURRME n REER
O m gt
m ENS o
m RSN .
4= A5 _t All systemat|c errors can_be compensated.
m SRR But consider only the major errors.
m ZALRENR _
Some random error can be estimated by
"o the navigation algorithm and compensated
online.
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IMUBIFRZE

O fFENEEN
n ERRFIRE

O MERETEROFME O FEET RS

m FEHERSI; m fE(Y)
n REMAE BN BEMAE

srV :5rON +5V(')\' .t+%(g.5¢90+baN).t2 +%(ng -g).ts
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IMUBIFRE

O 28R

m  "Calibration is the process of comparing instrument outputs
with known reference information and determining the
coefficients that force the output to agree with the reference
information over a range of output values" (Chatfield 1997).

m  Calibration is known to be the fundamental way to remove
the major part of the deterministic sensor errors of inertial
sensors and IMUs.
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IMUBIHRE

O ATASEIE:

m IRE HERE S

m [RER{L Pk i aEE Bt
o Fi&:

m BB, ANIERERSIIN

m AIEREMR

YK FAFRR (LLF) R E
0 &

m %G

m HE

Reference: David Titterton, Strapdown Inertial Navigation Technology (2nd edition.)
Chapter 8: Testing, calibration and compensation
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PR B RRFASHRE

O FEE—EREMERETNSUREAS A EMSAT (FE)
f,

P

|
|
I 9
V9 faomn

f, =b+(1+5s)g faoun =b—(1+55)g

O XAMNEETHE WAL GIE FIRE A LUX #ET & -

[

up — down 1

29

f,+f

b= —w " Tdown

| Is=
2

XE b, 5s #1 9 DRRTER, LHEFREMEAMEE.
* SHEER & HIRE MHIRIE AL
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L B LR SIRE (4) ARENIL

o WRA—EEE (0) 1 0 TEATARERIEUS RIS E.
1 * Robust O ER—MERNANE (SAER) 548, HIMULE
I BN —MEREINEE (REERE N ARE
| ) Tas5h).
i Rl O MR AT I ER PR 0 f SR AR S T B st F
T et MfETHE, SEMMEA A, TEEHE
fp =D+ (1+0s)gcosd fioun =0 —(L+55)g cos O & iR E,
e R O Bitn, WEL AR S RIAR SR ERR B, A
O ETEE A E R GIE TR ER AT LA (R O b B BB 2 O B T LU L 5.
b T+ oomn | | oot oo
2 2gcosé

O XEb o9 FHRTER, LHETREMENMEE
* SERILE KA
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£ 18 2R (450) NLE K- &N ZFR(LS) K

O IMUSEZEEIRT GRS St FS R SRS RIS E R (). AL ERS AR ENR AR E T E A R A&/ D
z

O AR MEEINHN=ZHinHETNT:
@, _clockwise s : f
0] [s n n]8] o L] [soneonon]
7 f1=Iny s, n, || f,|+|by fl=[n, s, n, b, fy
i) Lo 0, osJLe] Lo, i) dnoneoson )

X

X ) .
I =but+ (408, )a+ (@SN 1, s = Dt = (L+ 585 )+ (@, sin gt O RRERAMESERTIMUE, BEAMEETHHNAT:

2-clockwise

i XEREEFO RN B AET, RESYMITESR?

g -9 0 0 0 0
O FRARZETS WA RA L BB TR AR H T clol eelo| ko] wel-s| w<lo| <o
I I 0 0 0 0 g -g
b, = |, _tocianise + ;- conterclockuise —wesin¢| | S, = -i=dosie ~ Lo conterstookuise _ 1 .
2 2a o Eit, ARNMZRBEGIHERA) R:
O XE |t 4505z M E N 2 E. .
A=|: 1 2 3 4 5 G}
1 1 1 1 1

EBMIKBET; ANATRAAEREE?
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ANLE K- &/ ZFR(LS) R (8D

O fRREER VNSRS B SR dA% H B8 B — N RERE (WLFERE) -

L=[l 1, I, 1, I

byl

fx
I = fy I, =
fz
X —axis pointing up

O EBMNSERTNT:

L =MA

O FEREMEVER R &/ ZFEMGITSE]

M = LAT (AAT)*

© Dr. Xiaoji Niu, Nav. Group, WHU

HHFRE T 5

l]

fx
fy
fZ
X —axis pointing down

* 12-Position method

90

o &

BLRIRE

THEERIRE
EREENEE
T Rim & 2 eg
DA EYHRE FILEHR
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WERIERDL

D@E%%EW%?%WH%?%%%&%&%&%

O ATRGERPITESGR, FE—LZIKEM
QTN AN 75 1K) R IR 1T IMUR KRR AS F e s
A

O BTXERAg&MAEN, XEREREEERRIT
ATFSEREMR . [ REEMI B SHEERIMUR
FREE.
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E I i

O 2{A] [FiIR SR RSB AMIMUR S S 82
m % AKRZk(Tactical grade): LN200
m HLE RS (MEMS): ADIS16488
n FBHBRBENMEENSH...
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xR 2% (Tactical grade)

O LN200 from Litton

Performance - Gyro

Bias Repeatability

1deg./hrto 10deg./hr 1[sigma]

Random Walk

0.04 to 0.1deg/[sqrroot]hr power spectral density (PSD) level

Scale Factor stability

100 ppm 1[sigma]

Bias Variation

0.35deg./hr 1[sigma] with 100-second correlation time

Nonorthogonality

20 arcsec 1[sigma]

Bandwidth

> 500 Hz

Performance - Accelerometer

Bias Repeatability

200 [micron]g to 1 milli-g, 1[sigma]

Scale Factor stability

300 ppm 1sigma

Vibration Sensitivity

50 [micron]g/g2 1[sigma]

Bias Variation

50 micro-g 1sigmawith 60-second correlation time

Nonorthogonality

20 arcsec 1[sigma]

White Noise 50 micro-g[sqrroot]Hz PSD level
Bandwidth 100 Hz
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Z 32

O K AAR E — N ETRYIMU?

n BHEREI

BEEEBIES

m BN FREFEE, Alans E 5

B 7R ARE MR (FELR?)
n BHEE+ IHH

n DA

n REIRGE:

s IR E:

s HETR: SEX

* WKL AR AEE F R
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MEMS: ADIS16488 from ADI

Parameter
GYRDSCOPES
Dynamic Range
Sensitivity
Initial Sensitivity Tolerance
Sensitivity Temperature Coeflicient
Misalignment

MNonlinearity
Iniial Bias Error
In-fun Bias Stabillty
Angular Random Walk
Blas Temperature Coefficient
Linear Acceleration Effect on Bias.
Output Noise
Rate Noise Density
2 dB Bandwidth
$ensor Resonant Frequency
ACCELEROMETERS
Dynamic Range
Sensitivity
Initial Sensitivity Tolerance
Sensitlvity Temperature Coefficient
Misalignment

Monlinearity

Initial Bias Error
In-Run Bias Stability

Velocity Random Walk

Bias Temperature Coefficient
Cutput Noise

Hoise Density

3 dB Bandwidth

Sensor Resonant Frequency

Bii3R-1: B WAIBENLE 2

Test Conditions/Comments Min

4450
%_GYRO_OUT and x_GYRO_LOW (32-bit)

40°C<Th< +70°C 10
Asis-to-axls

Axis-to-frame (package]

Bestit straight line, F5 = 450°/sec
1o

10

1o

~40CsTas 470, 10

Any axis, 1 0 (CONFIGET] = 1)
Nofiltering

f=25 Hz. no filtering

Each axis

%_ACCL_OUT and x_ACEL_LOW (32-bit]

40°CsThs +85C 10
Asis-to-axis
Ais-to-frame [package)
Best it straight line, +10 g
Best-it straightline, 16 g
i
10
19
~40°C £ Th 5 +85°C
Nofiltering
1225 Hz, no filtering

_Twp _ Max

4480
3052% 107
#1
435
+0.05
210
a0
+02
625
03
+0.0025
0.009
0is
0.005
330
18

1221% 10
405

425

+0.035

10

a1

as

216

a1

006

0.1

15

006

330

55
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Unit

“fsec
*/sec/LSE
%
ppmeC
Degrees
Degrees
% of FS
“fsec

“fhr
“he
“fsecl'C
“fsecig

*fsec rms
“fseciiHzms
Hz

kiiz

9

g/LsB

%
ppmIC
Degrees
Degrees
% of FS
%ofFS
mg

mg
misec/he
mgiC

mg rms
mgiHz s
Hz

kHz.

a7

Wi

R

BRI AR

RIBE
FHAEH
SR W

LRAERE

B R

BHES
B R

[zt

HFHGRE
SR
HHE
R
Hi
S

95

O BEEFFELE

ZETe
RMBBABERFF] GHERMEE)
BT T
LR 1) R AR

E{a*()}=q-5(0)

Bt)=a(t)
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E{F ()} =1 -t
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BB ERI X R BEtLiFERI & BY

The system response X(7) is given by

g
——g 1]

X0 = | Fuo du 2.13.1) I
Clearly, the average of the output is S e A |
0 )
- [ [t . =)
EiXn) = El l Flu) dul = ‘ ElF(u)) du =0 (2.13.2) ~—
Jo o o
Also. the mean-square-value (variance) is g’
EX01 - E || R da [ Foa] = [ [ BF0FO) deas @133) °
Ll Jo JoJn m
o=
But ElF(t)F(v)] is just the autocorrelation function Re(u — v). which in this g
case is a Dirac delta function. Thus D
=
- : 35
Exin) = | ]“ B = vidudv = | dv =1 (2.13.4)
Thus. E[X3(n)] increases linearly with time and the rms value increases in 150

0 200 400 600 &0 1000
Time (sec)

accordance with \ 7 (for unity white noise input)
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BEHLIFERI & BE BIRFEFEAL

———

O BREENBRSE

] ‘ - i . N
S N A . RN ZER X R

0.014 — (N A e R

T e e E{a’(t)}=q-BW =RMS?

- m S — a’(t)}=q-BW =

0.01 —
- ! | R(7)
g 0.008 — l— ] WA S(ju) .
Z oo0s4
£ / |

0.004 ‘ ||

I
/ | 100
0.002 S S -
2 LA 0 i, 2z -2nW 2w
° T 2w 2w w 7w
K { 1 t[s]
=00 o 500 1000 1890 &1
x [m] ta) 7
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—y Gauss-Markov T2

O HEHTERAS S
O 73%&. HXAEE. HERIEEE(PSD)

2
X(t) = —Tix(t)m(t) _20
u %%&1{_§ T 72%
X =€ T X +ay W=7 L-e '

M At<<T
At
Xk+1z(1_?j.xk+ak g ~ At-q
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WEES2: ERERMIEIENNE

1. Fl Matlab & 89 randn && % /= & Sigmaf& }30.03F / /)N BF, RHEXR

1000Hz, & B 36007 # F i FE BEAL A (8] - S E A R I B S 5

2. HEARFRARE: AFRELNZE (41100Hz, 10Hz, 1Hz)
BRIE RN EE (ButtworthiEiK 88) SREEREFESHITER, W
SRR EREENARE (B—ESigmalt) SiERHENX

B BRIIKFIE.

3. THEMENIEE : 1§ LR R iR A ERE NGRS 5T A A KA LA EFR 4
EEIAERIEE (ARW) , HRMEILEEESHSIT =M
FA4retiE (an10%P, 60%p, 360FF, 3600%) MARAIAXFR CGEL

100 A LB EBEE) . ERIIRFHRHEERR.

4. MAE—NMESHDRAKIRE: BLRREEREEA-MSHIR
AR MR B A, IRERAEREE (4fb, 40%), 400
#, 4000%) ; WISFTSESHISIgmalE S R s B S I L
EofIiAXE ETaugd X &, WEREHEXHETH—NSHD/RT

RFIZRIRHE ALHFAE (3l B IR A B RIRAFEHLITE)
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WESI1: EPBEIL RIS EERGS

E:

Robert Grover Brown and Patrick Y.C. Hwang (1992),
Introduction to Random Signals and Applied Kalman Filtering:
Second Edition, John Wiley and Sons, Inc. 0471-52573-1.

Chapter-2: Mathematical Description of Random Signals

BEHEZEUATER:

1 PENLEIEME, EEMNEENER;

2. FREENEREMESEBH NS, FHE00HH;

3. BHEXEH. MXREZERBHMSMEN, WMATNEFEE
BIRHITHE;

4. HIEAE, Gauss-Markovid32 (—B)  BEHLTFEROBLSFI4EME .

Apkid2.6, 2.8, 211, 212, 2.14; FEANLIHBENIZIE
ZI A R GeitREE.
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