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LgtSB!lag G 0= ( Speed_up/Balance Plag - ? )

IF SPEED_UP ( 0 -> speed up vheel )

ELSE ( 1 -> do balance algorithms )

LGT_CONTRllL ( calculate LGT control torque )

STOREtimeHistory ( Stores a time histories )

READ_SENSORS ( Read all tbe sensors simultaneously )

(PLANTmodel simulate plant model to predict states .. )

( and measu:rements at next sample )

343

LGTCompUpdate

TIIEII TIIEI/ PAUSE

AGAIII

( Update LGTcomp states for next Ts

( Go du terminal taek ) I

( *** BUILDIIIG OF TERMIIIAL It BACKGRllUIID TASKS FOR TllRI/KEY APPLICATIOII *** )

: WHIP ( Build and Activate Background task )

SLAVE BIJILD

SLAVE lIORK :

: ?KEY ( Check if key vas depressed )

BEGIlI

PAUSE

?TERMIIIAL

DUP

IF

KEY DROP

TIIEII

UllTIL

: PRIllT ACTIVATE (Activate Terminal tesk )

-1 II/IT-DISK ( reset all disk drives)

BEGIII

CR
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a" Press any kay to see BACKGROUND variable 11

?KEY

CR ." qw=[ n

STORELength 0 00

STORE1 I 2. 2. + FO

I 7 Mon 0= IF. II 11 CR

TREN F. 11 11

PAUSE LOOP

CR .11 ytach=[ 11

STDRELength 0 00

STDRE2 I 2. 2. + PO

I 7 Mon 0- IF 11 11 CR

THEN F. 11 11

PAUSE LOOP

CR .11 yacc=[ 11

STDRELength 0 00

STDRE3 I 2. 2. + FI

I 7 Mon 0= IF.II 11 CR

TREN F. 11 1I

PAUSE LOOP

AGAIN

: START

CHAIINELO BOSS BUILO ( Initializes Terminal Task )

BOSS PRIllT

WHIP j ( Initializes Background Tast )

TURNKEY START ( Turn program into a TURIlKEY application )

CR CR CR

.( Vrite protect STATIe memory and reset the computer)

EOF
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P.3 Successive Loop Closure and Pitch Sensor

345

The FORTH code which implements the compensator designed by successive loop

closure (section 0.5) with a pitch angle sensor, is listed below. The particular

print-out is for balancing the robot at zero speed, but it can be modified to bal­

ance longitudinally at any wheel speed by changing the OmegaO constant.

Fixed point arithmetic had been used and wheel speed and control torque was

scaled up by a factor of 103 while the accelerometer was scaled up by 106 •

Comments in the program listing explains the operations in the algorithm.

( -=-====== Longitudinal Contral TurnkeyProgram ===========)

( Program to test ucyc7/1gtdtach controller : Tsample= 25 milliseconds

( Tight tach feedback leop closed first vith integral error contral)

( Uss LOIlET pitch angle sensor )

o VERIFY !

LOAD/TARGET ( Turn schoing off during dollll1oading )

( ***.*************** DEFINE ADDRESSES AHD CONSTANTS ******************** )

HEX

800000 CONSTANT LATDACADDR ( Set LAT DAC's address )

800010 CONSTANT LGTDACADDR ( Set LGT DAC's address )

800020 CONSTANT LATENCADDR (Sst LAT Encoder's addre•• )

800030 CONSTANT LGTENCADDR (Sst LGT Encoder's addres. )
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800080 CDNSTANT RCCDUliTERO ( Radio Raceiver Inter:face )

800082 CDNSTANT RCCDUliTER1 ( Counter Adresses )

800084 CDNSTANT RCCDU1iTER2

800086 CDNSTANT RCCDNTRDLlIDRD ( Counter Controlvord address )

800090 CDNSTANT RCTRIGGER ( Trigger address to RESET IRQ flip-flop )

68 CDNSTANT LEVEL2_IRQ ( Level2 Autovector Address )

800000 CDNSTANT SiHADDR

8000EO CDNSTANT MUXADDR

8000FO CDNSTANT ADCADDR

( Sample a Hold's address

( Multiplexer's address )

( Analog-to-Digital ConverterJs address )

o CDNSTANT LATACCMOX ( MOXCode for Lateral Accelerometer )

1 CDNSTANT LGTACCMOX ( MOXCode for Longitudinal Accelerometer )

81000F CDNSTANT RTCctrlADDR ( Set Raal Time Clock's Controlsord addr. )

81000B CONSTAHT RTCcounterl (SetReal Time Clock's Counter 1 address

o CONSTANT CRANNELD ( Terminal task number )

DECIIlAL

15 CONSTANT LGTKt ( Tach loop gain )

-40 CDNSTANT LGTKa ( Acc loop gain )

o CDNSTANT DmegaO ( nominal sheel speede Iöeä")

320 CDNSTANT STDRELength ( data storage array STDREi length )

1250 CONSTANT RTCperiodl ( Real Timer Clack Timer 1 initial count)

( for 40 hz sampling freq )

VARIABLE LATFI/II ( Lateral Radio Pulse lIidth )

VARIABLE LGTFI/II ( Longit. Radio Pulse lIidth )

VARIABLE TICKSAVE ( Memory Lecatdcn to eeve tick count )

VARIABLE LgtEncCount ( Counter for # wheel epeede to average )
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VARIABLE Spe.dUpCoun~ ( # sampl. periods in SPEED_UP made )

VARIABLE STORECount ( Counter for # numbers stored )

VARIABLE LGTCmd ( LGT acceleration command *10e6 )

VARIABLE LGTxak ( LGT accelerometer compens. etate*lOeG

VARIABLE LGTxtt ( LGT tachometer compensator state*10e3

VARIABLE Ytach3 ( Tachometer measurement *10e3 )

VARIABLE Yacc6 ( Accelerometer m.easurement * 10e6

VARIABLE Qv3 ( Wh••l Torqu. *10.3 )

400 1000 BACKGROUND SLAVE

400 1000 TERMINAL BOSS

( *.****••••*....... REAL TIME CLOCK REPROGRAMMING WORDS ****.*********** )

CODE RTeset ( Sets Real Time Clock Counter 1 to sampie rate )

MOVE.L DO,-(A6) ( saV8S contents of Da on stack )

HOVE.B #$74,RTCc~rlADDR ( Revri~e. C~rlvord for coun~er 1 )

HOVE.W #RTCperiodl.DO

HOVE.B DO,RTCcoun~erl ( Send lov byte)

LSR.W #8,DO

HOVE. B DO, RTCcoun~erl ( Send high byte )

HOVE.L (A6)+,DO ( Re.~ore. original value of 00 )

RTS ( Return to Bubroutine )

END-CODE

CR .( Loaded RTC.e~ )

ALSO HATH

347



348 APPENDIX P. FORTH CODES FOR LONGITUDINAL CONTROL

FP32

FVARIABLE STORE1 STORELength 2* 2* VALLOT ( Time history )

FVARIABLE STORE2 STORELength 2* 2* VALLOT ( storage arrays )

FVARIABLE STORE3 STORELength 2* 2* VALLOT

( ******************* REAL TIME CLOCK READING WDRDS ********************* )

CODE ZERDtheTICKS ( - ) ( Zeros the tick counter register )

CLR.I. (AS)

RTS

END-CODE

ca . ( Loaded ZEROtheTICKS )

CODE TICKStoSTACK ( - n ) ( Loada tick count on top ot stack

KOVE.I. (A5).-(A6) ( Current tick counter value -) stack)

RTS

END-CODE

CR .( Loaded TICKStoSTACK)

( **********.******* CORTROL SYSTEM ALGORITHM VORDS ********************* )

S 2048 I.ATDACADOR V! 2048 LGTDACADOR V! ( Quick motors stop )

: ?DACSATURATE ( n - n) ( Check it DAC command Saturates

DUP 4095 > ( check for positive saturation )

IF DROP 4095 ( drop large value I: supply sat. value )

ELSE DUP 0 < ( check tor negative sa'turation )

IF DROP 0 ( drop large value I: supply sat. value )

THEN THEN (other'llise keep commanded DAe value )

WAIT4N ( n - ) ( S/W VAlT tor n*30 microseconda )

o 00 LOOP ;

: CHECKTSAKPLE ( - t ) ( Check it sample time has expired )

TICKStoSTACK ( get tick count )

o > ; ( ee'tie true flag if dt)= Tsample )

CR • ( Loaded CHECKTSAKPLE )
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WORK ACTIVATE ( Activate Background task )

S ( Stop all motors )

o LGTCmd! ( Initial LGT reference input assumed = 0 )

o LGTxtk (Initialize tach. comp. etate to zero )

o LGTxak (Initialize ace. comp. state to zero )

o SpeedUpCount (Initialize SPEED_UP countsr)

o STORECount (Initialize STOREi array entry ccurrtez-)

RTCset ( Set Real Time clock to Tsample )

BEGIB

CIlECKTSAIIPLE ( Check if sampIs time has expired

IF ZEROtheTICKS ( If TRUE Raset counter to zero ..)

( .************ HEAD LGT TACHOMETER AND ACCELEROMETER *********** )

LGTENCADDR va ( read binary value ;fram pos enc )

( Bt <- top of stack )

LGTACCMUX MUXADDR V! ( switch KUX to LGT accelerometer )

1· SlHADDR V! ( sampIe analog signal )

1 WAIT4H ( vait 30 microsec for StH settle )

o SI:HADDR V! ( place S.lH device in HOLD mode )

1 ADCADDR V! ( Starts A to D Converter )

1 VAIT4B ( wait for ADe to finish)

ADeADDR va ( reade binary value from A/D )

( Bt Ba <- top of stack )

4095 - 4884 • 10003660 + ( convert to a voltage.l0e6 )

20435 1000000 ./ ( scala by LGTACCGAIB => acc.l0e6 )

( Bt Ya6 <- top of stack )
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DUP Yace6 ! ( save capy of aceel 100 print )

( Bt Ya6 <- top of stack )

SpeedUpCount • 0 > (check if epeed-up phase over )

( ************. ACCELEROMETER LOOP COMPENSATION ***************** )

IF ( if so • add accelerometer compensation )

LGTCmd G ( get acceleration command )

5 100 */ ( mult. by Kr to get 10e6 * accel. command )

SWAP - ( subtract Ya6 100 gat ace. error*10e6 )

DUP ( save a capy for compensator update later )

( Bt Ea6 Ea6 <- top of stack )

LGTxak a (gat LGT accelerometer compensator etate )

( Bt Ea6 Ea6 Xa6<- top of stack )

8 100 */ + ( multiply by pa-za and add to ace. error )

LOTKa 1000 */ ( mult. by LOTKa, div. by 1000 -> da*10e3 )

( Bt Ea6 da6 <- top of stack )

ELSE ( during speed-up do tach loop compens. only )

DROP ( drop Ya6 fram top of stack )

o 0 ( supply zeros for Ea6 and da3 )

( Bt 0 0 <- top of stack )

( ***************** TACHOMETER LOOP COMPENSATION ******.*.******* )

THEN ( da tachometer compensation loop )

OmegaO + ( vheel speed + da3 )

( Bt Ea6 sum <- top of stack )

ROT ( get binary tach reading )
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( Ea6 sum Bt (- top of stack )

DUP ( make a copy to )

( determine sign later )

10471976 SWAP / ( get abs(ytach)'10e3 )

SWAP 2 1I0D 0= ( get sign of 'the wheel speed )

IF NEGATE THEN ( 0 => even # => neg. speed)

( Ea6 sum Yt3 (- top of stack )

DUP Ytach3! (save a copy to print later )

( Ea6 sum Yt3 (- top of stack )

( getvelocity error*10e3 )

- ( Ea6 Et3 (- top of stack )

DUP ( Save copy for tach camp update

( Ea6 Et3 Et3(- top of stack )

LGTxtk G ( Get LGT tach compensator state )

( Ea6 Et3 Et3 Xtk(- top of stack )

25 100 ./ + ( multiply by pt-zt aod )

( add tach error )

LGTKt • ( multiply vith tach loop gedn to )

( iheel torque*10e3 )

( Ea6 Et3 Qw3 (- top of stack )

DUP Qw3! (make a copy 'tc print later )

( Ea6 Et6 Qw3(- top of stack )

15120 + 2048 15120 ./ ( get binary command for DAC )

?DACSATURATE ( check if DAC saturates )

LGTDACADDR W! ( cutput tcrque commaod )
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( Ea6 Et3<- top of stack )

( *************••• COMPENSATOR STATE UPDATE .****.******* )

LGTrtk G

( Ea6 Et3

( get LGT tach compens

Xt3 <- top of stack )

state )

100 100 */ ( multiply by LGTpt )

+ LGTrtk ! ( add to the tach. er-rc'r end save xhat(k+1) )

( Ea6 <- top of stack )

LGTxak 0 (get LGT accelerometer compensator state )

( Ea6 Xa6 <- top of stack )

103 100 */ ( multiply by LGTpa )

+ LGTXak ! ( add to the ace. error and save xhat(k+l) )

( stack empty (- topof stack )

1 SpeedUpCount +! ( mcrement speed-up counter )

( .*.*••**....... STORE TIME BISTORY .************.****** )

STORECount G STDRELength <

IF

Qv3 G I>F 1000. F/ ( Scale back to normal )

STORE1 STORECount G 2* 2. + F! ( multiply indel: by )

( 4 to store 64 bit # )

Ytach3 G I>F 1000. F/ ( Scale back to normal)

STORE2 STORECount G 2* 2* + F!

Yacc6 G I>F 1000000. F/ (Scale back to normal)

STDRE3 STORECount G 2* 2* + F!

1 STORECount +! ( Increment # stored )
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TIIEN

TIIEN PAUSE (Go do terminal taek )

AGAIN

( ••• BUILDING DF TERMINAL i BACKGRDUND TASKS FDR TURNKEY AFFLICATIDN ••• )

: WHIP ( Build and Activate Background task )

SLAVE BUILD

SLAVE WDRK ;

: ?KEY ( Check if key vas depressed )

BEGIN

PAUSE

?TERMINAL

DUP

IF

KEYDRDP

TIIEN

UNTIL

: PRINT ACTIVATE (Activate Terminal task )

-1 INIT-DISK ( reBBt all diek driveB )

BEGIN

CR

.11 Press any kay to see BACKGROUND variable 11

?KEY

ca .11 Qv=[.11

STORELength 0 00

STORE1 I 2. 2. + FG

I 8 MOD 0= IF 11 11 CR

TREN F. 11 11

PAUSE LOOP 11]; 11 CR
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CR .11 Ytach=[ 11

STORELongth 0 00

STDRE2 I 2* 2* + FI

I 8 HOn 0= Ir 11 11 CR

TlIEH F. 11 U

PAUSE LOOP 11]; 11 CR

CR ." Yacc=[ 11

STDRELongth 0 DO

STDRE3 I 2* 2* + FI

I 8 MOD 0= IF 11 11 CR

TlIEH F. 11 11

PAUSE LOOP 11]; 11 CR

CR

AGAIII

: START

CHAIlllELO BOSS BUILD ( Initializos Torminal Tast )

BOSS PRIllT

WHIP ; ( lnitializes Background Tast )

TURllKEY START ( Turn program into a TllRNKEY application )

CR CR CR

.e Write protect STATre memory and reset the computer ).

EOF



Appendix Q

Lateral Control System

Q.l Lateral equations of motion
"

The lateral equations of motion can be found from derivations in Appendices A, B

and C. The lateral equations can be decoupled from the longitudinal equations of

motion under the same conditions mentioned in section N.l.

Equations A.90, A.91 and A.92 then simplify to:

I

I

I '

I

[Ir + Ir +Ir +mwr?v +mF(rw + rF? +mT(rw +rT?]~

w 2 •- [12 + mwrw +mFrw(rw +Tp) +mTTw(rw + rT)]no'l,b

(Q.l)

, (Q.2)

(Q.3) ,

I
~

If the d.c. motor rotor inertia is non zero the additional terms due to the geared

drive system that should be included in the lateral dynamic equations of motion
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can be determined by inspection of equations G.13 and G.14 in Appendix G

W FR" R[I3 + 13 + (1 - n)I3 ],p + n(l - n)I3 iJ
W' •

= -I2 flor/> - fa,p + fTTI - QT

[lI + nI§l]~ + [lI + n2IfliJ = - fTTI + QT

(Q.4)

(Q.5)

Equations Q.2, Q.4 and Q.5 are the dynamic equations of motion of the lateral

system, where I§l is the moment of inertia of the roter of the turntable drive motor

and n is the gear ratio of the turntable drive system.

Rewriting these equations into state space representation, t~ey become:

4>
/

~0 112 113 0 J11 -fa Ir 0 -1

121 0 0 0 ~ 0 hJ. 0 J24 ,iJ 0
= + QT

0 132 133 0 iJ 0 0 -fT 0 TI 1

0 0 0 1 ~ 1 0 0 0 r/> 0
(Q.6)

Where:

112 = ir' +If + (l-n)I§l (Q.7)

113 - n(l- n)I§l (Q.8)

121 = Ir' + Ir + ir+ mwr?v + mF(rw + rF)2 + mT(rw + ~T?

(Q.9)

132 = Ir +nI§l (Q.10)

Ia3 = II +n2If (Q.ll)

J11 = -Irflo (Q.12)

J22 = [Ir + mwrh + mFrw(rw + rF) + mTrw(rw + rT)Jflo (Q.13)

J24 = [mwrw + mF(rw + rF) + mT(rw + rT)]g (Q.14)

Multiplication of equation Q.6 by the inverse of the first matrix containing the

inertia terms, yields the standard state space form ofthe system oflateral dynamic
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equations:

x=Fx+Gu

where u = QT and x = [~, ,p, TI <f>Y.

Q.2 Lateral sensors
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(Q.15)

A tachometer and an accelerometer are used as the lateral sensors. A roll angle

sensor, for example a vertical gyro, is also considered as an alternative to the ac­

celerometer.

The tachometer's operation is slmllar to that of the one in the longitudinal system,

but here it is mounted on the rotor shaft of the turntable drive motor. It reads

WLAT = nLAT . TI (Q.16)

where nLAT is the known gear ratio of the turntable drive system. The mierepro­

cessor can scale the tachometer measurement so that the state TI is measured:

y, = TI (Q.17)

. '.

The accelerometer is mounted on the unicycle frame so that its acceleration sensi­

tive axis is in the direction of the sideways motion of the unicycle. It is placed on

the vertical centerline of the unicycle, so that it will not measure the component

due to yaw acceleration.

The accelerometer is actually a pendulum with a servo feedback loop around it

to change it to an accelerometer, as described in Appendix H. The output of the

instrument is a signal proportional to an internal control torque. This is generated

to counter the effects of specific forces on the unicycle frame at the position where

the accelerometer is mounted. The component of the frame sideways acceleration

can be obtained from equation A.76 and the acceleration due to gravity is -g<f> for

______ ________J
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small roll angles. Figure Q.1 shows how the sign of the accelerometer measurement

is determined.

(Q.18)

where rS3 is the height above the wheel axle at which the accelerometer is mounted.

From equation Q.15

(Q.19)

By scaling the accelerometer measurement in the microprocessor software and by

substituting equations Q.19 into Q.18, the lateral acceleration measurement can

be rewritten in terms of the states and control input:

Ya = -(rw + rS3)Fll4> +[rwno - (rw +rS3)FI2]-if,

(rw +rS3)FI31J + [g - (rw +rS3)F14]4> - (rw +rS3)G1QT

(Q.20)

The measurement obtained from an ideal roll angle sensor would be

Yr = <P

Q.3 Lateral system characteristics

(Q.21)

The lateral system dynamic behaviour is a function of the nominal wheel speed

0 0 , as can be seen from equations Q.12 and Q.13. The results presented in sec­

tion Q.3.1 show the state transition input and output matrices for a typical wheel

speed of 3 rad/sec. The measured mechanical parameters used in these calcula­

tions are listed in Appendix M.

j
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Q.3.1 Lateral system characteristics calculation

UCYC12/LATCHAR.CTR

LATERAL SYSTEII CHARACTERISTICS

***.*.*•••*******************************.***********.*****

LATERAL STATES PHI.DDT; PSI.DDT, ETA, PHI

CONTROL INPUT TURIlTABLE KOTOR TORQUE (QT)

KEASUREIIEIlTS TACHOIlETER; ACCELEROIlETER; ROLL ANGLE SENSOR

UIlITS IIETERS. RAOIANS. SECONOS

***.*****•••••**••*********••••****•••••••********•• ******.

NOMINAL WHEEL SPEED (RAD/SEC)

OIlEGAD =

3.D

ACCELEROIlETER HEIGHT (METERS)

RS3 =

0.6500

OPEIlLOOP SYSTEII IUTRICES:

*************************

FLAT =

359
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O. 0.6575 O. 10.9719

-0.2240 -0.0492 0.1212 O.

0.1718 0.0378 -0.2122 O.

1.0000 O. O. O.

CLAT

O.

-1.5415

2.6999

O.

IlLAT

O. O. 1.0000 O.

O. 0.0294 O. 0.5387

O. O. O. 1. 0000

NLAT =

O.

o.
O.

EIGVAL =

-0.0250

-0.2384

-3.2890

3.2910

EIGVEC •

0.0015 -0.0094 1.0000 1. 0000

1.0000 -0.6515 0.0713 -0.0653

0.2031 1.0000 -0.0567 0.0483
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-0.0599 0.0392 -0.3040 0.3039

cm

0.1828

2.5792

0.1573

-0.1425

OBS

0.2031 1.0000 -0.0567 0.0483

-0.0028 0.0020 -0.1617 0.1618

-0.0599 0.0392 -0.3040 0.3039

RESIDU

0.0371 2.6792 -0.0095 -0.0069

-0.0005 0.0052 -0.0271 -0.0231

-0.0110 0.1051 -0.0509 -0.0433

TRANSFER FUNCTION FROH TURIITABLE ORIVE TORQUE TC TACHOIlETER IIEASURE!lENT.

TACH2EROS =

3.3000

-3.2998

-0.0279

TACIIPOLES

3.2910

-3.2890

-0.2384

-0.0250

TACHGAIIi =



[

I
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2.6999

TRAIlSFER FUIlCTIDN FROH TURNTABLE DRIVE TDRQUE TD ACCELEROIlETER IIEASUREIIENT

ACCZEROS =

0.0000 + 1.02841

0.0000 - 1.02841

0.0000 + O. 1

ACCPDLES =

3.2910

-3.2890

-0.2384

-0.0250

ACCGAIN

-0.0454

TRAIlSFER FUIlCTIDN FRDH TURNTABLE DRIVE TDRQUE TD ROLL ANGLE IlEASUREIIEHT

ROLLZERDS =

O.

ROLLPDLES =

3.2910

-3.2890

-0.2384

-0.0250

RDLLGAIN
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-1. 0135

Q.4 LQG control system design

363

In this section we will design an optimal continuous time linear quadratic gaussian

compensator for the lateral system.

The unicycle yaw rate will accurately follow a reference command if the regulator

uses integral error feedback of the measured plant yaw rate. This introduces an

extra state, e, to the lateral system matrices:

[:] = [~ ;] [:]+[;]u+[.]

u = -[C. Cl [:]

where H = [ 0 1 0 0]

(Q.22)

The regular gains Ci for an optimal linear quadratic regulator were calculated by

minimizing the cost function:

(Q.23)

A CTRL-C program 'lgtlqg.ctr' was used to calculate the regulator gains and the

print-out is shown in section Q.4.l. The ratio r of the weighting factors were

chosen so that the step response (Figure Q.2) of the closed loop system reached

the commanded value in approximately 5 seconds. Figure Q.3 shows the closed

loop frequency of the lateral system. The closed loop system has a bandwidth of

approximately 0.3 Hz, which is comparable to that of the longitudinal system.
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A linear quadratic gaussion estimator was designed to estimate all the lateral states

from the tachometer and roll angle sensor measurement. The modified plant model

that includes the random disturbance effeets on the plant and measurements, is:

:i: = Fx+Gu+Gnw

Ym = Mx+v

where:

w is a random disturbance vector with spectral density Q

Ym is a vector of the measured quantities

'V is a random measurement noise vector

G n is the process noise input distribution matrix,

(Q.24)

(Q.25)

The complete statistical nature of the measurement noise is not known because

the actual sensors have not been selected. For this reason we will assurne the

same spectral densities for the tachometer (Rt ) and roll angle sensor (R r ) as for

the longitudinal system (refer to section N.5).

Rt = 0.05 rad2/8

R; = 0.1 m2
/ 8

3

The process noise speetral density is also assumed to be similar to that of the

longitudinal system. The noise input distribution matrix Gn is assumed to be the

same as the control input distribution matrix.

(Q.26)

A Kalman-Bucy filter [Kaiman] with filter gains L, can be designed to provide an

optimal estimate of the state vector :1: in the presence of the specified disturbance

Inputs. The estimator state equation is

~ = Fox+Gou +L(Ym - Mx) (Q.27)
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IdeaJly the plant model used in the estimator would have the same parameters as

the actual plant, i.e. Fa = Fand Go = G.

The Kalman filter gain matrix L is shown under ESTGAINS in the print-out listed

in section Q.4.l. Equations Q.22 and 0.24 can be combined to give the lateral

closed loop system matrices:

[
: ] = [: -~Ge -;G ][: ]+ [ ~1 ] r+ [~n ~] [: ]
ä: LM -GaGe Fa - GaG - LM ii; 0 0 L

(Q.28)

The performance of the state estlmator ls simulated where the actual initial roll

angle 16(0) = 2 degrees, while the estimated roll angle is ~(o) = O. Figure Q.4

shows that the roll error initiaJly increases to approximately 2.4 degrees while the

state estimates are improved. In the absence of noise the estimated states track

the actual plant states and the roll error is reduced to zero in approximately 5

seconds.

Q.4.1 Calculation of LQG gains

UCYC12/LATLQG.CTR

CONTINWUS TIIIE LATERAL CONTROL SYSTElI WITH FULL ORDER LQ ESTIHATOR

•••••••**•••••••••••**••••••••****.****.*******•••***.*.****•••****

LATERAL STATES PHI.DOT; PSLDOT; ETA; PHI

CONTROL INPUT : TURNTAllLE HOTOR TORQUE (QT)
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MEASUREMENTS UCHOIlETER; ROLL ANGLE SENSOR

UNITS METERS, RADIANS, SECONDS

••••• CONTINUOUS TIIIE PLANT KATRICES •••••

FLAT =

0.0000 0.6675 0.0000 10.9719

-0.2240 -0.0492 0.1212 0.0000

0.1718 0.0378 -0.2122 0.0000

1.0000 0.0000 0.0000 0.0000

GLAT

0.0000

-1. 5415

2.6999

0.0000

GNOISELAT •

0.0000

-1.5415

2.6999·

0.0000

MLAT

0.0 0.0 1.0 0.0

0.0 0.0 0.0 1.0

NLAT =

0.0

0.0
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••••• HATBICES FOH INTEGRAL ERROR FEEDBACK CONTROL •••••

EXTENOED STATE VECTOR IS PSIOOT.ERR; PHI.OOT; PSI.OOT; ETA; PHI

FINT =

0.0000 0.0000 1. 0000 0.0000 0.0000

0.0000 0.0000 0.6575 0.0000 10.9719

0.0000 -0.2240 -0.0492 0.1212 0.0000

0.0000 0.1718 0.0378 -0.2122 0.0000

0.0000 1.0000 0.0000 0.0000 0.0000

GIIIT

0.0000

0.0000

-1.5415

2.6999

0.0000

***** REGULATOR DESIGN *****

COST FUNCTIOI/ l/EIGHTING FACTORS ON STATER ANO COI/TROL

ADIAG =

5.0 0.0 0.0 0.0 0.0

BDIAG =

1.0

OPTIMAL II/TEGRAL ERHOR ANO STATE FEEDBACK GAIIIS

CERH

2.2361
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CUT

-45.4187 -5.9571 -0.0787 -150.9253

REGGAIJI

-3.4468

REGZEROS •

-3.3124

3.3124

-0.0000

REGPOLES =

-0.0000 + O.OOOOi

-1.3237 + 1.3180i

-1.3237 - 1.3180i

-3.2921 - 0.0064i

-3.2921 + 0.0064i

***** ESTlMATOR DESIGN *****

PROCESS AJlD MEASUREMEJIT NOISE SPECTRAL DENSITIES

QUT

1.0

RUT =

0.0500 0.0000

0.0000 0.1000
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OPTIMAL ESTIHATOR GAINS !ND ESTIHATOR POLES

ESTGAINS

369

1.2390

-6.8113

11. 8559

0.4628

ESTPOLES

21. 7228

-0.9544

0.2314

6.5832

=

-0.0279 + O.OOOOi

-3.3009 + 0.0417i

-3.3009 - 0.0417i

-12.0710 - O.OOOOi
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FRAME F --..."

Q
p

--------~.: L
g

Pendulum position
if no control torque
had been applied

I
I
I
I
I
I
I Q ,
I P
I A"---.....

APPENDIX Q. LATERAL CONTROL SYSTEM

a 3 (vertical)

for a positive roll angle
$ > 0

pendulum control torque
Q p (LAT) > 0

A

I
I
I
I

~ direction ofSiframe acceleration

rw+ r S3 for lateral acceleration
of the frame of:

[- (IW + rS3)~ + rwQo Cp] f 2
pendulum control torque
Qp (LAT) > 0

f
2

he output signal from the servo accelerometer is proportional to
't.he total pendulumcontrol torque AIQp(LAT)= k a [-(rW + rS3)~ + rwf.loll> + gcjl1f

2

Figure Q.l: Lateral Accelerometer Measurement
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RESP0NSE WITH FULL .STATE FEEDBACK

6.05.03.0 4.0

time (s)
': 2.01.0

'frdot. 8Illnd - 1 1 /s 81 EP-

V
l---"

V
~G ot

. , ./
f', . - . -' . -. _. - -'- . - . f-.-,-"'. -"-,..... -. -'

\ Qt\

\
\

\
\

\

\
\

\

e:p \

-,
-,

" - - - - - --.. - - - - - -

1.

2.

o.

- 3.

- 2.

-1.

-4.
O.

----.
S
I

Z...........

I
I
~

Figure Q.2: Step Response of the Lateral System with Full State Feedback
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FREQ. RESP0NSE WITH FULL STATE FEEDBACK
0.0

-5.

-... -10.
:0
'CJ
-"
i=l -15 .......
co
QD

-20.

~
<,

r.
\ ."\

\

1

1

YAW RATE

. 1

frequency (Hz)

. 1

frequency(Hz)
YAW RATE-C0MMAND ; 0UTPUT

~---<. .

~
-.

<,
r-.

INPUT
0;00

-100.

-200.

.-300: 0 1

Figure Q.3: Frequency Response of the Lateral Closed Loop System with Full State
Feedback

L
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RESP0NSE WITH FULL 0ROER ESTIMAT0R

6.05.03.0 4.0

tirne(s)
2.01.0

,', Qt
r \
, ,

I r

,
Act ual cjJ (C ) 2 ~eg while-

I 1

r 1 Ini ial Sta~e :E s t i:Inat~s F= 0~

r /1 \

I I \

r I lep
I 'Yda tI r
\,
\ 11 X1 \ -, ~ - ,

I \/ " / <,
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Figure Q.4: Response of the Lateral System with a Full Order Estimator and an Initial
Roll Angle of 2 Degrees ,
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