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Abstract

The goal of this paper is to develop an on-board
controller for a model helicopter's hovering attitude
control, using i8096 one-chip microcontroller. Required
controller algarithm is programmed in ASM-96
assembly language and downloaded into an i8096
microcontroller. The performance of hovering flight
using this system is verified by experiments with the
model helicopter mounted on an instrumented flight
stand where 3 potentiometers and an optical proximity
sensor measure the attitude and main rotor speed of
the helicopter.

Nomenclature

A = 9X9 system matrix
A= lateral cyclic pitch angle
daue = longitudinal flapping
B = 9X3 input matrix
Bj= longitudinal cyclic pitch angle
baa = lateral flapping '
C = 3X9 output matrix
g = acceleration of gravity
h = vertical offset
i = shaft incidence
I = moment of inertia
K& controller feedback gain matrix
K= estimator feedback gain matrix
I = longitudinal offset
m = mass
W = process noise covariance matrix
n = order of system (Sth)
p,q,r = roll, pitch, yaw rate

Q = torque
r = order of the control vector
T = thrust

V = measurement noise covariance matrix
X = n—dimensional state vector
y = lateral offset
¢,0,y = angle of roll, pitch, yaw
9 = main rotor collective pitch angle
87 = tail rotor collective pitch angle
Dy _
mg - vertical drag
dR

P = hub rolling moment stiffness
1M

7‘%‘— = hub pitching moment stiffness

x,¥,2 = X,y,z direction
1. AH&

o] =& RyYYFE e FAuY Aoy MAd ®
T AdFEA d23 F PC( Desk Top PC )l A v g
Aol7l@ TUNE 71&9 FAAM W, sta-A=z e
Hol7t 138 mm X 75 mm 719 i8096 vlolaAnIEF
2g o8t AANY AolE FHsHE EAY(
On-Board type ) A°}71& dAsd 1 J5& FF8:
Ao FEE . ol#@ AX Y] A gAY Ao}
e HAFEEQ A4y gelFE  AMojA2¢(
autonomous helicopter’s flight control system )9} Ag
AzAM e oul& Adrt

o] =i FA4L dA YelFEH MY &3 HAY
o23E FHEEAE T8 F, Ao A= AEL A
A 71X Q) MATRIXx& ©] 88t Digital LQG/LTR =
71 P& T8 Aojr|& HA s, ojlF ASM-9% o d¥E
golz F=sd & 8096 violaARITEFE ol o]HAHA
A 3ARE vy AgHolEd 1Y RYYFE 4
¥& $938ta Aoy g AFEAt

2. 2yl Feo g 2dIs} AF24

delFe g AFFAN XYZ REAR A8, vy
¢ 99¥E9 ARENEE 299 34, 19 A
adg. 1944 2 By & JRdE Ao 4& A
+4 40t @0l :

X+t X+ Xu+ Xvt Xp=mg sin6+m(x- yr+ zq)

Yu+tYr+Yy+Yp=—mgsine +m(y+ xr- zp)

ZurZr+ Zy+ Zy+ Zp=-mg cos8+m(z- xq+yp) m

R+ Ymhat Zuyut Yrho+ Yvhy+ Yehpt Rp=Iap-qrily,—Ia)

My~ Xphpt Zpgpygt Mr=~Xoho+ Zrlr-Xphy+ Zuly - Xvhv+ Me
+ Zply~ Xvhvt Mp=1,,q~pril o= Ix)

Ny~Yudau~-Yrr-Yviv+ Ne-Yrp=1,r-pa(la-1Iy)
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9. 1 9% F14 s AREA=

A9 ade] dEAE 47 BF F5YH W5y
2 744 nAdggEelth AANA AAu P A ¥
Agge 4= 84,

Xn = Tasin(aiaetiy)
Yu = Trucos(bin)

Zy = ~Tacoslapatinm)
Ru = (2B )brac+ Quesinting+ arae) @
My = ( dltjltlu Y — Qe sin(bysar)

Ny = Quncoslin+ayr) cos(bi)
Mr= Qr Yr= Tr, Zr = buuTr

b0, (2 - taners, (2L -

Ty = 2247, Qu-048503 , hyy = 02943 , Iy = -0015
Ly = -07, 1r = 0230818, yy = 0, hr = 0114

D - D - =
(-,—n-;‘)u =0, (—";{;,-)p = 0019776 , I+ = 08715

b = Ay + 0040277p + 0.006706¢

gy = -8By + 0017174p + 0040277q

b = -156798abs(67+0.1252) - 0.2845

c = 61.4644(8r+01252)%

Tr = 04735(-b - Yb%-40)

d = +abs(81683T7)

Q7 - 12,842 d(0.000677 abs(8 1) - 0.0000161 d)+0.001853

AW 48 TAN AAUGel B WAy 527
A4g A49 4@ .

= -Tusin(aum+iy)/m -gsin® +yr ~zq

X
y = (Tucosbia* Tr)/m +gsine-xr+ zp
z

(~Ta cos (auae + i)+ Tul 2Ly (3)
*Tu(;D;-)r)/m +g cosb + xg - yp

= (G braes Tarcos (brodhu

=~ Trucos(aisn * in)yu +Trhe) + (Lyy ~ L)) qr

'#( (_l_ﬂ_"L
1,, da,

-~ )aw+ Tusin(l'y"‘aku)hu* Qr

x5
H

a
(1]

~Tacos(in+awnm)ln+ Tu(%)u ly
* Tae (-2 )ply) +(L= Ly pr
~—(Qu~ 1T + e~ I,V/Ls pa

r

Ag AEY Aojol&8& A7) HAsiA Y3 vt
Bd ulAYYEE T FadA ddeE FsAnd
A AgsE ¥ X, Y, Z ¥ HEE Qolgtn
714319 AFE FAR FPAAG, EF DC HERE
& 12 A2dez IAANA, °l& RYHUFHY &F
Ao IR A Y 20 deg, TEHE
ol dsjME 20 deg/s, HIUREY collective pitche] i
M 25 deg, MIVRE Y lateral cyclic pitchol t&]A
£ 20 deg, "IURH 9 longitudinal cyclic pitchell ol 8§14
£ 25 deg, MR 71€UYe] tisfAMiz 800 us2 Hg&
AAs RS FAURAND 2R Aol AA
Al 74gA AAE LolskA @2

e A& F8 H)st 2L 99 FeiHasst 350
9 Ajojqldy, zelx e FEHE R AYsa et
ANE den.

X"=[ ¢ 6 ¥ 67 AL By ¢ 8 v]

UT=[Us, Uy, Us) (4)
Y7=[0 8 ]
49127 0.8181 0.0219 -4.4855 119.8565 206571 00 0
-0.4295 25807 0.0015 -04566 86762 -786580 0 0 0
0.0115 0 2619 17.7692 0 0 000
0 0 0 -6.2832 0 0 000
A= 0 0 0 0 -6.2832 0 000
0 0 0 0 0 -62832 000
1 0 0 0 0 0 000
0 1 0 0 0 0 000
0 0 1 0 0 0 00
0 0 0
0 0 0
0 0 0
12,5224 0 0 00000010
B= 0 12.0367 0 C=00000001q
0 0 10.1477 000000001
0 0 0
0 0 0
0 0 0
3. A7) A4

¥ dFeA AolrlE digital LQG/LTR Aojol&&

28 dA%ch(3] :
AARAYL Kalman filterc]8& ol 838t i 5§
el 4 e Hojx FXYPH( Singular value loop
shape )8 ¥R &, process noise$} measurement
noise@ white noise2 7} at] 2 (5)9F o] FelTF4
of XA}

X=AX+BU+Ta

Y=CX+v (5)

[ A, B ] : Stabilizable , [ A, C ] : detectable

© . process white noise
v : measurement white noise

HAAE BolX Rzl ALY Gels) Aoz
H#HE=a, A6l o]5WE Ket 4(8)9) ARE(
Algebraic Riccati Equation )¢} #|& T3t (N9 &
Aoz 7% 4 U

Gee(s) =CIsl- A1 K (6)
K, =:CTv! @)
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AT+ A -3CTV I+ I T=0 ®

2|(9)s} o] process noise$} measurement noise?] X}
FEA( error covariance )9} X7|A8 YA 19 w§
AAARZE AL g8 a9, 29 e FxgE 713 &
A ¥o|=Y $X( Target Feedback Loop )& ¥t}

Elwa™ = W , ElwTl =V 9
r=B, W=+, V=u
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a4, 3. LQG Aojrlg #&

LQG RA7]< Wi ol K= 4(12)% AREY #

& T3] D dsisty de.

K(s)=K.(sI-A+BK.+KC) 'K, 10)

PA+ATP+CTC- (14)PBBTP=0 (§3))

= (1/)BTP ‘ 12
da8)Fe A9 non-minimum phase transmission

zero7t gle B g oM 9] p7} 0of] FEgol] wtet
FliglG(s)K(s) Gre(s), & 383 o=y Rpx

2 R3] 8( loop recovery ol dth.[4)

asy, AU py F4E YlY( band width )& 7l
W& Ay B, Aojol5e FAxd Friel wE Ei(
saturation )59 A& <rlAJI2=2 pg HAURZE
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A2 20ms2 XA ol HAZ ¥ oliidd
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A7 A2 MATRIXx& ©]-838ie] €39 Yelzg XYY
4 qlth AM N2¢g 2. 59 Hol ¥¥dz EYs
o wiNY AFHAE FUE d, GAHE AANYA
olg Atk

o
1) "‘:.‘q_-“ -.-L;‘ o
fuaaPlIY 2 2
Letar_ape Eensissed o
»
onpl _ape.
oy
»
1 % o1l samde
n (" j
"&: e, "
i .# HSA engly 2
oo v L N .;
o
o »
"fﬁ’m

]
3

-4

SO S Y

[

H
Tne(sec)

a9, 6 48 Al AlE ol
(. Variable-step Kutta-Merson method )
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4 49

©AY Ao]7]( On-Board Controller )& #8317}
A AHgd vpolaTZEEHE UdWAY MCS-9%6
Series 180060 T}, i8096¢] AEste UHPE Mujx §Fd
( ISR : Interrupt Sevice Routine )22 71&9 A/D
converter board$t PWM generating board, 2|3l 1/O
port& EFHA7IE Rl JMsszi.6]

AAE o]t AJol71( digital controller )& 20ms9]
AEY AGE R ons MEY ALE MAde =
olwi7t gasitl olg & vl 20msvict MM UHIE
& Ax A2xE 9] ol ISRE AMHE¥G.

X&) &9 ojldza AL E AR Jdx2 9
g3t A/D W@Y)eol dHA 10bits] HI=E RE
A/DEE ISRE AH8-@ch 91714 i80968] A/D ¥@7E
e Atg ovelA 5vE Agsez N3z 7|(Signal
Conditioner)d 28 Tdxvleld) &HASE Addgd
#og =3,

AXe &9 ALE 80969 FE FANEE o83t
o mUgdsr] s A8 XE ISR AMHEEH, A
g A4 24L& HHAM Fed AXEREH d4=e
’&-"-‘-391 A48 SHANES FA4se Ag ISR A
£€o.

AH €9ez AM9 vl2H9 NALEE UHY
oA Ajolgl¥& ANsta olF T AR di¥ ¥ F(
Pulse Width )22 #43o PWM AL SYA717]
$1& High Speed Output ISRe] A}-8-€r}.[7]

Zzte] ISRE ZEHE T4 ASM-9% olddE
oz =3§ ¥, IBM-PCIlAM B4 Z2a@L 2 j809%6
9] RAMYYel 3= Z2¥( HEXfile & G2 E(
download )A|Zit}. olE @ FAE EEdHY 29 7% &
=3

i8096 One-Chip

) . Model Helicopter
16bit Microcontroller

PWM G ting 5 servos
interrupt k
roll,pitch,yaw ongle [M

oplical proximity sensor

3-DOF Gimbal

A/D Converter
interrupt

Serial port] Pulse Counting
interrupt interrupt

[

IBM—PC/386

output
monitering

29, 7. AYFA FAHE

i8096 vlolazIEg TYH BAY Aore 2¥
43 2d. 83 A

5 d&

g ad7iMe gaAFee AAuY 38 A A
2% Jgs BAR7AA MATRIXxE $e4A EHsta
HAY AEHoAE £9FLEN Aoyl dARAE &
olatA # 4 & 7 & ANsAT

2 x, §4%¥ Alo]7]( On-Board Contraller )2] F#el
slol A, Alojgide YA PWM A &4 AEHE,
9L FAs Aol o)aAstd ;& AFske AD
" AEYPE, A NALKZEF FAHY] AN B
ZHAAM2EE SASHE Y29 ASE GHANES
&Aste A4 JQEHYE, IBM-PCst 3¥ XEZ 3}
o d3g RUHIE 4 A s FE LE AGHHE
& 3o vlolaRZEEYE TP ATE +YS
At 2 A3, 449 AN YRAYE AFYE & AU
goeo APYFLL digital LQG/LTRA 0714 o
Ez3L B4 A4LA4 e 81, HAYYE dAe
agte] o TS daAol7IYge) Aol aFdY
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