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. Aircraft motion equation
coordinate systems, notations and terms used in flight dynamics,
according to ISO 1151 standards;
general aircraft spatial(6-D) motion equations in different form(Euler
angles form, directing cosines form, quatermion form);
linearization of an aircraft motion equation;
Separation of longitudinal and lateral-directional motions and
appropriate particular motion equations(longitudinal motion equations,
lateral-directional motion equations);
. Analysis of an aircraft longitudinal motion equations
general aircraft longitudinal motion equations;
linearization of longitudinal motion equations and types of
longitudinal motion modes (short-period mode, fugoidal mode);
notations of aircraft static stability margins for longitudinal motion,
influence of main aircraft layout parameters on these margins;
aircraft trimming conditions and choice of an aircraft layout
parameters;
characteristics of an aircraft in longitudinal motion as controlled
object;
requirements to the aircraft stability and controllability characteristics;
. Analysis of an aircraft lateral-directional motion dynamics



- equation of disturbed lateral-directional(side) aircraft motion;

- types of lateral-directional motion (roll mode, Dutch-roll mode, spiral
mode) and its characteristics;

- notations of aircraft static stability margins for lateral-directional
motion, influence of main aircraft layout parameters on these margins;

- lateral-directional aircraft trimming for different cases (side wind at
landing, engine failure);

- characteristics of an aircraft in lateral-directional motion as controlled
object;

- requirements to the aircraft stability and controllability characteristics
in lateral-directional motion;

=~ RATERIBEM X5 ERE

1. Purposes, design concepts and structure of the complex aircraft control
system:

— methods of the aircraft motion control, general aircraft control system
flowchart, destination of various control subsystems;

— types of manual aircraft control systems (direct mechanical control
system, powered mechanical control system, fly-by-wire control
system);

— methods of manual aircraft control systems and automatic control
systems coupling;

— flight safety principles of an aircraft control system design (failure-safe
and practically failure-free systems);

— elements of the aircraft control system (sensors, computers, actuators)
and theirs mathematical models;

— aircraft control system and flight safety.

2. Stability and controllability augmentation systems (CSAS), destination

and classification.
2.1 CSAS for the longitudinal motion of an aircraft;
— characteristics of an aircraft in longitudinal motion as controlled object;
— requirements to the aircraft stability and controllability characteristics;
— pitch damper, automatic system for the longitudinal control, integral
CSAS; theirs influence on the aircraft stability and handling qualities;
— control algorithms for the modern fly-by-wire longitudinal CSAS;
— aeroservoelastisity problem at control system design.
2.2. CSAS for the lateral motion of the aircraft:



— characteristics of an aircraft in lateral-directional motion as controlled
object;

~ requirements to the aircraft stability and controllability characteristics
in lateral-directional motion;

—roll damper;

— yaw damper;

- yawing stability augmentation system.

3. Aircraft autopilots, their destination and autopilot mode classification:

— angle stabilization autopilot modes - pitch, roll and yaw angle
stabilization,;

— ¢.g. motion stabilization modes - altitude, track and speed stabilization;

— automatic control of an aircraft at landing.

4. Active control systems: destination, classification and design
principles:

—load alleviation control system;

—ride control systems (crew and passengers comfort improvement
control systems);

— flutter suppression control systems.

Note : Lectures will be accompanied with practice included the
demonstration exercises on a personal computer realized via
FlightSim program toolbox for MATLAB®/Simulink®.
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(1) “Simulation Technology & Training : Research, Engineering &
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Su-24 Tu-154M Mi-8
Su-27 Tu-204 Mi-24
Su-33 L-39 Ka-27

Mig-21 Yak-130 Ka-50

Mig-29 C-80

Mig-31 M-110

Mig-AT
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Aerodynamical Experiments in
Calculation Mehod Wind Tunnels

v v

Creation of Aerodynamical Characteristics Database :

® Stationary and non-stationary characteristics
Control surfaces effectivity

High angles of attack

Influence of elasticity, ground, icing, etc.
Influence of propeller-motor group.

v

Simulation : Flight Tests

® Mathematical
® On research simulators

v

Tweaking and verification of the models

3-1-1 RATH B BLER AR RS
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Models of Power Gear
sensors and plant Model
informational model
systems
Models of 6DOF Aerodynamic
weapon motion forces and
control equations moments
systems model
Models of Wind Database of
control and model aerodynamic
navigation characteristics
system
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Pilot Flight Control

7 Braking
Main
Control
Control
Backup Nosewheel
Control Steering
Emergency Active
Control {’ Contr
A
Primary AiTCTaft High-lift Devices| [AlTcraft . Thrust
Control Trimmin Control Conﬁguratlo Control
o n (Contral
Stability and Controllability Flight Envelope Protection
Augmentation System (CSAS) System
Automatic Flight Control System
Stabilization Special Trajectory
Autopilot Autopilot Control
Mﬂles Modes Modes
Attitude . Automatic
stabilization| | -€Ve'ng landing
. Automatic
Altitude : :
stabilization Navigation route control
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t

UTHGB FRERAREEME LR
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Velocity Vx, Wy, V- U-W,
Force Y7 -Z,
Angular Rate Wx, Wy, Wﬁ A
Moment x, My, M. ,-N,
Inertia Qx,Jy,Jz,J}j Ix, Iz,IX,Ixj

AEB AT E 3-2-1 918 3-2-2 b mEF o

P rojection of the x-axis on the plane xgYg

Horizontal plane XgYg

Origin of the aircraft

axis system

Plane yz

zq vertical
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V =—RU + PW + Gsin(¢)cos(8) + C,gS / m
W =QU — PV + Geos(¢)cos(8) + C,gS /m
EYasf@h@iieh  NEITRAXLT
Jxp + Jxzi + Jy(—qr) + Jxz(pq) — Jz(-rq) = L
= Jxzp + Jz(—F) + Ix(pq) — Jzx(—rq) — J(pg) = =N
Jyq + Jz(—pr) —J)cz(p2 —r? )—Jx(—pr) =M
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q = (Ma - Txeng Sin(¢eng + A¢Thr ))/IY
7 =5 (2, + TSI+, + AP, )/ G =c05(1)
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0=¢
H =Vsin(y)
where,
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zZ,=C,08
X, =C,0S8
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Jr=J,p+NgB+Nr+N,p+N;S,+N,; 6,
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@=p+r-1g6,.
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dM, _oM, oM, ou

5, =
dC, oC, éu oC,
&
=£-= G = G
" gS Spr?/2 Splua) /2
A gk
oC, _ 2G/S 2 GIS _ 2C,,
ou pulatl2  ppVi/2 H
BT LA

_dM, oM, M, u

Sy

dc, aC, ou 2C,

P R BRI A

3-2-7 Moment Velocity Stability

£ % % i 8% B Moment Velocity Stability & iE > f# & M>1 #EA
M<1 &5 € # 4 Pitch-Up > RZ et M<l BEAM>1 & F 4

Pitch-Down - [ 3-2-7 Z & £ T & B 3-2-8a X B 3-2-8b & k4% -
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(4) ~ BT H

Cy i Cx Z Bifa4e B 3-2-9

K1 Unstable
A/C

Cy

K2 Stable
A/C

Cx
B 3-2-9 Fratk 547 B

RAMRBZ HTHE iy D RABERA S > SR fAEL GG

AT FRTMRMZ HTA T Mo REERAN > HEAE

theh R LA LR AR TN RMBAE BN T THTERE -

A T & A% # Force Speed Stability %o F > & B 3-2-9 #4158

3-2-10> AR RZEMAE  BYE Vion T RRFATZRE » AT

ZRE BN Vipu A — 2 0 B ¢

TR ABRAT X THMBEE S B EREE  JLiFESH

SRR CREAREBEE AL -RETERRESS CE A
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WEFEA AN REBAREHEE AL -

ERMADBRAT X THEDREE A EBRE > oS
AR RERMARE > REKFEEZEAS X THNRE
SRHFEREF WHEARNRES  RERMAH > RE XS

REAE-

#H A

VKmax

3-2-10 > ra /) B3R K B A B

BHRAXLARRET GEE Pilot 25707 A& > B 3E4EH

MPRFERNRE  BBREREEIZIHAZZ IR -

(B) - BRHREHH
AHEHBEHZEEMN FEm, =0 BHEL freec A
MR AT EHZ X hrAe

- a 5
my =my,+myc+myd
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# b X AT

a
My, tmua

K
my

# sk X AN Pitch Moment 2 % £ 843 :

o=

— . Cr e '3
AM, =m; Cya+m;,é
My, +m, o
=mSClqy—ms ZHO T H
=m," Cya—m, 3
my,

RAEBRS FHBEBRRC 2% m,, TH

@ miCra
AM, =m§YCYa—m§———HSCfH
myCy
MR Cla » BEIEHT
aM, _AM; _ c, _mzmy
dCc, Cla ° miCt

BHmy <0,my; <0,my <0,Cy >0 > B bR BBAAEAN @ A RHm)
5 A B » A Pitch Moment B 48 € ¥ R -

HRBBERIE TS K PREFEZIERZAER  FRKFE

EE ARSI A 2 #4504 % 0 B k¥ Pitch Moment % 5K & 4 R4F

M,

BBE  BHThE
dc,

>0 EHRMmABELLER -

(6) ~ AT B Rt o#7
ABERKPFEE R BT RAZEFE R > B 3-2-11 2 X;
BRMEEZME Xy B B XrRFIAEZREM K FRLRH &

S FHEEE Xy k-
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£ KPRERHBLEEELA XopZ b - wRERBATEE cg2
LB CGW B R » HE LRG> B2 ABHKFELLR NG

% FEEE Ax o

Ayt

Xsm
Xep

Ax

/ :

4+—CGW —»

3-2-11 kF & R st 44
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3~ Bt 8 M4 X A4 AR
EABBAEFERLT » SN B AL ERMRA > BAL TS

in‘? - Jxy—— any + ZWzWy + IxyWxWz — JyWyWz = Mx
t

- Jxy d;Vx Jy th’y + IxWxWz — JyxWyWz — JzWxWz = My
Ll — Ty (W2 -W? ) S Wy =

FREXZW, =0 Ea@FI LT

I dWx_ny dwy M
dt dt

dWx awy
-Jy——+Jh =M
Y T e

R
Mx —Jxy
dwx My Jy
da  Jay-J,,
_ MxJy + MyJxy
JxJy—J,,
_ _A_li+ MyJxy 1
Jx Sy [1 J? ]

JxJy

Mx
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Jx  Mx
awy |-Jxy My
dt JxJy—J fy

_ MyJx + MxJxy
Jxy—-J fy

_[ My N MxJxy 1
o Sy [l J2, ]

IxJy

My

% 4% Roll Rate #1 Yaw Rate % — 3B t4# & %40 F :

~ B 4
Mﬁ:(M"+M”nyJ 12
Jxo Iy [1— J2 ]

JxJy

s =(Mf Mgy 1

By J[ ny]

IxJy
X B 5
AY(z) = Cy AagB(z)dz
=2 224 4B(z)dz
V
‘o
AMx = AY(z)z = Cy —%qB(z)dz
FRr LA
a 2
Mx=2 I/Z___qCY Bz oy dz = qSim,
14
mo =2 [ CoBz)y 2w, dz

StV

38



J
7

—0 2 /2 a
o =S7[ CeB(2)z’w,dz
HP
]
MX =;mx

FIEHIF MY ~ M ~ M2 hRE TR ARE £

oy =M{B+My + My +Mys,+ M35,

r

0y = LB+ M + Mo + M08, + M55

B RBR TG B M ~ MY ~ M~ RRMP Ed

FIRAT o AR o S A JER A E HE X B T &
3 -
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(1) ~ BRALAE 2 et

PR T Z R ARESBM, <0k B 3-2-12> LR AL RMS—
ESAE AR HE B AREERZ Yaw /1 1244 £ % & £ E (Rudder)
AAEGIZ Yaw K > €lEREAETER -

{5 A & %38 i Blanketing RE T EHAELE » REM/EE

{8 > st Rudder M 4 % @ MM R RIE LM - B4 K48 LM
] A Rolling B AE I MAR 2T RS kit A lisd o
e 3 PP AN Spin - F # A3 H] @ AHE |

BEEXE BECRTLARRE 3-2-12> R &R &IE |

My XA
(—) ﬁ &

. < ¢
B 3-2-12 M} s2ofit4E

ERMIHRARE > &AM % TFHMA — Rolling 2y A8 > o
B 3-2-13 > SLEF R 5 8 7 (& B9 )5 A2 R FIRE 0 & 4
A REEAY B EREAR AR ARERL  BREM <0
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RARBEA

EHXAR  BobERAME s BB 3-2- 14K A G E
H) B EEAANBAERBEABEE > ERFREETHRER
MErg ERLEEAAWE  BROCELZILARE  wib 3
LR LRI BAZAAREZEOREEHE -

Bl 3-2-14 AR ZHE
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B AHBELARBE L P T2 M EREMP R RNALE
3-2-15a 28 3-2-15c - A A KFRAAR T HETIEM -

O Roll SmAFEL% \ () O
PETRES PR
HRi bR -

3-2-15a( 8k Bt )

0

Roll BfRIE L F A& N
wmh o RFEM N

3-2-15b(ek % fe#t)

O Roll sl ¥ F & 4 % \Q/
g Rolling 85 1 » B4

FREZ > WA It

3-2-15¢
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(2) ~ HALQ KX 24
S It RAMARALA RATH X TR E » & Spiral Mode ~ Rolling Mode »
Dutch-Roll Mode ¥ = ## X, » KH BT EZ 2 -
BAEBRKRERAGETEKX
Gy =M%0, +M%0, + My B+M35, + M35,
Oy =M™ w0, + M0, +My* B+M*S, + M5,
B=&nfB+w, cos(a)+w, sin(a) + % y cos(@)
V =0y -y tan(a)
1B MK FARERATZAA Ho > @ Bafkoh - FALER

0y = o, cos(a) — o, sin(a)

w, =, sin(a) + o, cos(q)

BFRELS
M, =M, cos(a) - M, sin(a)

M, = M, sin(@) + M, cos(a)
KRANRF R » 44 sin(w)=0 » cos(a)=1 4%
Oy =My o, +Myo,+M¢B+M¥S,+M*5,
Gy =My o, +MPw, + M B+ M5, +M%5,
B=§né’ﬂ+w}( +§7'
iy =a

B Laplace Transform & LA 46 [ & B 45
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s—2nf

_]%['—}/,3 —-]\7}?’ _M;’x o || @r _ Az;éAaA

_WE —He s-ie o |9 | |MX
0 0 1 s L7 0

g MMy -MEM

sp
Vussro - mMoaex + 8 =)
_ fY a4
A, =Mg - MX (M"’X +—)
Ay =—t0tiow
¥
Y.
fo=-Enf -y -2 (T3 +£)

T
@* =—(M? cos(a) + M % sin(a))

% % ¥ Spiral Mode » & #-g/V=1/30:1/40 » & —1B4RME > 4R
Ap BEB T B LR AR ARBHTHESE > o 3-2-16 ° 27T
EEFTETHAL F & > AR E/] » &1 Spiral Mode #E£/F K &
PPAE RAR AR T 425l 4242 o

# RollingMode M5 » HARAr AR S AL ¥ & M AR
B PG BATHSRE B A R RATHRA THTRER  RAL
RN HESB Wi T
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] —RIER > &
AR R TH AR

mx X (Mﬂ’x +___)

G

EM> R AR ABXAATHREAHTBEN  EREEE

WM E SV ERUZRE > BRYABBRIFRERBTREZITA -
A

NN

M} qSImy/J, miJ,
M? qSlmf /Jy fJX

M B A Y s FHBMERARE X 3> 2 Ty>>Ix 0 BHHHA
TAATAER3-2-16 2 FLME -

Im

Aar

Re

B 3-2-16 #=Av @ H R XARLE B
& AE roll angle # Aleron % Transfer Function 4%

7 M (S* +25,0,8 +w})
5, (S=A)S—A)S* +25,0,S +a?)

P REBNRUDY  Bho =50, EHERj =0, RKZ >
B AT T P88 &5 :
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SR ARSER L TR

Mys,

oy () = (1-e*")

r

#RET=1/A> Bl T, Roll 4 ® 2 R M2 LB > 2
AHHBULE  ERTRIEE L BHERKRLL -

BRAEL-CL AL 10 AL SAARANER  EA-1 BB

wZ
¥ M

2 AR S B T e Ao

B 3-2-17a A=1

A —#f Poles #t Zeros AA=1mELR | FI T HR S EF @ EA<U
BF > R Poles &2 Zeros € th & % T #h > ¥ Poles ¥ Zeros # %
AR BT > K B T AE SR Atk ) 3-2-17b o A8 BT B KT E 4RI
2 BT REE A ik sz AFREM 0 kgt & H 45 RIRST

46



,\%
.

3-2-17b A<1
FA>1 85> B L Poles € &2 Zeros € L& iR 3 K #h 0 sL ¥ Poles
$1 Zeros 7 i, AR SUIF » B SU3F B 7T AE Bt ke [ 3-2-17c - BRI E
ATEBEBEERTRELZABMRGRET ]

Ow>
‘\ e
| |
l/ |
O‘q>
3-2-17c a>1
FBIMEMEIER OB REAMESHEELE NABEMIKRE  RTE

BN S PTARIbR G 0 A0 R R BB RAT A BMAER - RITR
BhEE RBHLAR| HaRRERFLEEEN -
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B~ FEAMZIBBMHEE R0
BAREALELEEE N ERNEEREAZ N BP %
E3lE %4 33 %4RBZIAONET MO AT R4

% Bit
M, =PZ,
m,qSc = PZ,
PZ,
m, =—=
gSc
B E 5 B A Rudder RAEME N4 BIRIZA ¢
meES, +m, =0
fexERREFAIFZMERENERBB AL RIRZL

mlB+m, =0

2% B ARE R M4 Rudder Z A5 R > QI RBEHK - KT

BAT2AXAREHS BREXTCELENR -

-PzZ,
- -PZ,
£ = qSﬂ =

my

" gSem?
RIFAL 5 B2 @ igdgd E & Aileron #1E > FEp -
miB+myps, =0

B3 £ 4945 & sA T 498 4& & Aileron °

PZ m?
mAs, >-mh B = "m;‘
qScm,

HERZERBMT > IR AMEXIMELBRARABRRA SR

Yo BREEFAREMAELEZERELFFTH Aileron RAHK -
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v BRI M AT HE I B AR KX

Bt RAARATIES LB R4 2B > £ & £ 55 535 H1 28 T
AR B RATEE R T2 2k BRI A BAT A 4o AR MM ARAT
ERBRBC A E & TSAGI # R IR X RATE) /71 BIEH] & S5 RATFR
& Vladimir Kouvshinov * 3 -

BHRNERT 4GB RARTESN GRS - BEES 2K
I LERARRBTI BETEBRTR RALGHE S 2 mRERK
HRETHNMERNFRRE AR AL RERTEFZRFTHELE
8| BARMARL RATIEREMS -

R RBRATEHEBTESAZRE B 3-3-1° 5F—BE
RATHIFZIEH] > T AR B & RATRRAT B RAT > Mk~ HE - &
BE-REBELHIBH RN ERABAXIEZE L OFEFBE F4-
B~ BEEFZ RATHI

FRBRATAARZIES > TUR B HRATRRATERAT AP
—RAERIABZ S A BTREES BRBEZL TN 5
B-RE - REBEHRMETRT -

FZRBRATRE ZIEH ) — AR UARATIE R TR Rt
R TEMRBEN  LEZIABEHAMS BORTERES S
Bz RAT - REE=ZREE2IN ARG 2R HM EXRTETE
FEZASAS)  REFRERBRTIEHRETHAERZBAZ -

AP B ABMERTIENZRIER  EREHEH A HERE
ATRAEEGH  BRERBEB RATIER R 2 E W FRUASB LA
(MatLab/Simulink) ¥ /7 R AR S 45 2k MATHE B S BBA R -
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[E3-3-1 Aircraft Control System Hierarchy
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1~ RATHH B 283t

REME AT HEH] 2 4oy Sh IR 2 ) /) RATHE ] & % (Unpowered
mechanical systems)xitie » N LBEA LY RITE AFTAKR(RIE
hAEH) ~ ERRATAR AT EILBR BREGLBRZAMN R
Ak 8] B sbmixit aircraft trimming & elevator control =
stabilizer » )4 Boeing-707/727/737/747/757/767 ~ Airbus
A300/310/320 ~ xA & DC-8/9/10 MD-80 % % -

H R A Booster % & 8 /1 T 1 2 474 % % 4. (Powered
reversible mechanical systems) > &4 B-707 ~ Tu-104 % fe# -
BHARZSUKk REL N EOREECeBE)  SRATEHEE -

Yo 3-3-2 0 TEANRY RMBZ RTIES -

| Mechanical

Loyl ,,
X

o
Y

3-3-2 YA THIRATEN A HR(WBBAEFEHSR)
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BEP A KSR (Actuator) 2% * AR THIRITEH A &
(Powered irreversible mechanical systems) 73Kz 34 > 44w
Caravella ~ A-300 ~ B-747 ~ B-737 ~ Tu-154 ~ IL-86 % % > H 4
B AR E 5w B 3-3-3 BB 3-3-4 EHAHKT E stickz
A REE ~ 44 displacement sensor - AR centering spring °
AT ML RATIES 4 4% Fly-By-Wire AT Z 2 ERATEH A2 4> 162
BERAAGRITZ2A(AHEA - BHER - aHRREL)RER
3 % % #:(Stability Augmentation Systems)A8 & 3 » B pbiZ 3 7 X
(Parallel Connection ~ Consecutive Connection) A & #2 % % # &
(Transient States) R 32 5 X £ F A 052 — & F 547 - # A Parallel
Connection 8% » 4] 84k & 91 Pilot Stick Z % » 3t B Consecutive
Connection B > #% %] 8545 & & #1 Pilot Stick Z.%) » 12 — % B MNKIEZ
1 (5] 40 B C.G.%1trr & A 2 Elevator Deflection)34 48 ) 3% 3t 2
Pilot Stick Z &) -

RTHZRATIEH A 43 A4E A T Booster ~Actuator % & b B
40 1268 3-3-4 TAEBMA iR 242 - dim - EE - F

REEERTHAEEERMETHR !
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Aircraft Trimmina

?
Act

[
.
.
-
u
-

Autotrimming N :

Mechanical linkage

— l
_&— Actuat

h SAS

Servo
Z

ACS

Servo
A

ACS

Computer i
SAS
Computer ;

B 3-33& N ARTHZRATIEH 4 4

274

Cables, Pulleys a}

B 3-3-4 8 /) 7T A RAT EH] & S AR AT
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H+EFRENTHEAMAGH S RH > BA Fly-by-Vire %
3 RATIE S 4 4 € & #5% » #4 Concorde, A-310, B-767, Tu-144,
Su-27, F-16, A-320 /330/340, B-T7717, Tu-204, ,F-18, A A #—
X Eurofighter ¥ % -

Fly-by-Wire & 4145 FIREA 7 E F M T 3 B &k Gt E
107:10° 2 % » ERM3I S H AKX A %Rt > #F54H 335 2H
3-3-6 -

BARXL%0%t %44 Componentwise Redundancy ~ Channelwise
Redundancy ~ Similar Redundancy ~ ¥4 & Dissimilar Redundancy -
B 3-3-5 AR B 3-3-6 ¥4 8 Similar Redundancy * s H 4 X w48

Flzd o B 336 A¥A 44 RERRALT :
C; — CSAS computers; TB — trimming block;

VE - voting element LD - artificial loading device;
SB - sensor’s block; ADS - air data system;

Sv — servo-actuators; ACS — automatic control system,;
B — boosters; INS - inertia navigation system;

EL - elevator; HLDCS - high lift device control system;
St — stabilizer; ESC — emergency stabilizer control;

o R B 3-3-5 £ F45—4 Sensor RiEFE 18 EBHFEER
i3 (P Fjs VE, Voting Element) - A #|wmtE S w84 44 VE > B
% Channelwise Redundancy -
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VE Kp = Prefiter p—

DSH-= %”

- VE servo

Fiter = Kg [t

Filter = Kny = I>| I ‘

I_ L hydro-
— cylinder

‘ g _..'=I-I "'“'Tl 1HS 2HS

4]

3-3-5 Analog Fly-by-Wire stability augmentation system

& y y 4 N
<Y y y v 2 ;
<X N7 >
4 _ Digital Bus <Bl —H

ADS H”HLDCS[_” lacs JJ INS ‘ED EL
3 T

Sv' B

B 3-3-6 Digital FBW Control System (longitudinal channel)
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&5 777 4% Fly-by-Wire 38 A Triplex Redundancy * 4 A&

PAEZSRE > B R E A ARA B R~ A AR EAPAT - K

A A FE%EE Coding ~ 3k A A Fl PP e B A% > 4ok 3-3-1 - LA G BN

Dissimilar Redundancy °

Dissimilar Redundancy % 3k A% 4% £ 7> 8k B 48 5] #% A8 K 2 2 8K

BBug B B4 U FHEKXASBRGX B B BRHMIEE

BA—ERLEMS

Channel | Number of | Processor type | Frequenc | Programming
processors y MHz Language
left 3 AMD 29000 16.5 C
central 3 MOTOROLLA 25 ADA
68040
right 3 INTEL 80486 33 PL/M

% 3-3-1 Boeing-T77 Digital FBW

RATHEHZ A XA SRR R TERR L THEEER(ER
10° B 1025 24 EBUR LA EHRAERENIURL
Bt R MEAT AACRREREZBRER €5 BN At
Z w3t R AR -

B 3-3-7 & Airbus A330 ZMZ RATEH R4 WT AR
BRIXE

(1)~ %3] % > {24 & Pump % =£# X

(2) ~ ERIETHECPC)=2 > § FCPC A BB A BB ERR

ZEEHFCSC =& ~)-
(3)~Rudder ~ Elevator ~ £ & Aileron %% 3k 4 74 B 2% 3t > Spoiler
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$ = B8y = b BT o
(4) ~ Digital Bus #¢ Aring-429 #.%¢ > ¥ 1Mbit/s ~ Up to 30 Signals -

oI p3 W /st hydraulic sys.
o 52  2nd hydraulic sys.
2 s2
CL W 3rd hydraulic sys.
Side Stick e
sl
pl
s2  Horizontal Stabilizer
p3 - p2s2
p3 ipl sl

p =3 pl sl
p3 P2 p2s2
p2
pl
pl i
w o Spoilers
[ B2 s2
L1 W1 sl
Ailerons <1

Pedals mechanical link

2z . FCPC -flight control primary computer, FCSC -flight control secondary
computer , pl, p2, p3, sl, s2 - servo valves, (pl linked to FCPC 1 etc.)

B 3-3-7 Airbus A330 MRATIEH A S+

57



2 ~ RATHE B AR BB XA R A

APBRAARBRHE - RAS - EHEIHEHRN BER
BHlAMzRITREER -

BB ERELFRBEARRIZEFHER  BEL2HS
Booster ~ Servo Actuator ~ ¥A & FBW’s Electro-Hydraulic
Actuator - Booster & &b BMER WA AN K E > & 3-3-8° L
ATHEBHRAL > BHARBEBHERAREER DL EARKA
Booster # % - 3RS B UAMMER BB ERZAE 0 BLRT
BEBRZEINIEGE RN ETREABUREBHBEL IR -

1 — command input 4 — hydro-cylinder, piston
2 — feedback bellcrank 5—rod
3 —servo valve 6 — feedback linkage

P, — supply pressure 210+280 atm (kN/m"2);
P, — return pressure 20 atm (kN/m"2);

3-3-8 Booster # #3758
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1

Booster Z @M X A w,(P) = s E Tp A 0.05:0.1

T,P+1

2O ARG EFREE S BB X R E 3-3-9 -

iy o+ X. I/: D y
wg» Al /45 e

M, <My <0

3-3-9 Booster JE& M AL X,

B Hr8_—(EEMRAEHERE)Z 2 E AR B2 41

i)

B EELTHRRASEPHBEAIBETARLE - H> BT A TS

ERBREBBEMIIREZTA AR PIM O RIS ®
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) FbA Deadzone 4 MBE L R ELTARZLRAKFIMK O X

vo g 3-3-9 TEIAERILE N ARG L & E% R K% Hinge

Moment % &2 &R - Fh € i hE > RZIARVAE -

-

TAGI## A B R L ER IR AL HE

Bt |

Servo Actuator ZAREFRF(TRKRER) &dh—F-F
BAELREZ IR BREEEFMNIT AEEFRBRAETAT G R
BEBESCKXGENEE > wH 3-3-100 L H kR mRB/RUR

EAERNTME A ERRH B 2R RITERT REEAERZE
NEEZI ERREXRENERAMSRERENZEE  ME

WM ERNLEBBRAENZLRKE -

Servo Actuator Z &ML X AW, (P) = - 1

TsP+1

#0.02:0.05 2 B > s AR BREH BFMEELHE - EeagsssXa)

4o 8 3-3-11a £ 8 3-3-11b - [§ 3-3-11a #2#4% X, & £ (40 Booster) » 7F
Bpacf 6 HHE TR (R @)D WP g B 3-3-11b R E-F X w4

T Bp AT 2 B IR A B RGP L B EHE(R )RV FEReES 24 -
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1 — command input (electric) 4 — hydro-cylinder, piston
2 — Amplifier 5-rod

3 — Nozzle-lid control unit 6 —Rod position sensor

7 — Electric feedback

3-3-10 Servo Actuator #4437 89

—| Servo

Booster

Mechanic feedback

B 3-3-11a Servo Actuator with Mech. Feedback
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Servo

Booster

Electric feedback
3-3-11b Servo Actuator with Elec. Feedback

BATEA 2% ETFTAE4 » Fsb A THBHEX T A HY

% RAEBEMXUE 3-3-12 F T4 F ¢
o
b ¥ 1 Xsv AIA:

3-3-12 Mathematical Model of Servo Actuator

BV 280t T
2 #® & [ B ik
Ts 0.02 : 0.05sec
Deadlone BN TR0
Servo Saturation 1B Z£10 Flow rate 30/3
Tb 0.1 : 0.05sec
Booster Limit 18 E+30 degree

B AGEME X o4 H Bode B4 3-3-13a #1§ 3-3-13b- £ &

1 1

WE) A -2 BHEHTF 1 W)=

T.S+1 T,8
A=t -2022-L 19
Ty Ty
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Amplitude of Linear Actuator Frequency Response
11 T T
nmimh g
1k e X
\
0.9} 3
1
\
0.8 3
4
i
0.7} i
© H
°
2
3 06
€
<
0.5}
0.4 B
0.3 B
0.2 -
0A1 L W 1 1 .
10% 10" 10° 10' 10
Omega Log(w)
3-3-13a
Phase of Linear Actuator Frequency Response
0 T T .
20} N
"40 r l‘\\\ -
_60 = '\\ -
L “\:
§ 80 4 |
[’
-100+- Y 1
-120+- Y -
s\!.
140+ N B
|
-160 sl . " Ll I
10° 107 10°

Omega Log(w)

3-3-13b
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HERERRGETHERXRFAMBRM  ARALEHNBHSE > 548

BEXLETPup EHBEAS > SRMERGRGHBATHERM -

A BHEBR AR R EEESRE R R GRAE  RP R LR

EERHTHYE iz&%&ﬁféﬁéﬂmﬁﬁsﬂxﬁ o B 3-3-14 Bt

NREHRXEHEE -

7
7
5
Z
%
Z
Z
72/

A, Ao ISP IT I SIS IS NIV AL,
n

""" Control
: Block ﬂ

B 3-3-14 Actuator with volume control

HAE B S F R AR ER R B - HEAAI IR C i I BB SRR - HATEEM
EIRA T AR S - (BT WERITRE - AR - AR - AN
B DR R R A !



RMEAEHEARBREVEE  RBITALHBBL G

TR IBB B KX 0 & % 2 Time Delay A48 Bp 77 o B b AR 2 1E 48

REAERA B HEEEREXFERENT ¢

Sensor Measured Action Mathematical model
parameters principle

Anglerate | p, q, T 2-DF rate-gyro, 1

sensor ring laser gyro ]:'é P £ Tos +1
f215Hz, £=0.4-0.7

Load ny,n, Accelerometer 1

actor T25"+26, T +1

sensor
f240Hz, £=0.6-0.7

a, B a, B Vane sensor, 1

transmitte pressure sensor , T=0.1-0.2s

. I,.s+1

Gyro 0, 0, ¥ 3-DF gyro,

vertical

Air-data | Py, Q, M, V; | Barometers

sensor

Inertial X, Y, H,

Navigatio | V,,...

n System | 6, ¢, v, p,...
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RATER B2 88 A = A - AR W RATEH RS LR
BoE - RBRTEREARBE ARARKDETEAE

EREEHMIAEBRN - T ERBGIRATHEH R B2 X R %

R BRBEEHMIEREX > TH -FHELIHTTLR

T
(1) ~ A8z Transport Delay * #5]40 W, (s) ~ e[ Tc] T

Sampling Interval ~ % — & Computation Time o X J & 5547 %
BT 4§ Wpe(s)# A & A& 2 Transfer Function °

(2) ~ Anti-Alising-Filter : 4v £ 3R3% 48 £ 0o 7MW (04/2 : 05)Z fd] * 4o
B 3-3-15 #7157 » — B Alising Effect 2 4 14 /& 453135 #2 Sample
BRZARE SR B R3TE Lo LRB RMARR R E

FHANEE -

X(t) x(

X(t) @ ——<(00 <

AN N AT

VAV V=AY

[B 3-3-15 Alising effect in digital system



(3) ~ st B eyt - £ — 483t B 2 Frame Time Interval 7 »

X a2

A RATE XM ARLELNENA AN HETR

P ol

i
UEEHY - SHEARKTIE 3-3-16 2 Task

Scheduling -

REMFE M~
B EEMAFK

%% (Gain)#A
=R

BECR 2

[ 3-3-16 #i#k 3% %] A 2 Task Scheduling

By A TR ADC % DAC 4# A First-Order-Hold J& 3%

#14F - X E B A Second-Order-Hold & % # 3f.%k & {& B Pulse Width

Modulation 2 Amplitude Modulation > s BB AR EM T L LR —

#& > 1244938 & Pulse Width Modulation 4 #& A JE il 2 A8 % -
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ARRAEI L ERRITEH M ABMERREA R E

FHENEK 332 REBRA®KRFLFE -

System | Probability | Type of system Principle | Redundancy
group | of failure, of design degree
1/h
I <10%...10° Full authority, practically | x4 electronic
flight critical failure-free | x2-4 in hydraulic
control systems systems &electric system
x2 mechanical
linkage
I <10°...10° Important, failure-safe | x3 electronic
no flight critical systems x2 in hydraulic
control systems &electric system
I <10™ Augxiliary and failure-safe | x2 electronic
comfort systems systems constrain on
‘ system efficiency

% 3-3-2 Aircraft control system and flight safety
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3~ ¥ MATIE S
RESRNFHEWS - A5RE B AR R O EF AR B
SRS SRR T
q = (Ma - T‘xeng Sin(¢eng + A¢Thr )) / IY
P = (2, +TSin@ + @,y + Ay, )/ G =c05(7))
V= g((-X, +Tcos(a +o,, +Apy,))/ G —sin(y))
0=q
H =Vsin(y)
where,
M, =C_ 0OSc
Z,=C08
X,=C,08
(D) ~ gedmme st
— AR R4t & Short-Period Mode z 8 R (damping)34 R
B AMBRES:
5,=(-M,+Z,)/2
By Ao sl o PERIE BRI A2 & 4 2 Pitch Rate 3] i =) 4531
LMK TS, =K,q » HEXRAT A FEX

q :qu+1\7a(a, +aW)+1\75£65
=M, +M, K )qg+M,(a, +a,)

HF M, <0M, <0 FFEE K>0 0 B MR RALE T K S AT AR hE
#z e EATARNETRAR | 5 A% E TimeDelay 24 K, 458

FOXBMH > BPloRHE T RABIAFELLT
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O, TR
Wes(s) —EP o+ Ze) q

¥
F

2 2
(s° +24 0, ., + @, ;p)

K, |

B 3-3-17 Pitch Rate ®&&#%3
HP W () B 2288 28 > BLo,(s)=K, We(s)-q(s) » F 4
MHFERX T -

(s+ Za)
(‘s2 + 2§Spw05ps + w(?:p)

1+K,(-M; ) We(s)=0 .

B sl 4 4.( 5% # % ~ Time Delay )2 8 J# 4

1 e_TCSS ~ 1 (_ T/2)S +1
T,Tes* +Tps +1 T,Tes* + Tys +1 (7/2)s+1

Wes(s) =

1

B Eh B3y B n Time
TyTgs> +Tps +1 A h o

‘;E:' \-1: Wact(s) =

~TesS (=7/2)s+1 ., o
Delay e e /st HE;Z

B 3-3-18a 2B 3-3-18d 4% 8~ A&F time delay s ZAR#
PRE - A T 885~ Time Delay € % ER A K, 2 50 (F 1<0. 07 s
B545 4 Type 10 %120, 07 s 85454 Type 1) £ ¢ BEKZ ER >

HERGFLLBAERRD -
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Bk # B 3% %45 % (Stability Margin)Z 3% 3t » A RMEE T 38

AeftraLt c BEFREHM, KK £ F
M,=C,0S./1,08C,/3C, =C,0S. /I, ¢(X;~X_) *

B B do R X, A2 138 B AR M, 3G Ao > 1257 08 D FHIBLE - SREA

o F
Lw=G-Lt> £+ Lt A RFREZ I >
Dw=Do + AL?>w s Dw &7 -

o R R X, B E AELRLLATZHLHFHE N LY &
F45 0 Lw A0 KB Dw .38 X > A |

% T3 M, > ie. Stability Margin » &7 %3t 6, = K,a KA
i FARRFM, EBM, +K M, BRFRTHE R  ZES IR
A5V BEMBREFTRIABERMENE  FATHECHAET

Mo ABRBAEBEHROEBEAEARTER | AT EHEIEH X EE -

bEE n ol SN, =n,a+tn,,0 0 T B ny; 2 2B ELHE

B | BAUT IR

o, =K,W,(5)An;;p= (S)o

act

4o & n, huik % (accelerometer) 4z 4 4 aircraft center of rotation » R

T 3 Bf 4% & 3 A% 3L
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[-# Figure MNo. 2. Root Locus at Feedback Gain KN Varia
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EETR > % Kn=20 (tau=0) % Kn=10 (tau=0.1)8% % % 2. % ¥ 48 &
B 0 AR IR 8 2K 3% Ao Stability Margin 12 & 28 & 2 7 Damp o #
B AEA @ q B3R 4L ny @ﬁguxa‘l'/\ﬂ'ﬁ‘ﬁﬂl B 3-3-20 0 it B E

HaFM - RBEEZEHAREERE > 158 3-3-21a&a 2422 -

%
1 M, S+M,Z,-M,Z;)
—»( Kp T,TsS* +T,S+1 | S*+(Z, -M,)S—(Z,M,+M,)
q
Kq le— Co/28+1
(z/2)S +1 l

Zn =z
- Cr/)s+1 | V_Za
| (z/2)S +1 gS+2Z,

3-3-20 q & ny B4R :

q response to step input for Kg=4.0 and Kn=0.4
T T T ™ T

0.05+ /V\/v\’—\ b

01k -

0.15+

qvalue

0.2F -

0.3+

-0.35 L L I
0

3-3-21a q Step Response
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Nz response to step input for Kq=4.0 and Kn=0.4

0.2 —T T

0.4+

06}

Nz value

0.8}

T

T

3-3-21b Nz Step Response

3-3-21a & [8 3-3-21b = Step Response 44 M4 F 7 & #4743

ZER -
b=0.08; T=tau/2
Ts=0.04; V=243.0;
Mqg=-0.533; g=9.8;
Ma=-4.034; tau=0.02;
Mde=-2.38; Kq=4.0;
Za=0.691; Kn=0.4;
Zde=0.03;
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(3) - e A PLE 4 & R atat

RG22 E 3-3-20 F 0 Bk ¥R overshoot » B ¥ &

4£ Pilot Input Path %3t Prefilter w,(S)= 7 S o F W5 BB o

B SR A qQEB% Lead LagFilter w ;i: , b TICT2 5

A&k Filter £4A%>1/T2 348 £ XF R K - H R A Rk A IE4H

J%"gi ’ %-jyrt:"' i‘g*%'ﬁ"f)%/fg /&75&‘3—]:

_ 0.00035* +0.0028 +1 1 ,
Y = 0.0003S% +0.0125 +1 0.001S% + 0.048 +1

SLERRYE B ARG BB 3-3-22- R BRI 27 B g FH UL

A R A RM - ARBM (FI5) &b A x84 -

1 4
W,y (5) T,T,8> +T,5 +1 l
Kp H65S+(M_§Efa—1\7af5£)
T S*+(Z,-M)S—(Z,M,+M,)
Xp
Kq [ 7o (S) [ Wy (S) <—v q

v Z,

Zn gS+Za
T

Kn 1¢— 7,5 |«

3-3-22
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(4) ~ S S&H
3-3-22 ¥ qPath B84 5# 4] > Zn Path & tb )4 %] » {28505 £

B BRI E B RANRATES - EBA LU EAHTR

BOAABLEM S L REZ N E Mo s BMELBCEEELH

BARE ~ REZHRBEOEFTREFEEHEZIES -

Mo ER 2 BERT A
0,=0,,+ ]awjdt

o, =KW, ()X, +K,W, (s)An, +K W (s)g > %8 F ot

3-3-23 -

to elevator

—K, P Prefilter

. 1, M|
n;
— | BF = |Ki(q.M)

K, q) M |
———»| BF »K,i1(q.M)

q l 1
Kii(q) 7’ ™ o Ba B
to stabilizer

q
1
Kix(q) 7‘ 1o —>

B 3-3-23 PID RiT#4 5 R E
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LB Stabilizer 244 A% ¢4 > & Elevator FH#4 12
E4E0F > Stabilizer & H3 » #% Trim 8920 % |
e ¢
%ﬁ%%%ﬁﬁ%ﬁszgf,é

T, :O:KPIXP +KnJA”z +quq:0

1 g
Xije=——— K, +2K
SAS Kpj‘( nj V qf)

PR BE B TNE 3-3-24 TTRITIEMMRERMmmRYD > TR

#Kq=0 B sbf& & ¥ !

X" mm 500 1000 Vi, kmih
0
100
-200
3-3-24

(5) ~ RfTRHIH®S
4 A #1 Normal Load 2 FR #1283t & RATHEH — €228 U TH
Bty K
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A) Load factor limiter:

4 & Normal Load @&kt #lo,, =K, W, (s)X, +K W, (s)in, ;

K
E X, =—K"‘ An, . > FEFRUEAT IR AR AR TR H

prf

B) Angle of attack limiter:
B ABAE Xpl 0 FRER AP0 MR AER(EE)Z x Haz

wMAA 0 Bk T AR

0 a<a,
O i = Kyt (XX, = X )+ K W, (s)Aa, Ao = o aza

K X - X .
AP RE2EHR K“f =20 T PWn )i A 3R MR R A SR AR

pal Cnax ~ Xy

R X, e

C) Combined Load factor—Angle of attack limiter:
EABRATRER T X

o, =F(@)-o,+[-F@)]o,,

H P F()R3tTF -

1 , a<a,
(04 -
F(a): —La’ Ay <A <Xy
Aax — o
0 y O S

?ﬁ%’]ﬁ/ﬁ\ﬁl,ﬁ\lki‘aw =max(0'¢nj,amj)’ 3325 fra>a, 2

B PRFE R R -
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\

[}
n, control o control -

d
<

Xpmin >

B 3-3-25 combined n,-a limiter

4~ A RATHEH
¥ AURBER R S AR EH SRR

,6"=}7ﬁ,6’+)7,r+}7pp+§cost90~go+)7ﬁn5u +7, 8,

V]
J.F :szp+Nﬁﬂ+N,r+Npp+N5a5a +N,; 0,
Jp=J F+Lf+Lr+L,p+L;5,+L;0,
@=p+r-1g6,.

# 7 body axes )Y, = -cosa,, Y

4

=sinq, > % & stability axes B
Y,=-1,Y,=0> b7 BXEH¥E% 4T (in the body axes) :

p= }zﬂ—rcosao + psina, +I;£c0590 ~(o+}7(;ﬂ5a +)75r5,
0

F=Nyf+Nr+N,p+N, S, +N, 6,

p=LyB+Lr+L,p+L;S,+L;0,

@=p+r-tgh,.
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o Lo ; N+7e/ 1,
N, = 2 C,+—=C; |= 5
2[1-7x I 1-75

z B JXJZ JXJZ
3 L ov2sy ; L+7=/ N,
Li = 2 Cli+icm _——2—2—’
7 [1-7% I 1-7%
x 1T Jx']z JxJz

C,,C, A derivatives of aerodynamic moments

coefficients» % 71=8, p, r-

(1) ~ fur BBt
BRARGE R LR T I & AR A T 14414 24 Roll Rate
=53 AL @ AR
5,(s)=K, -Ws(s)-r(s)

HPW(s) Bt iEdlsaml > CHEBRGBARRRELER T

Wo(s) = 1 oS 1 (-7/2)s +1
CS T,Tes® + Tps +1 T,Tes” +Tps+1 (7/2)s +1

# 1 Dutch Roll Mode 47 % i& /£ 4¢ &) Short Period Mode #8 % 2 F
(1/2:173) > Asbt& 2N T 5k 0. Isec » Eiliix 4| A TR > 2 b —
#4k Spiral Mode 2 ARZ T ER |4,]/<0.0340 [ 3-3-26° —FHRME
% 3% %] Roll Angle & Side-Slip Angle € 3l4¢ & @ JE & 15454

o 2 RATHEARIES] > o B 3-3-27 -
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A kPR > 42 Kp AT 3| & Spiral Filter =7F

1.z
Ts+1

r

5r(3)=Kp ? Wes(s)-r(s)

s H#mE > wAME HighPassFilter » HARSIFE ]

Spiral Mode 2 AR B sb4& & £ R B ML » R &48i8-0. 03 » X Step K

fido B 3-3-28 » RABE 3 B T4 o

-

R TADGOO*+aTARP]SO* X

_ -x-
1]
o

-y

et S

Fep——

PadoO++ o
us)
8

B 3-3-26 Root locus for yaw damper without “spiral filter”
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B 3-3-28 Step Response for yaw damper with “spiral filter”
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LB 7-2.5s BHREARMEEMEA =1 EREFEEHE
K=2:2.0- A—F 5B aBBABZ R ABEBRAEAZ TN E

BNEER > o F

os =K, -[r—Vicosﬁo -¢j

0
AR —F R A 834 (Spiral Filter H)E ¥R E2
Overshoot #3278 » AR #$MIFE = spiral mode root % FHE & !

LERBYERERZIBH AT EIAAREEIRZEAR  —

A& UA Stability Axes X 2 BB AHLIE > RebHIESRt46ES

os =K, -[rcosa —psina—Vicoseo -sin¢]
0

CIRE Ak ¥ &40
P ERIEEEENFTRA N4 > w3k L3 b Yaw Damping »

18 & B 85,3 5 ’f 1ight path stability”M& - % & Dutch mode

frequency BEZ RT3 % &5 ~ Roll B $# % X - %2 Spiral &

Ai%-0.03% - BLEBREABEAREN B EEALT ¢

a. BB NS BB T RAL B LRl A AL

FHREEAZAOARILKRBEAZAAOIKR RIZEEH
BHERFAE | RZAEBLAK  FHERLALZ M@ AR

ZAE S RMEE B IR ZAITAE | 22 3-3-29
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3-3-29

b. ZHig{E N/ AL T ERFAELTF > RBAZR/EGAH

FISFER BT EREAEE 2N G ) F2HEHEHA T

Mk | £ RFSAE 3-3-30

F2= ! M >1
M? -1
Fa=— L1 <
1-M?
N
P /\—> Fl £

\ 4

|- :

3-3-30



C. BABEZBMAE N D RAWT * ERIFAHEAR > HRBEMR

MEZBANIEZ S HwE 3-3-31 EGus FTHEREL M

@A RGO HEZE ) GRFLHE 3-3-31-

pv’

3-3-31

SuAE BT PR R R R A AR R B AR -

o; =K, (rcosa-psina—Vicosgo -sin¢)—Kﬁﬂ

RMBLZAFFER S > Bt d ny HEERITZ - @S58

# & ¥ %] #4482 Z_ Transfer Function % % 4 :
S, = [K, (W, (s)r éosa -W,(s)psina - ;g_ cosf, -sin ¢j + Knv Wny (s)ny }Wm (s)

0

RAEZHBEH K=1:151/s,K71.52.5
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(3) ~ @ A%
B % AME Rz Rolldamper &8 K > R A% Y E%:

H O OAEBHREAWILER - RHELSHUA—HoTF ¢

# J& ¥ %) 884 2z Transfer Function % > Au_t Pilot Input 4% 4 % :
5, (8) =K, - W, () p(5)+ K o o ()X 1 () PV i (5)

& Lz AR E 278 3-3-32 » B ¥4 Roll Damping &4
2 e RE Kp3E 7w > M B3¥% ki@ #2 Dutch roll mode roots & spiral root

RPFER > SRRFHER > B 3-3-33BA LEEA 0.3 <0.6-

RmADLAREE AT TEARF AL > BiLLER:
Crosscoupling Control F] 847 Rudder sA#%:£4817% A 3] 4 = Yaw >
BT Bk R332

Ao, =K, W, (s) 0,

ra ra

BAIA L BB A— 0 Bt =0)=0,8(=0)=0_ 3t 2 FHir

e

pt=0)=0
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EEESTREASE Lt F

f =—Fcosa, + psina, = —cosao(ﬁﬁné'a +]\~/5r5,)+sina0(fgaé'a +Zé,5r):

= (L& sina, — Ny cosao)ér +(L5a sina, =Ny cosao)éa

(Lan sina, — N cosao) L; sina, 5 =
r =4 . ~ a ~ 4 . a
(L(gr sina, — N cosq, ’ Ng cosa, —L; sina,

1

L. tox L
== 5”5 . O, ~ o 1ga, - 9o,
Ns —Ls iga, N,
-] Z& o L 44 g A 4
HHAK,, ~ ]\7“ 1ga, CHELABEA M - RIELERASGIEHE
5

o
Aileron control:

Ga(s)zKpaWpa(s)Xpa(s)+Kp Wpf(S)p(S) > Sa(S)= Wact(s)ca(s)

Rudder control:

0
+K, W, (n, +K,,W,,(s)-c,, 8, =W, (s)o,(s)

G, (8) =K, W, ()X, (s)+K,[W,(s)rcoson~ Wp(s)psinoc—Vicose0 -sin ¢J+
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B 3-3-32 K AR 3

B 3-3-33 £,z Step Response
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b~ B ER
(D-raRRzaHES

B & KB4k ik AR P2 Pitch Angle & Adr4] 842 >

s

Or=0(to) - AN ABHEBREEBTRITTARFMIRE A FRAR

(@

EI R LS > FRUABE ¥ 2 short period model A4 BH B » 2

2 1A short period model equation 2#f BF o7 (2 & #5723 %)

G=M,-q+M,-(a; +a,)+M, ¢ ,
ar =q—Za (ar +aw)_Zq) P,
0=q.

HafHh:

] M¢(S+Za)

) 2
@ s(s*+ 2§Spa)05ps + a)OSp)

A HHARAR I » ATUH neutral stability 458 - £ 3

41 Pitch Angle 0>0n 8% > &A F A BAEITE A £ Pitch Down » AR

DA FRESER A LSS R B 4 3-3-34 ¢

th :K9(9_0pr)

BARE > BHAKLZIRAT0E 3-3-35 LA KAZLHEE LR

B AWEANATARE LT !

o-go = K@(H—epr)+anq
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ta

6 -
i 0] M,(s+Z,) q 1
i _N?—’WCS(S)_’(s’+24,,,wo,,s+w:,,,) |
:
1
I

O% ++ 327 AapqgolD s+ +*vAPgdOoDRX

B 3-3-35

B AR ke Koo/ KB ATAR BMINF 547 > 45 B 3-3-36- RERBT kA &

HRO02 2 <k, <052 % Ko Ko /2 A ELEHE 0.3< ko <0.7 »

a a
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B

k0.5 B Kp =2:4 2B BREFRIBRTGITMH °

B kI M-

1
'
'
4
'
'
'
*
a
'
'
'
'
>
|
'
1
1

5

4

B 3-3-36
B R £ Pitch Angle & B A2 T4 F» & static state error
(SSE)=0 - {24 pitch moment AM = 3% » B4 F %] SSE :

AM
M) >—K I;
0

4

RFHA PID kR4 F -

c,=K,0-0,)+K,

t
q+K,; [(0-6,,)dt
0
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(2)- ARBERZZAH KR
A% Kaksnikix LA 2B B R AER BAR > =H(t) - I3

1% A Short-Period Mode F#2 R, » {288 s v H =V, siny ~V, -y :

q:M -q+ M a; +a, )+M @
G, =q-Z, (a, +a,)— Z )
b=g

H +y=aircraft path angle. #&# &8 H(s)/o(s)H HBRALR
25 - 234 neutral stability - A3 ESELBEESE
ITEF A 1B RAT %

o-(p :KH(H—Hpr)

BRI E R, B 3-3-37, &% My AFMA(KIRER) L4

MREERE 0 BRI Y structure unstability » H4p32 B B AN B

7 H=Hw 2 %% (Computation Delay) A A 47-F - stoF H ©38%] He

Z A EMBIERNE . B EREY -

BEARER St KA U=He X AT A EACEPE-F > B4 ik

FER R ERESI B EARE > B Vz FHEBEHF - 2T

4,9

i

O_(l’ =I<H(1{_I‘]pr)_[<l/zr/z
BN k=K /K BATRBIF 547 0 458 3-3-37- H&EREBEFR
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A k=3 K=0.1:0.15 8&4F4F - B ERBMERBKRNT > B4

R R GR @ KSR | ATIAE AR AEE PID kA

J
o,=K,(H-H,)-K,V,+K, [(H-H,)dt
0

+ % + 7 AP 9OD %+ %37 albdoO#*X

B 3-3-37

BB > o Ry A Bl R (afiy b 2F B 2 ) » RAAE AT AT 44

T ARESELRZERITE BERARABLECET - LALET -

WREZRWABIERE ARREGEREILART - FTAE AL

BEERREMNE > RRBRAUMPAREZSRRIEZE > Fhaik

Aldo T :
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oy =Ke(0-8,)+K,uq
0, =0(t)+ 40, ,

A8, = Kyg(H,, —H)+ KV, +KH6[]‘(HP, — H)dr.
0
4o AirBus 320 ~ Tu-204 ~ B-767 ~ Ur-96 % % A 34| 2
g EE R B RAFIR » 3R A An BURAD » B AR ARIR B33t - AL L

KL AS

t

o, = anq+Kn(nZ _”zpr)+Kn§ I(nz —nzpr}it ,
0

n,, =1+An

zpr >

t
An,,, =K, (H, ~H)+ KV, +K,,  [(H, - H)dt
0

D -RARZZEHESR
BRI LA R AR AR BAR 0 d=0(t0) - $E4]

FAEBEUREAER S Cnd &3t 240F ¢
O-a :K¢(¢_¢pr)

/a8 E Cnd B85 A AR AL @ #8633t > #% Rudder Cmd —#2

Y8 o ARBZARMITE Lo B 3-3-38 - ST 2 B A Kp05. -
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| Bankangle stabilisation system k0

]
o
——.

7

~

fon ]
el

SO # +
e [83)
] fow]
[} jan]
[%3]
-
] R
(9]
{4 )]
3
~
(8]

3-3-38
PR R AR S 4] A S 424 > 3EARER time delay 2 #84 &

BAHW(s)me ™ > BATHBEEERGE

AT~ ( /IT)
!L | B

H P A= roll root > Zéf alleron efficiency coefficient o
B 3-3-38 BT ALMMBILTAREP R4 EENAFHIRE L

R ARE - RALE UM A C IR RMIT ALY > o F ¢

0, =K;(@~9,)+K,.p

HHY B2 BB wE 3-3-39 4235 A ¢
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S . F [ [ TP [P 0\
i 1 1 1 1 1 4

4 ope

3-3-39

2514 M steady state error 3] #k

4o F .

R #]7% RY

b

o
oo

N\ g2
7

Ky(@=9,)+ K, p+K, [(p—9,)dt

g, =

0

T

A

<<

K,
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D -maAREZaHESR
BE Bt LA RM AR A RAZEHBRE > wew(l) .
UA LGBy o 0 BRIERIER B
o, =K, (y-v,)+K,r
# 4o, = Rudder Cmd > /2 —#% Rudder 28 & H LR K » A
BIEHME  FARER I BE 2 —RESMEA > B EARR]
K TR BRI ERRFEELERALI MBS L

0, =K;,(¢~9,)+K,.P,
¢ =K, (W-v,)

— AT A4S 2 B B) K B R TE Bk B AT Bk dn AT B AL B o AR 1B

sxz A ERA LSRR AR AT AEEEEAL

S<ToBE AL 2 B AL > il =15 B AL G A B ESE AR A BT E

AN BB BB K P TR R E A -
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6 ~ Mk RATEHAL

RUBHZAUAARE - KBRS AARTHRELIER) £
BASKAFI N ZEFURBHROB TR RN - FHRRARF
3o F

o L &3|%EHAH &R/ ESH > Thrust Vector (nozzle)

Control » & R AR KX ARE LS 1 —H R ERHE
FRERERTLBl O AN EBRARTR) —FERELFNEZE
£ 1k At @ 4% #1(Stability Roll ~ 43 F R 4 1F) -

o (HESHBEITIMAKRE  URBHAATZTHEHN

® %3t Leading Edge Strake W EAT4% > T A S XA A 4

Vortex Lift » #{E# E b 27 -

o Xt HAFTHEINA Wi aETHE -

BINEGR A R RN BRI AKX KA LALEH
MRERBFERG AR ERBRARFRITEFRSS - XRHAY
HEHERH R Rep# ik 3-3-3 FR 9| ek B B 4% > 3£ # 47 Cobra
BB RTEIARBRERMOZITE) - ARBF LT ¢

- E¥EHEFRABEH TR
(2) ~ 3+ & F Reme T4t

B)~ ERA AT L R IHIEHE
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(4) ~ SREEE T LB 3R o HT

REE 16000K g

li-Rie25

Jx 1076.391 Kslug/m’
Ty 2152.782 Kslug/m’
Iz 3767.368 Kslug/m®
Jxz -10.764 Kslug/m’
Ixy=lyz 0 Kslug/m®

¥ & & E (wing span) 15m

H B @ #(wing area) 63m”

7% ¥ (chord) 4.65m

=2 (Xcg) 035 C

& K 3t 71 (thrust) 25051Kg

- B, & (horizontal tail)  [£30 deg

2| & (aileron) +30 deg

7wy A& (rudder) +30 deg

55 % O 0 deg

#1:& V(0) 230m/sec

3% & /1% LEng 2.5m

* 3-3-3 MR

(- EXGEFTREAALEGHIEA

EREEAFRA DT

U =RV — QW - Gsin(0) + (~C,0S + T cos(a +6,,))/ m

eng

V = —RU + PW + Gsin(¢)cos(8) + C,0S / m

W =QU - PV + Geos(¢)cos(9) + (~C,08 — T'sin(a +6,,,))/ m

NEFTRALTF

Jxp + Jxzi + Jy(—qr) + Jxz(pq) — Jz(-rq) = L

= Jxzp + Jz(—F) + Jx(pq) — Jzx(-rq) — Jy(pq) = —N

G+ Jz(=pr) = Jz(p? = r? )= Jx(-pr) =M

(2) ~ 3+ B F ReBe-F i 4F




R B 151 B Rtk 3
kA -

TRAXZ FEZATLE  FFUETF

U =0+ U=230m/s » W=V=0 > P=Q=R=0 > & O=¢=y=0

=)

AT

0=(-C,gS+Tcos(a+86,,))/m

0=Tsin(a+6,,

0=M

eng

)-mG+C,0S

BN RE) N BAFH R AT
Tcos(a+8,,,)-Cpr(@)0S=0

eng

Tsife+8,,)+C, ()OS -mG=0

eng

(C,(@)+C,, (@q, +C,, (@)5,)0Sc~TX,,0,, =

HoSHER T o0 EAAEFEZ o

a=-6,, + tan”'[(mG - C,(2)0S)/ C, ()OS
T=C,(x)0S/cos(x+0,,,)

65 = (TXengeeng

BAELRY ik BRATIHREEZRS:

-C, (x)QSc - Cmq! (a)q,08c)/ C'"ag ()OSc

a=11deg
T =23170Kg
0y =1.1deg
SRR T
Toad ksn_data Tong CA=atan(Ang)*57.3;
m=16000; End
S=63; %find lp=[11:12]
c=4.65; AOA=(Alfa 11P+A1f g 1) /2.0
Tmax=25051; CDA=(CDfa(11)+CDfa( 7))/2 0;
V=230; T=CD *S/cos(AOA/S
=0.5%0.125*V*V CMA= mfa III)+Cmfa(12) /2 0
ng=2.5; CMQ-= +Cm_q(12))/2.0
;] —O*c/(2 O*V) CMD= m eAl 1)+ eAl 12) j)/2 .0
orl =7:15 De=(-CMA*Q *S* MQ*qs*Q*

=(m*9.8- CLfagS;;_)*Q*S)/.

(CDfa(lp)*Q*

(CMD*Q*S*C)

@) EAAFES

AT HEHRIAE
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ARFRFRATHE RIS E AL - HAUEERN TE - ERGET

1
W (5) T,T,S* +T,S +1 l
Xp M, S+(M;Z,-M,Z,)

S*+(Z,-M)S-(ZM, + M‘)

<4— Kq i Wff(S) < be(S) < ] q

v

v Z,

71 §S+_a

Kn l¢— 7,5 [& -

3-3-40
TAKqHEKn 2HE  anRRITAARRE (FHEHEZLEIR
A+ X)) 1224 Step Input 2 R JE > SAETE R AT A A AFH BRK

RABBIEMRZ B EAHERRA BRMEITRALESR! E2E8X

Yo F :
o Kq Kn
5 0.1 0.4
20 0.1 0.2
35 0.1 0.2
42 0.1 0.1
62 0.05 0.1
90 0.0 0.0

% #) % Servo ¥4y 85 R % # AR 0.006sec ~ Dp=90 ~ Ds=30 ~ s Kk

AR 0.75 - 0 BAAMREL0 AL R (REL) T
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§* +2.0*0.2*50.08 +2500.0 . 3500.0
§?+2.0%0.5%50.08 +2500.0 S*+2.0*0.5%50.08 +3500.0
1

0.155 +1

1
w.(S)=
(5) 0.158 +1

Wy (S)=1
SN T RS R BRI T o SE R MR (WA B R AR AT ~ R - R DAR
RERBUA L TRAT) » B ARG - (AR RARRE  EER T e
Uk 2EEEWTEA R IARE IS B TR R G

War (8)=

WPF (S) =

Kp 0.9
Kr 1.1
Kar 0.3
Kra 0.3

(4) ~ BB BT RBRB ST

A # B 2%3t oA Simulink T B & MatLab 3% A X LR ASHHIKE

% # (ksn_load) ~ %47 B #(Iplot) ~ M A& etk AT 3D 8 & Bl %

(ac_vision)3y & MatLab 3% % 3% 3t > A & Simulink 2 Subfunction 7 &,
wi- o (& A& 3% % Real-Time > 12 K=k # % £ 3k 5 = NoteBook % & R
& o /2R On-Line B77) > Hibio 504 o B 8000 ~ 233 82
BB NEMBRRE - WEBRRE - UARBEGHRBERE TN
LA Simulink %3tz - 7 MatLab 2 X £ 2 £ BT L REEFIAR

o Simulink 2 ¥ 34734 5| B4k - 4K L A KSN_CCP -

#4848 X KSN_CCPMDL : [-80,-80,-20] % fethAe b4 & -

104



Pilot Input Ctl and Mnt Equ Force Equation

Motion Equation

E B a4 # AR K Pilot_Input MDL : B ¥ Level fly Trim & 4%4F
T RBEATE 2R AL o A R B SLBA -

o—a o-a

Theta TTheta Aoa Thoa

i
L

Lo lam ™

To TileZ Pitchl TRiveh

Te Filel

+Relll

Yaw

Yaw.may

To Tiled
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The Simulation for Cobra Flight
80 T T T

60+

40}

20

o

-20

Pifot Command

40k

-60 - 4

-80 - 4

-100 L 1 1 ]

BRAAABHTBE  WAMNKLIE ERTEIALATR

The Simutation for Cobra Flight
T T

Angle of Attack

-80 I ! ! I
0 5 10 15 20 25

Time

% JEBPRE R ) 3 LA 5] ¥ 2 Vector Control #48h » fee— AT |
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The Simulation for Cobra Flight
100 T T T T

Pitch Angle

40 L 1 L 1
0 5 10 15 20 25
Time
The Simulation for Cobra Flight
30 T T T T
20+ 4
10 .
c
o
°
9
i)
o
5 0 1
g
o
]
@
F
10+ .
20 4
-30 1 1 1 !
¢} 5 10 15 20 25

fe A E5R K Pitch Moment 8% > R E R R FITREB KL FiT3)45

M > BRTHEMEARY -
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The Simulation for Cobra Flight
100 T T T

@
E]
g — ﬂ
=
[
£
< -
N J
-40 - .
60+ 4
80+ 1
.100 L 1 L - 1
0 5 10 15 20 25

Time

TR A RMARERLE AXBEIP A EE TR EE - RE
42 3D %1% 2 Scale & 0.1 - R WAH U= A FEEHE > L1542

R E T

%l 2 3 4 5 6 7 8 9101112131415161718192021222324
PlaneX=

[ 808066 665252525252524040404026261616 8 82222 8 8
66665252 0 0 0 04040 8 826261818 8 8 2 2 8 8 8 8
525252525252 0 0 0 0 O 020202020 2 2 2 216161616

K

PlaneY=

[0 O 44 6-6 6-6 6-610-1010-1036-3610-1026-2610-1010-10
44 66 0 0 6-610-1010-1036-3636-3626-2622-2210-1010-10
0 000 0O O0OTO0O 66 6-610-1010-1010-1010-1010-1010-10

15
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PlaneZ=

[0000 0 0O OO OO OOOOOOOO0OO0O0O0O0O0O0
0000 0 0 0 0O O 0 0 0 0 0 0 0-16-16
0000 0 0 0 0 O 0 0 0 0 0-16-16-16-16

1;
AT 44 X AR 40(4E Rotate S5 B R F o) » 5 R R

0 0 0000
0 0 00 00

THEN— FLAF S 3D BAR KD

PlaneX=(PlaneX-40)/2.0; %to rotate at cg
PlaneY=PlaneY/2.0;
PlaneZ=PlaneZ/2.0;
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w B R RATHERRE
ARSHH VMM BER B2 BERAFEE I BB TR

ER EXDERREREFLHE

1~ EEIB B _BE—
KB E £ £ A 353 M) A K& Pitch Rate Gain Kw #4948 € 2%
g Rt EEBES T IRE -

: 1
Pilot Xp
P s+ ———l
1 Ky Actuator A/C 4t
Sensor Ny —p» T,s+1 —P(%—D Model Ly Model

S* + 28 0,8 + o} ) Ky

Sensor Wz —p»| — , > > -
S +2 0,8+, S§°+28,0,5 + o,

EP ACHEGHEFI XL T
a=-Ya+Wz+Y°’5 ; VI./Z:M;a+M;VZWz+M§5

. . l .
N, =K(Wz—aj—l s N, =K—(Wz—a]——1 +-LWz
g 57.3 g 573 g

. I .
N, :K(Wz-—aj—l—+—ng
g 573 g

H 7,k BH Pilot» [ BH Sensor © A5 $% X4 F -

T,=0.15 £,=06 MY =-15

= 5 _
T=015 |, gl |MI=-250
S

& =02 Y* =15 V=250m/s
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w, =50—

Y9 =02

1p=51_l

£ =06

~10,8

1,=3u

Nz filter

52+2.0°0.2*50 05+2500.0

3600.0

524200650 05+2500 0

$242.0%0.6°60.0s+3600.0

Transter Fen

Transfer Fen1

Wt Atk 0 AEEE AT

p!

g

Ht
Apha
Servo Cmd HT Cmd HT Cmd Ny
Actuator Model e
AC Model
Wz

Senvo
Cmd

HPHEH SRR 0T

1

AQrate

Servo model
(0.005 stable)

- et
0.0065+1 s
integ Dp
(100
stable)

flow rate Froduct Integ1
limit
max=0.75 integ limit
"

Ds HT
(40 Cmd
stable)
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Alpha

(-10:8 stabie)

HT Cmd

Mzdelta

B LAM] =-10 #4748t > % Pilot Input % Doublet #5 > £ ¥ &

éﬁﬂj‘kn'}_ :

0.8

0.6H

0.4t

0.2-

seno command
o
-

0.2k

-0.4

. | J ‘ ‘ I 1
0

time (sec)
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elevator angle

time (sec)

angle of attack

time (sec)
AL PABRR AR MM ZAT A KRB UM =10 ATEEE > #) 3
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poF

T

0.8

0.6

0.44

N
o

o

puewwod uas

z
IS

0.4

-0.6n

0.8

35

30

25

20

15

10

time (sec)

20+

a(bue Jojers|a

20+

-30 -

-40

30

25

15

10

time (sec)
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24
0.5

0.5} A

angle of attack
¢}

'
N

T
T

25} l‘

35 1 1 I I 1 !
0 5 10 15 20 25 30 35

time (sec)

LB &% Servo Command 2, Elevator 337 2 g B & 45442 |
B THRKFICHBERZPE EADRBIERTS > 2

BEAOAEETRB IR ZAN > SRS EH LT -
A(s) =W (s)(W, K W, (s)+ W, K W, (s))
B E > B SIAS L% R 0 440 Normal Load 24
Heg o LW W (s) B ¢

My

s=iw

HTE W)

~ D, D
7,8 +S*+D,S+D,D,

RAS=iot 2 8 A EFo=D,D,  EAMEFFBI AL

W, (s)

WX ERRE o AT
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] DyD,

K, =1
VDPDS ("TsDPDSVDPDS +DP\)DPDS)
H b A2 4T
k= Dp(1=T:D;) _100(1-0.005*40) 35

[2]

3| 25
N RBBRESRS AL ME > BRALERHEER
Kaoml2 2 13 BRETER A XBETHEAZIB B R ZHM; =104842

B Eiofea S ENEEY LA RBRETREE L £ 25230

Z fd !
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Lo ERXBEI_BR=
AMBEESZLFHRAHUOBTZPE  REBESH GBS

BABE— BASHWRRATELT
a._-:—Y"(a+aW)+Wz+Y55
We=M%(a+ay,)+ M We+MLS
BRAEA L TEH THREBRARRS 1Sm/s 2 EHE - Kikd

120m £ 800m -

B

\4

A

HRKZEBBRABAAB > FAUA

ay = —ni57.3N = —1iS7.3N =3.44N
vV 250

NAEEY  RkEFERSLHAL  FARA
=L/V = (120:800)/250=(0.48sec : 3.2sec)
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BREBETRITT I EHE

AR hEZBRAHT
M;=10 90m/sec (20deg) |(0.48sec : 3.0sec)
MZ=8 120m/sec (0.48sec : 2.6sec)

(27.5deg)
M;<0 15m/sec FX23:)

(3.44deg)

% 300m/sec

(68.8deg)

g M;<0 B RERABETHB AL RMER RIE - UTHUALS
R M;=8 AT H AR E AT 8 — A 1.6sec> 5 — A 2.6sece

Angle of Attack to Gust
T ¥

50 T T — T T
i

Angle of Attack

1 s
7 8

ok

L 1L 1 L i
0 1 2 3 4 5 6
Time(sec)

LB A RFIF 50 7345 B b B X R4] > BB E A

TAZ® 10 9B R 14 |
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Horizontal Tail Response to Gust
30 — T T — T T T —

Horizontal Tail Deflection

20+

30— 1 1 1 L 1 1 L ! L
0 1 2 3 4 5 6

Time(sec)

I B Horizontal Tail f& & FR4]7 £30 75 feth B B 2 3% 3 R4

k& IR A sbfE !

3-BRHEBEERERB_MBE=
ABEEXZAFE TS B I K T 2 Family Frequency
Response” » R& R AR HEL FEL 22 A ABEZFTLLE
BEmIELR > HREEZXTRIA - XMEAFERAZBEH EE
Ko TFTERBE—FR) BB SEBRHALE > 24 -
AMAEFRIZA T 7L
(1) BER#85R % 0.01SEC.
(2) £ 4 ##2 KX o4 Tustin Method 34 fm 43 |
(3) #oi&RMk 3040 £ 4 40 B % ¥ afd > 30 B
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BHBHDAEWNARE  LRBRMAE -

OO s 2 PO
0.008s+1 s i
Senvo Servo model Integ Dp flow rate Integ1 Ds HT
Emd (0.005 stable) (100 limit (a0 Cmd
stable) max=0.75 stable)

BEZHEAEERAFERELEZ > Bl MERX T=0.03 K LT
FaIRA30/40 % % o

AR Z R IE F W=(0:100) > gy A& A sin & > RME4% 1.0~ 3.0 ~
50~7.0~9.0~12.0 150 BB 1.0(% LA& ) 548 - R X LR

4o .

% Actuator family frequency response
% by Chiu-Pin Cheng

% Date : 12/0ct./2003

% Actuator family frequency response
dt=0.01;

dp=100.0;

ds=40.0;

serv_11m=30/40;

act_lim=30;

amp(1)=1.0;

amp(2)=3.0;

amp(3)=5.0;

amp(4)=7.0;

amp(5)=9.0;
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amp(6)=12.0;
amp(7)=15.0;
amp(8)=1.0;
N=10.0;
for lpa = 1:8
£180=0;
for Ipw = 1:100
w=(1pw*0.1)*2%*p1; %100*0.1%3.1415%2=62
T=2*p1/w;
sw(lpw)=w; %save for print
Ips=T*100; %start computation
1pn=T*(1004N*100); %end computation ,e.g. T=10, 1ps=100, lpn=1100,
N=10
gl=0;
g2=0;
lagi(1)=0;
lagi(2)=0;
lags(1)=0;
lags(2)=0;
1t1i(1)=0;
1t11(2)=0;
1tlo(1)=0;
itlo(2)=0;
1121(1)=0;
1t21(2)=0;
1120(1)=0;
it20(2)=0;
for Ipt = 1:+1:1pn
t(lpt)=dt*(lpt-1);
inp(Ipt)=amp(lpa)*sin(w*t(1lpt));
% Actuator model
Start***************************************************
% lag
T/ (s+k) ->k(Z+1)/ (2IT)Z-1)+K(Z+1) ->KZ+K [ (2/T+K)Z + (K-2/T)
% c+dZMN(-1) / a+bZA(-1)
k=1.0/0.03; %k=1/Tau
a=k+2.0/dt;
b=k-2.0/dt;
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c=k;

d=k;

lagi(2) = lagi(l);

lagi(l) = inp(lpt)-itlo(l)-1t20(1);

lags(2) = lags(l);

lags(l) = (-b/a)*lags(2) + (c/a)*lagi(l) + (d/a)*lagi(2),

% first integer
% K/s -> K(T/2)(z+1)/(z-1)
->0(z720)=0( 2N - D +K(T/2) (1(z0)+1(zM-1))
1t1i(2) = 1tli(l);
1tli(l) = lags(l);
1t1o(2) = 1tlo(l);
itlo(l) = itlo(2) + (dp*dt/2.0)*(itli(l) + 1t1i(2));
% 1imit only for Ipa=1-7
%if lpa <=7
if 1tlo(l) >= serv_lim

itlo(l) = serv_lim;
end
if 1tlo(1) <= -serv_lim
itlo(l) = -serv_lim;
end
%end
% second integer
% 1/s -> (T/2)(z+1)/(z-1) ->0(220)=0(z"-1)+(T/2)(1(z"0)+1(z"-1))
1121(2) = 1t2i(1);

1t21(1) = itlo(1);

1t20(2) = 1t20(1);

1t20(1) = 1t20(2) + (ds*dt/2.0)*(it21(1) + 1t21(2));
1f lpa <=7

if 1t20(1) >= act_lim
1t20(1) = act_lim;

end

1f 1t20(1) <= -act_lim
1t20(1) = -act_lim;

end
end
act(Ipt) = 1t20(1);
i1f Ipt >= Ips
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gl=gl+act(Ipt)*sin(w*t(Ipt))*dt;
g2=g2+act(lpt)*cos(w*t(lpt))*dt;
end
end %lpt
gl=g1*¥2.0/(N*T);
g2=¢2*2 .0/ (N*T);
db(lpw, Ipa)=sqrt(gl*gl+g2*g2)/amp(lpa);
ph(lpw,lpa)=atan(g2/gl)*57.3;
if 180 = 1
ph(lpw,1lpa) = ph(lpw,lpa) - 180;
else if ph(lpw,lpa) > 0.1
ph(lpw,lpa) = ph(lpw,lpa) - 180;
f180=1;
end
end
end %lpw
end %lpa
semilogx(sw,db(:,1), 'r",sw,db(:,2),'b",sw,db(:,3), 'm",sw,db(:,4),'y",
sw,db(:,5),"'g",sw,db(:,6), k", sw,db(:,7), 'c',sw,db(:,8),"*");
title('Amplitude=color : 1.0=r, 3.0=b, 5.0=m, 7.0=y, 9.0=g, 12.0=k,
15.0=c, linear=-');
xlabel('Omega (w)');
ylabel('Amplitude');
pause;
semi]ogx(sw,ph(:,1), " 'r",sw,ph(:,2),'b",sw,ph(:,3), 'm",sw,ph(:,4),'y",
sw,ph(:,5),"'g",sw,ph(:,6),'k",sw,ph(:,7), 'c",sw,ph(:,8),"*");
title('Phase=color : 1.0=r, 3.0=b, 5.0=m, 7.0=y, 9.0=g, 12.0=k, 15.0=c,
linear=-");
xlabel('Omega (W)');
ylabel('Phase');
pause;
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1.5

Amplitude

Amplitude=color : 1.0=r, 3.0=b, 5.0=m, 7.0=y, 9.0=g, 12.0=k, 15.0=c, linear=-
—T T
1
A
¥
[
%
A)f t
Foy
4%
" %
1+ “ »—w-—h%wav—-rrﬁtéww kS -
0.5+ -
S————|
10" 10° 10°
Omega {(w)
Phase=color : 1.0=r, 3.0=b, 5.0=m, 7.0=y, 9.0=g, 12.0=k, 15.0=c, linear=-
0 o ———A
50 -
-100 B
@
w
«
£
o
-150 N
-200 4
-250 ; 1 u - " FU— - P,
107 10 10 10
Omega (w)
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4~ ERFEHBROEEHELAT_ BEwW
AMEFERAFTNRAZ L TA A & Time Delay ¥ et st &)
Pitch Rate 14K 385 2 H 4 MM D EEH B T

< 1 L(T/2)8+1 Ok
g T,T,8" +T,5+1 (z/2)S+1
V) g=Mgi M, 5
Kq g=M g+ a(aT+aW)+M5£ P
a=q-Z,(a+ay)-Z; 5,
AV ELAHUL R BIT
T, =1/12.5=0.08| M, =—-4.034 V=243m/s
T, =0.04 M§E =-2.38 a, =0.0
=0.01:0.5 Z,=0.691 n acc. pos=5
M, =-0.533 Zs, =0.03

B L Rtk iE 8 7 &2 X R Laplace Transform

S~M—"‘ S M’Eé‘S
1) =53 eS) g 0s(S)

q

L 8-> 5.(5)
7 S+z, ¢

S+Z,

a(S) =

KEGS)REEG 2 855 R o T

‘i 5:(S)

«(5)= M, [S 79 65<S)]+

M, _ A755 M,Z,
q(S)(l—(S~A7q)(S+Za))_(S—M S—M )(S +7.)%®
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qS) M, (S+Z,)-M,Z, M, S+(M,Z,-M,Z;)
§.(8) (S-M,(S+Z,)-M, S*+(Z,-M)S—(Z,M,+M,)

REFAGZEHEERT
&

< ® 1 (~7/2)S +1 M, S+(M,Z,-M,Z, )
- Kp T,T,S* +T,S+1 (r/2)S +1 52+(Za_ﬂq)s_(2aﬁq+ﬁa)

Kq

R W

(T,T,S* +T,8 +1)(0.52S +1/(S* +(Z, - M )S —(Z M, + M ) -
K, (-052S +1)(M; S+(M, Z, ~M,Z; ))=0

.
x
E

[0.5¢T, T, 8° +(0.5tT, + T, T5)S* +(0.57 + T,)S +11[S* +(Z, -~ M )S —(Z, M, + M ,)]-
K,[-0.5tM; §* +(M, -05c(M, Z,~M,Z, )S+(M, Z,-M,Z; )]=0

Eq
0.5¢7,T,S° +

(0.57T,T4(Z, =M ,) +(0.50T, + T,T))S* +

(-0.5TT,T(Z, M, + M ) +(0.51T, + T,T, (Z, - M)+ (0.57 + T,))S* +
(~(0.5¢T, + T,T NZ M, + M, )+ (0.5t + T, )(Z, - M) +1+0.5K ,iM; )S* +
(~(0.5e+ T, )(Z, M, + M) +(Z, -~ M)~ K,(M,, ~0.5:(M; Z, -M,Z, ))S+
~-(ZM,+M,)-K,M; Z,-M,Z; )=0

BLHAATRIR Kq b 0 ¥ REMRBEL TR &

Rio T H -
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The dependance of Kq on Tau

9 T‘_—’i‘v—r’_‘_h T T T T T T
8 4

1 [l . L 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
Time Delay Tau

1L 1 S R E—

S~ EREEFHREAAE BEE

Normal Load Nz B 483 B A RX} 2 A H WAL ALE RESKGE

BRAEFI RABR T -

1 (-7/2)S +1 ®

—>| Kp P TS 1,541 (/DS +1 I

1&755 S+(M,Z,-M,Z, )

, S*+(Z, -M)S~(Z,M,+M,)
Kq [ 7541 7 %
| 7
: gS+Z,
Kn & 757 FZH :
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RS R AGAEE  JoBEATMLT

~0.5tM, S* +(M;, —0.5t(M, Z, - M,Z; )S+(M;,Z,-M,Z; )
0.5tT,T,S* +(0.5tT,T(Z, — M)+ (0.5tT; + T, T ))S* +
(=0.5tT, T (Z, M, + M )+ (0.5cT, + T,T (Z, — M) +(0.57 +T;)S> +
(~(0.5¢T, + T,T NZ M, +M,)+(05t+ T, (Z, - M) +1)S* +
(—(05c+ T Z M, + M)+ (Z, ~-M NS —(Z,M,+M,)

. . b2S? +b1S + b0
ez B ' JR R
a5S° +a4S* +a3S® +a2S* +alS +a0d &

P X b2 +b1S + b0 ol q
a5S8°® +a4S* +a38’ +a2S8? +alS + a0

‘3{\\
éz;;
%
W
¥

1
Kq 1 TS+1=G2 <
7 Y
Y 2o _G3
) gS+Z,
=G4 NZ
Kn T,S+1 < I
AHHT RGO T
n, =G3egq
g=Glex=Gle(p+KqgeG2eg+Kne(G4e(G3egq)
_ Glep
T 1=KqeG2eGl—KneGaeG3eGl)
0 = G3eGlep
2 (1-KqeG2eGl—KneGdeG3eGl)
n(S) G3e(l

p(S) - (1-KgeG2eGl—-Kne(G4e(G3e(Gl)

nRARAETEXA
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. K, b2S8? +b1S + b0 ~
T,S+1a58° +a4S" +a38’ +a28* +alS +a0

K vz b2S? + b1S + b0

n a

- : =0
T.S+1g(S+Z,)as5S® +a4S* +a3S’ +a2S* +alS + a0

(T,S +1)(T,S +1)(g(S + Z,))(a5S® +adS* +a3S’ +a28* +alS +a0) -
K, (T,S+1)(gS +gZ,)(b2S* +b1S +b0) — K VZ,, (T, S +1)(b2S* +b1S +b0) = 0

(T,T,S* +(T, + T,)S +1)(g(S + Z,))(a58* +a4S"* +a3S$’ +a28* +alS +al) -
K, g(T,8* +(T,Z, +1)S +Z,)(b2S* +b1S +b0) —
K, VZ,(T,b28" +(T,b1+ b2)S> +(T,0 + b1)S +50) = 0

eI, S +(I, 1,2, +T,+T)S* +(T,Z, +T,Z, + DS +Z,]...

(a55° +a4S* +a3S’ +a2S* +alS +al0) -

K, g[T,b28* + (I,b1+(T,Z, + 1)b2)S’ +(T,60 +(T,Z, + Dbl + Z,b2)S” +...
(T,Z, +1)b0 + Z_b1)S + Z,,b0] ~

K,VZ,[T,b28* + (T, bl +b2)S* + (I,b0 + b1)S + b0] =0
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gfl",,Tan,S’8 +

(T, T,ad+g(I,T,Z, +T, +T,)a5)S" +

(T, T,a3+g(I,T,Z, +T,+T,)a4+g(T,Z, +T,Z, +1)a5)S°* +
(gT,T,a2+g(I,T,Z, +T,+T,)a3+g(T,Z, +T,Z, + a4+ gZ,a5)S’ +

T, T,al+g(T,T,Z,+T, +T)a2+g(T,Z, +T,Z, +V)a3+gZ, a4~ K gT,b2)S* +
(T, T,a0+g(I,T,Z, +T,+T)al+g(T,Z, +T,Z, +D)a2+gZ,a3+...
-K,g(Tpl+(T,Z, +1)b2)~K VZ,T b2)S> +

& T1,2,+T,+T1,)a0+g(T,2,+T,Z, +Dal+gZ a2 +...

- K, g(T,b0+(T,Z, +1)bl+ Z,b2) - K, VZ (T b1 +b2)S* +

&(T,Z, +T,Z, +1)a0+gZ,al ~K ,g(T,Z, + b0+ Z,bl) - K VZ,(T,b0+b1))S +
(8Z,a0- K ,gZ,b0- K VZ b0) =0

15 T T T T T =
10+ —il
5+ 4
0 . %€ -
-5 4
10 4
o
.'15 1 1 1 1 L 1 1 il
-1 14 12 10 8 6 -4 2 0 2

BB AF RG> RERINBLT(RERALE)
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R

Bt

1.0e+002 *

-1.0000 - 0.00001
-0.1250 - 0.12501
-0.1250 + 0.1250i
-0.0503 + 0.00001
-0.0059 - 0.02041
-0.0059 + 0.02041
-0.0069 + 0.00001
-0.0020 - 0.00001

1.0e+002 *
-1.0000 + 0.00001
-0.1257 - 0.12581
-0.1257 + 0.12581
-0.0601 + 0.00001
0.0000 - 0.03011
0.0000 + 0.03011
-0.0066 - 0.00001
-0.0030 + 0.00001

A8 B 2R Z)EP 4o F S Th=0.08; Ts=0.04: Tg=5.0; Tn=0.2; Mg=-0.533:

Ma=-4.034; Mde=-2.38; Za=0.691; Zde=0.03; V=243.0; g=9.8; t=0.02;

AR BT B A Kq/Kn=0.02 & 47> 1% # b7 Kg=5.1~Kn=0.102 -

HAbE R ) R RBIF AR |

B —FEHER B AL % Kq & Kn A7 2 Filter, Bx4X 2L Time

Delay > F]#fie 2k %) %1% 2 TimeDelay £42 » E¥ oM E A 440 F ¢

Kp

1
*@" T,T,8 +T,S +1

M, S+(M;Z,-M,Z,)

S*+(Z,-M)S—(Z,M, +M,)

HERESE - JoB AT T ¢
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Q?' Kq ke C7/28+1
a (t/2)S +1 v
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(-7/2)S +1 T
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M, S+(My; Z,-M,Z;)

TTeS* +(T,T(Z, ~M )+ T3)S> + V=T, T (Z M, + M)+ T(Z, - M ,)S* +
T,(Z M, +M)+(Z, - M NS —(Z,M +M,)

b1S + b0
adS* +a38® +a2S8* +alS + a0

p X b1S + b0 e q
adS* +a3S> +a2S? + alS + a0
(-7/2)§ +1 -

Kq & "/2)s+1 3

Kn je| CZ/DS+L_ o, |NZ I

(t/2)S+1

EHM TR T

n, =G3eq
g=GClex=Gle(p+KqgeG2eg+KneG4e(G3leyg)
_ Glep
(1-KqeG2eGl—KneG4deG3eGl)

_ G3e(Glep

T (1-KgeG2eGl—KneG4eG3eGl)

n(8) _ G3e Gl

P(S) (1-KgeG2eGl—KneG4eG3eGl)

S =T W)

. —IS+1 b1S +b0 ~
T TS +1 a4S* +a38* +a2S* +alS +a0
-TS+1 VZ b1S + b0

(21

- =0
" TS+1 g(S+Z,)adS* +a38’ +a28* +alS +al

EPTr=c/2> RXHBEH

q

n;
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(TS +1)(g(S + Z,))(a4S* +a3S> +a2S8* +alS +a0) -
K, (TS +1)(gS + gZ, )(b1S + b0) - K, VZ (TS +1)(b1S + 50) = 0

g(TS* +(TZ, +1)S + Z_)(a4S* +a3S’ +a2S’ +alS +a0) -
K,g(-TS* +(-TZ, +1)S + Z,,)(b1S + b0) —
K VZ (-Tb1S* + (~Th0 + b1)S + 50) = 0

R A
gTa4S°® +
(gTa3+g(TZ, +1)ad)S® +
(gTa2+g(TZ,, +1)a3 + gZ ,a4)S* +
(gTal+g(TZ, +1)a2+gZ,a3+ K,gTb1)S* +
(gTa0+ g(TZ, +D)al+ gZ a2 + K ,gTb0- K, g(-TZ,, + )bl + K ,VZ,Tb1)S* +
(g(TZ, +1)a0+gZ, a1 -K ,g(-TZ, + Vb0 - K gZ b1 - K, VZ (~-Tb0 + b1))S" +
8Z,a0-K gZ b0~ K VZ,b0=0

HEARI B BB R AL T

15 — T T T N — T —1

o

S o
a,’“‘
Jbrb. =
10 | ‘"'C{\Lk . i & ~
i ot
[CIN
ot
5+ 4
(] = T
Rs ,‘u:j:q:.!_}
oF ®0 o O 4 5 - SRR & B
oo
5k 4
[} ¢
+ )
oF o
10 , e
’ oy FF'L*I;;-A.* i
© Ty
:};‘.‘“@ P
vw*"h;

i

15 1 1 1 1 B S 1 1. i
16 14 12 10 -8 -6 -4 2 0 2
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LB & R%EM Kn/Kg=0. 1 #/78# > £ —4K > RE 4R

BEGFBEANZK), Kn 555 B0 TFTRETH<-ISERLE)

B—REMR R RAH(LK=65) REBERE

-99.9812 + 0.00001 | -98.7338 + 0.00001 | Kq=6.5000
-12.4053 -12.31301 | -24.7362 + 0.00001 | Kn = 0.6500
-12.4053 +12.31301| 0.0163 -13.70241
-0.7186 - 2.13701 | 0.0163 +13.7024
-0.7186 +2.13701 | -2.8313 - 0.00001

-0.6860 - 0.00001 -0.6464
15 e ————
—
A B
i3 F
10F g A 7
* it
= ]
E q
st T*{ t?ﬁ 1
i k=3
Ju
0 L ® S i s i -
0
"5« 5
5L Ci fx -
** i
b=
g
i) Ko
-10 , ‘éf {Q:@’# B
15 1 1 1 1 | S 1 L J
16 14 12 10 8 6 -4 2 0 2

LB & REM Kn/Kg=0. 3 4788k - B — @R RE—4aR

RAGABITANZKe Kn 535 B FTREH<-I5FKLH):
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-12.4501 +12.32281
-0.6772 - 2.33271

0.0076 -11.24651
0.0076 +11.24651

EE—#AMR R ILK=44) RBERE
-99.9818 + 0.00001 | -99.1834 + 0.00001 | Kq=4.4000
-12.4501 -12.32281 | -18.0835 + 0.00001 Kn =1.3200

-0.6772 +2.33271
-0.6785 - 0.00001

-9.0197
-0.6435

Kq/Kn te{E>03 . B RGE&E$ > Br8 2483 Kq # Kn thg

F 110 A& KH BERZIR -

6 MMABREER N SHARE_BEN
AMAZEEEBE ARG RTREXT 0 ML MK, F 58y
EEEN A EHAZIBE RBEMOHETRALT
Gy =M%, +M%0, + MY B+MPS5,+M¥*65,
Gy =MP o, + My o, +M* B+ M*S, +M*S,
A= —i—nf B+, cos(a) + o, sin(a) + %ycos(a)
y =0, -0, tan(a)
B ¥ BEZa=0,6,

=0,0, = Step(10)+ K, oy o &g MATLAB AT 5| & $#

AT AT
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H ¥ Casea: B+ Data ir=-1.0, Asp=0.1 > Case b : EAr & K& ix
unstable, Asp=-0.4 > Case ¢ : Ar=-1.2, Asp=5.0 » Case d : Unstable dutch

roll »

M2 =30 [M% =30 |M>=15 |[M&=30 |M&=15
Mo =05 |M%=05 |M»=03 |M>=05 |M%=-03
MY»=15 |My=15 |My==6 My=15 |My=-
M=50 |M%=50 |M»=50 |M%=50 |[M3i=20
Mi=15 |MZ¥=15 |M%=15 |M*=15 |M¥*=2
M@ =07 (M2 =07 |M2=03 |M&=07 |M*=-03
M@ =09 |MP=09 |MP=50 |M=20 |M=03
M= My? = My =2 MPP=20 |Mp=+3
Mir=-2 Mo = Mii=2 Mir=2 M3 =05
MP=14 |M@=14 |MZ=14 |Mi=14 |M}*=5
=-0.7 =0.7 (nf=-0.7 ==0.7 [nf=-0.25
K,=0.4 K,=0.4 k,=0.4 K,=0.4 K, =any
V=200m/s [V=200m/s |V=200m/s |V=200m/s {V=150m/s
a b c d e

Case e : Unstable case © 45 #7i4 && F o FE -
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Roll Rate

The Stable Cases of Aerodynamic Data
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The Stable Cases of Aerodynamic Data
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Roll Angle

The Untable Cases of Aerodynamic Data

1800[

1600 -

1400 -

1200 -

1000 -

8oo}

600 |-

400 ~

200

-200

T

142



B~ RRALH

—~ RBER BTN
GMERBDEHEEL T BETAYR LER—H L HE
CHRFE WAL - RRAGEBRKBBREETALET @ - BB ARKL
&R 3D B EEAT AL IGER £ 3D BGsat®st Ha
FRBAARABLET HBHHRARERUBRGULHRLFE LA M
2B A Gyroscope By & A 4t 0 H B R A1 A B /TR31 > LA AW
BB FAMLE AL UATHEB Y A U RFE MBI R
% % > 12 B ATH P13 O 55 3 Fokker 2 /1 Rk 4 4 & B3t B B -
EEBERI T RALEBAREZREMARREE  ERELIE
SR RBEASTHEENED  RRABE Y BAMEEY

o BRBREEBERFES M
B s EERERMATIRERYE BV ACEREEL
CHERFOATAZABS  EHIARFRGIKRAL
£ c BIHMEMYMBERIRRIEA B E S FBEEBHTFE -
GBI RABEEN DT RARGHT AZM > AERAZREBHHE
X RABHTRBNF  EXTHANER - KBARKETHGHE
BBRFEETAF EFUBH-—EANBRE  MESHLT
1 RBASTHEEERSTEILEE  RTMELAEIRBKZ
sh o HARTA A — RMAEZEHEITE -
2 WwREEBEF[FZRTE - FRBRM I BT (3o Modeling)
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BRI GHET WwRERBEHRBE RO ERBMOULRERE) A

PERBA -
BRE S R U AR h4F 2 ) 5] Dynamika > B4R E ARWIILE R
HEREHBASH AR IR AR S EB A S #49

o is i etE -

2R SHEERHIAR

ARERBAHTUAEL RIS RS R R PR EHBE ALY

A BAE BT EERBAI32HE 3365 L PXE

BEREHERRAKRBEE - EH5MEF ML T

1\

BERME2 —FHK KB EAR RSB SIASLIR Y B

REZ$9ZR —BEHEREEZZ ZHAR) Bl %R

ZBEIEE o HFm B E 3328 °

R X PIDDN) A RATHE R K & T 40T 448
T3 X7 B A7 — SRR A RIS

(P Gain)) £ =+ d#:&(P-Q - R)E45FHL A E(D Gain) >

FESOREREARRTEE M TR FHRITRMEE Ly

JA(I_Gain) > 5 1% .4 32 45 1 48 2 & 46 7044+ (Structure Filter

Lead-Lag Filter £ £ ) S SAt E R MATA - Fta S #3334 F

335 & -

FRRRATERR  BERARTER A B —THITHRE
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BERMZ RS A BE - B RN B A

AT S 45 2k AT HE 1 2 SR UAT 2y o S dm A RIR S 336 -

4 HEIUBEE LGB HEHE &8 Dynamika pEE

BE M EAEARE A TAGI FZABRIT R FRBRT R 4,

FICTC N BMBALELSFEETNT - AKRBEHREELEHR

Wt 2 B I 77 457 B B AT H 7 |

M~ EE

® ARGHEBERBIE - EEIMETRN > BENEHT

REOMNET  BREIRBLESEBBELELT -

® HMALTFTRALZ®LEEZHKME - 2ARFREMA T Y B
TR RELE ZETUATBHARS Ak - LB 7
%o RAEFRLEF RS -

® EEBAFWMMKE UZMAHTETFH-—BARAEHEAR
B—R o ARG EMBBE AR RAE  BREAKR  EFRER
BACLATRCEEYE  BTANFAMRS -

0 LEABBRIZARTHARBRNESFRLEIZIEEIG X5

HERRMEE ZLCARCARERZATHER |
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#2 ICTC 2 Andrey Dynilin £ % X 4% $2 8 B Flight Test Engineer(%)4 %
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