16.333: Lecture #15

Inertial Sensors

Complementary filtering

Simple Kalman filtering
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INERTIAL SENSORS

* Mo3IV , TF NeT #LL, TNERTHAL SENSHKS
MEASURE  RATES ((LINEAR oR  ANGULAR)
6R ACLELERATIONS

- WRILE THE RATE TINFORMATIN TS
TYPCALLY VALY 6VER  LoNG PERWOIS of

TIME | IT MuST bE INTEGRATED To GET
\stLrcemenTs

<> EveN VERY sSMALL ERRoRS TIn TUE ARATES
CAVSE UNBounpED GRowTH IN THE

INTEGAATED QUBNTITIES,

¢« THUS NEED To CAREFULLY CWHARACTEARZE
TME ERRoR Mo0EL FoR Youk SENSOR
- 4N0  PRou\DE- fERwDIC AESETS VIR 48
EXTERNAL  SENSOR.

¢ NOTE: TInNeRTAL SENSeRS TYACALLY MEASURE
RRTES IN THE Bo0Y FRAME , MusT MAP MesE
To FixeEd FRAME M™RoveH THE EuLER ANGLES,
- INTReDWES MoRE ERReR,
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e CAN ReEWTE THE oy RAME
ATTITV0E WRT EARTH (TwERTIALY)

VSING EOVLER MGLES oR QUATERNI0NS

> goDY FRAME RATES MAP To
DERWNATWVES oF THE ®WILER M ELES

&> 3 NL 0\FFERENTIAL EQUATIONS R
b { Q, "Y

& CAN Sowe NUMERICALLY FRR VEHICLE
AtTiTU0E

= USe THESe ANGLES To TRANSHRM
MERSURED  AcCELERATIONS [VBLOCITIES
INTo LIERTALFRAME = XY ,Z  EQUATINS

e gRRORS TN TMe ATHITUIE ESTIMATES WILL
CovPLE TITNTo THE foSiTion ERRRS

> NEEO @ "REFERENCE * - Lo FREQ
BuT VERY ACLURATE (No QR(FT)

¥
GPS PeRfFecr R THIS
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SPINNING RoToR  CoNeTRAINED
T0 FolLowd THE RoTATwN THe
GYRo EXPERIENCES ABouT TTS
INPUT  RXS

ToRRUE REQUIRED To CoNSTRAIN
RotoR  PRoPoRTIONAL TO TwNPIT

Rire T=He

L’ J—Hg

fRECESSION EFFECT
GYRp ACLURACY UOeTERMINED RY

PARrsITic Tekaves ([ MASs SHiFTS)

2 LoT of EFffoRr EXERTED
oN FIXING TS (LogLEM

Image removed due to copyright considerations.
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+ IN THE CASE o=
TMe HRoToR SPw AXIS IS

IN -THE HoRZONTAL PLANE

(Image removed due to copyright considerations.)

= MY: IS&Y

& = My
T W

o Now ExPLicaT THAT TF uwe APLYY A MOMENT To
A GYRoscobe ABouT AN  AN'S  PERPENDICULAR

To TS ANS oF  SPIN | TME GYROSCOPE WiLL
PRECESS ABoUT AN AX\S  PERPENDICULAR To BoTH

THE SPN ANS AND  THE MoMENT AX1S,

=  ToRpue ARoUT 3.\, Ax\S K PRecess #bour

-
-  SPW ABOVUT 2, #0s 2« (VERTICAL)

e DWECTWON oF PRecesswN:

CAUSES PoS'\Tive €ENO oF <SP Ax'S
To RoTATE ToWARDS Pos\TWE  ENQO ofF
MOMENT  MAS.
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TYyNMIN G R GYRoS - MEMS

- exPLoxTs coRioLlS EFFEecT
WHEN A VUBRATING MASS SUBJIECTED
T f RATE oF RoTATIoN A8ouT a

N s // PLANE oF WIBRATwA

"
<\
>

2L

> 0ORWVE VIBRATIONS TN ONE
prRECT 0N

> RTATUN ofF B8ASE RESULLTS
TN APOITAN AL WVBRATIWNS

- AN Be VERY sSMALL
- TeM? ODEPENVENT -7 CALIBRATE

Image removed due to copyright considerations.
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ofTICAL EYROS

- seND L\GHT ARouwp #
RoTATING PATH 4+ MERSURE
™ME CW - Ccw TWMES

Image removed due to copyright considerations.

= SAGNAC EFFECT

Y
cﬁ

o RING LASER GYRe
- MEASURE FRINGE PATrERN

BY TATERFERING € [ccw
Befms

- TAPUT RoTATHN CAVUSES
PATTERN -To MoVE &V

. Image removed due to copyright considerations.
k Rate ~ o

- JERY RACCVRATE
- INSENGITWE To AKEL

- STABLE scae FAcToR
- VERY E¥PENSIVE




TINTERFEROMETRIC FIBRE ofTic GYRo  (TFes)

- ALS0 USES SAGNAC EFFecT
CoiL oF N - ToRN F(BRE

-
. A
Polariser Beam
\\L_‘Splittersw '
L ' - ,
Laser N A ¢ P R ens P\ Optical Intensity
Source | ,T :
Y Y |
Detector I__—I SEatiaI [—FAG T : = c.an
i I 0| n gnac
VU, Filter o Lens Fibre Coil NS Phase Shift
Fringe Pattern T Phase Shift

Proportional to O

- PHAse SHIFT oF cw/ccvd ReEsuLTs AN
Repucrion of L\GHT IWNTEANSITY AT bectecivk

T = 2w L0 o
A

- AVoIDS SeMg ofF TME PRECISE MACKINING oF RL&

-~ CAN USE CHERPER ELECTRoNICS
- SMMULER THAN RLG
s> CUeRPeR |, BuT STILL EWENSIVE
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e BILGEST PRoBLEM WTHR GY¥RoS ARE HE

21is AND  Bi1Rs  DRIFT,

- 8As cAvSED  BY -
- DR\WE Exc\TATIoN FEEDTHRoUGH
- OUTPUT ELECTRoNICS ofFFSETS
- BeARING ToRauES.

- 3 TWes:
- FIXED BAS
~ BIAS VAR\ATIoN FRoM ONE TORN-oN To
avoheR . (mermal) [ Bs S‘MSu.n\I]

- B\AS DRIFT , uSulLLY MOVELED AS A
RANDOM  WALK .

5")%#\5 e TWpuer + SWas + TWy,

e ﬁm&, = W ; W~ N(oq)

6- WeowN  WiTH TS oF (0BG /w )W

oTNPICAL #'S

| Good MED &dd
RS STRBWLITY ! {o“ lo™2
 DElfsec

B\fS DRIFT lO.s \o’q' [0—3

(ve6/i<ec)
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NorSe MODELS
- SYSTRON DondER  QUARTZ  &YRo
= " 00ES NeT HAve A sMBle @S’
FTN OF THE TINPUT RATE!
- TYPicAL MOOEL : HNGULAR VeLocTmY W
(ACEN  BY
R nr\
BiAS ORIFT DRIFT- RATE NoISE
. ~ (AVSSIAN
= '\u E ['\r] <o
€ (a,] =0 £ [ Aptedn (€)= N set)

€ [Ao ) nf(e')] = Ny Je- &)

a0 ETa 0 w)] =0 ¥eE

TYPcAL RESULTS + 4= J‘;‘r . O.M(QISEQ / e

Cu=ynn= 000050 (fsec) iz

e WIST TRcLUPE THE ORIFT 14 THE ABIAS Iw
THE KALMAN  FILTER  OYNAMICS
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e SCALE FAcToR  Nown LINEARITY
- INPUT Kknown RATE W
- MEASURE W
- flor 6= uy-w

(Image removed due to copyright considerations.)

¢ CuAGE TEMPERATURE oF GYRo

16.33315-9

€- coRE RD2100 P

AFD MERSURE

ERROR & € = by(w)+ b ()T + by (w) T2

(Image removed due to copyright considerations.)

« CAN CALIBRATE | BUT THis TS cleAlkLY A

B\T oF A PRABRLEM.




Examples of Estimation Filters
from Recent Aircraft Projects at MIT

November 2004

Sanghyuk Park and Jonathan How



Complementary Filter (CF)

Often, there are cases where you have two different measurement sources for
estimating one variable and the noise properties of the two measurements

are such that one source gives good information only in low frequency region
while the other is good only in high frequency region.

—> You can use a complementary filter !

Example : Tilt angle estimation using accelerometer and rate gyro

7S
High Pass Filter | = ——, for example
accelerometer rate gyro ( s+1 P
0~ j(angular rate)dt —— ‘
- not good in long term
due to integration -+
eest
_|_

0x Sinl[accel.outputj
g

- only good in long term

1
Low Pass Filter (Z —j

- not proper during fast motion s+1



Complementary Filter(CF) Examples

e CF1. Roll Angle Estimation
 CF2. Pitch Angle Estimation

e CF3. Altitude Estimation

e CF4. Altitude Rate Estimation



CF1. Roll Angle Estimation

* High freq. : integrating roll rate (p) gyro output

 Low freq. : using aircraft kinematics

- Assuming steady state turn dynamics,
roll angle is related with turning rate, which is close to yaw rate (r)

L
¢ Q|
Coaliod Lsing =mVQ
! L =~mg ~V

4 : ¢~—r
\(\ % O~ E> g
v mg 2
CF setup Roll 1
Rate > » HPF
Gyro S N i o
Roll
angle
+ :
Yaw r V T estimate
Rate > g > LPF

Gyro



CF2. Pitch Angle Estimation

 High freq. : integrating pitch rate (g) gyro output

 Low freqg. : using the sensitivity of accelerometers to gravity direction
- “gravity aiding”

In steady state

A, =gsing o ¢ :tanl[—%j

accelerometer

A, =—gcosé

A , A, — accelerometer outputs
Z

* Roll angle compensation is needed

CF setup

q meas

¢t = gzqmeascos¢est 4’5_’ HPF
es

est

A A
AZ — gss:tanl[_cos¢est] — N LPF —
» &




CF3. Altitude Estimation

» Motivation : GPS receiver gives altitude output, but it has ~0.4 seconds of delay.
In order of overcome this, pressure sensor was added.

 Low freq. : from GPS receiver

 High freq. : from pressure sensor

CF setup & flight data .

I 1
— GPS+Pressure
=== GPS alone

hfrom Pressure Sensor — H P F

hfrom GPS KF — LPF ——

5 | | 1 | | | |
165 170 175 180 185 180 195 200



CF4. Altitude Rate Estimation

* Motivation : GPS receiver gives altitude rate, but it has ~0.4 seconds of delay.
In order of overcome this, inertial sensor outputs were added.

 Low freq. : from GPS receiver

 High freq. : integrating acceleration estimate in altitude direction
from inertial sensors

CF setup
z Angular Transform 1
a, = 0 = a, —4 = —» HPF
a ¢est 1 “est S
X .
hest
hfromGPS KF » LPF
(A 0

>

note: da, L=JA t—[s_ o1 o ! A, , A — accelerometer outputs

a,] |A -9 ... ][0, ] - angular transformation matrices




Kalman Filter(KF) Examples

« KF1. Manipulation of GPS Outputs
« KF2. Removing Rate Gyro Bias Effect



KF 1. Manipulation of GPS Outputs

Background & Motivation

« Stand-alone GPS receiver gives position and velocity

« These are obtained by independent methods : * position € pseudo-ranges
o velocity < Doppler effect
and are certainly related (X=V)

- Kalman filter can be used to combine them !

e Motivation : Typical Accuracies
Position ~30m
Velocity ~0.15m/s

Many GPS receivers provide high quality velocity information

—> Use high quality velocity measurement to improve position estimate



KF 1. Kalman Filter Setup

Measurements Filter Dynamics ]
d X=V
dt > Kot
Xmeas Xmeas =X+ Vl d
—V=a
dt > Vg
Vmeas — > Vmeas =V+ V2 i a= J
dt > Ay
d =
— | =w,
dt
North
East
Down
X : position V : velocity A

a :acceleration j :jerk o noisy, but not biased

Vi, @; : white noises e combined with rate gyros in removing the gyro biases (KF2)




KF 2. Removing Rate Gyro Bias Effect

Background & Motivation

* In aircraft control, roll angle control is commonly used in inner-loop to create required
lateral acceleration which is commanded from guidance outer-loop

* Biased roll angle estimate can cause steady-state error in cross-track

ﬁmplementary filter with roll & raw gyros (Cﬁ KAJrsé:]g‘[[e,;ﬁg‘fﬁgg?)g’i:srrﬁﬁ\s;?on\

Roll
Rate
Gyro

Yaw
Rate
Gyro

.

- Richard Kornfeld, Ph.D. (1999)

> » HPF

+ ¢
Roll

> » LPF

: angle
+ .
| estimate

Drawback : sampling rate limit (GPS),
Drawback : biased estimate / Qypical filter time constant ~ 0.5 sey

‘ a,~g-g=V-r  gxp ‘




KF 2. Kalman Filter Setup

Measurement Equations Filter Dynamics
from Rate Gyros d S
., — p+bias, + =Pt ~
Prneas Prmeas = P p Vs dt
r .. —» J i d — P
meas rmeas = V¢+ bla.Sr + Vi a P =, est

(8 ) —> a,=gg+v, ibiasID = (0, H(biasp)

from GPS Kalman Filter dt est
flight path - .
B e ablasr =, > (bias,
' “f’/ 4 North r Jest
Vi — T B 4 ¢ :bankangle V :velocity A

a, : acceleration in sideways direction

P :roll rate I :yaw rate

\_ Vi»@; : white noises -




KF 2. Simulation Result

20 | T
AN
: ‘mﬂw e
_ 1 5 | - - hv-\-u~mnw.‘unnw..’-lﬁ"'as, R
[@)] I
g H
s
; 10+ H
E J
‘qc: 5 B an‘l".'#ah“mu““‘
— w
DC:’ —— Actual
0 . L
- Kalman Filter Est.
-=-=- Complementary Filter Est.
-5 | | | I |
0 5 10 15 20 25 30

[sec]

 Simulation for 10 degree bank angle hold
* Roll rate gyro bias=0.03 rad/s, yaw rate gyro bias = 0.02 rad/s were used in simulation
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