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(channel)[ 5] / /
[6]

6.1 E-1

/

(6.2)

6 / (6-2) (6-5)
p :mn(s) W, (9) hﬂa 6.1
A® [, () W, ()| A

& +24155 +2.843s" +1.955 +0.73915* +0.1134s+0.0051
Wl(s): 6 5 4 3 2 (6_2)
S +2416€° +2.844<* +1951< +0.7395¢% +0.11355+0.0051

W (S)_oous +0.13738 +02508s' +0.1856S’ +0.0711S* +0.0108s+0.000478 (6-3)
: S° 424168 +2.844<* +1951< +0.73955° + 011355+ 0.0051

—0.003s" —0.000585S’ +1.225e—005s' +2.994e— 0065’ 6-4
W, (s) = 6 5 4 3 2 ( - )
€ +24165 +2.844< +19515” +0.7395¢° +0.11355+0.0051
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0.86218° +0.90158' +0.1933s' +0.0098458 (6-5)

S) =
V(9 S +2416° +2.844s* +19515’ +0.73958” +0.11355+0.0051

(6.1) /

W, (s)

W, (9)

(tilt-coordination)

W, (9)

(low gain)

W, (s)
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R11

Bode Diagrams

From U(1)
*ﬁaﬁ‘ﬁ ”Hr‘%‘#%“% R o e
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+*+++

@ + W11
© o | Wiz
E ow21
= * W22
D
< -300
=
3 200
(]
K2
g Ol'..'0000000000.00.000.0...............00001
c 5 SR
c = ++
o >— -2001 ++ b
e Fhipg
w00l R s
-600 L L | 1
10° 10? 10t 10° 10* 107
pitch / surge channel
Frequency (rad/sec)
6.1 /

6.1

W,(S)

[5]

[6]

WL(S)

100
W, (S)
W,(S)
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6.2

[6] /
Matlab /
/
/ E-2
6.3
6 6.2
6.1 6.2 /
/
W, ()= S’ +2.281S’ +2.548s" + 16655’ +0.65" +0.0865+0.0037 (6-6)
B 0 122818° +1.6145 +02019< —01.7838% — 0.0425— 000212
W. = 0.01038s° +0.1243S +0.22s" +0.1548S° + 0.056285” + 0.00793s+ 0.0003 (6—7)
2 s +22815° +1.614s* +0.2019s* —01.783s> — 0.042s— 000212
W, = —0.00295° —0.0006474S —2121e—005s" +8.224e—007s’ (6-8)
b2 42281 +1.6145* +02019< — 01.7835% —0.0425— 000212
0.82235° +0.8644S +0.1703s" +0.0083 15’
W, (6-9)

T 122818 +1.614s' + 020195 —01.7835" — 0.0425— 000212
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W(s) =

Phase (deg); Magnitude (dB)

Bode Diagrams

From: U(1)
200
0~ el el e Tyl Ly "
oo 000000 000000000t s e s L
*++**+$#/ R T
L * _— . W12
7200;*%**f - — T ow2l
— * W22
-400
100

e = S Lo o e b L

T

T
+ e

— 0 \
1S -100 |
-200‘.4....‘.3....‘.2....‘: ‘0 ‘l 2
o o rolIIC)/ sway ch%l%nel 1o o 1o
Frequency (rad/sec)
6.2 /
(6.4)
(6-10) /
6.3 0.2rad/s
0.2rad/s 10rad/s
4 3
0.9824s' + 054568 +0.044125’ (6-10)

s' +0.7444<* + 027655* + 0.05504s +0.0033
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Bode Diagrams

From: U(1)

S e
N
-]
|
e
S
|
|
e e
SR A
R T
|
et e S
S
|
|
[C---f----c=-z=z=o
S b b ——
S A
e
T

100
-100 = —
200

(ap) spnuuben :(bap) eseyd
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10*

yaw channel

Frequency (rad/sec)

6.3

E-4

6-11

6-4

(6-11)

0.9824s' +0.1824s’
s' +13868’ +0.93755” +0.3297s +0.037

W(s) =
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Bode Diagrams

From: U(1)

(ap) spnuuben (6ap) aseyd

10° 10!

10t
Heave channel

Frequency (rad/sec)

6.4

6.3

6.2

6.5

Matlab-simulink

6.3.1

10

0.05m/¢

, 10

10

0.5 rad/s

0.5m/ &

6.7

6.6
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N | —

¥
Sine Mfave ProductZ

Step

e £ 15565
_/ a-ffita E.LF-4+1 BE1257 ]
el LU simulator
_/ angle
Rampi
_/ 41"’@1 b1 50357
Ramp2 ﬁ il TR
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6.7
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m/s?

Aircraft acceleration
10 ‘

time

6.8

Simulator acceleration
0.2 ‘ ‘

0.15

0.1

0.05

-0.05

-0.15 1 1 !

time
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Aircraft velocity
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150
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time
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Simulator velocity
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time
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meter

meter
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1000

1.2

Aircraft displacement

6.12

time

Simulator displacement

6.13

30
time
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rad

Aircraft pitch angle
5 \

4.5+

0.5+

time

6.14

Simulator pitch angle

60

6 \

rad
w
T

time

6.15
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6.3.2

(weighting function)

6.17 6.16
(5-49)  (5-50)
6.1

R11( 6.5) 0.1

6.18 6.25 6.26 6.33

6.18 6.20 6.22 6.24

R11

83

6.16

10

6.17

100



BERERIRNGHPDHIIRGSVFST ¥ 9190

ey

LA \\I
juIEs EEANER
e [ e
i @_ \ﬁ
— [BFOW Ly|CE 9 L b
o —d
L ] 60 " ] TR Dy CulEs
AT RITOHE oDy
20Dy e 24
gL g i ey
G0=l1d thak
flnl Y] D _H_ 1Z0h \\I
LD{ RS ATLER L
20y Lf P 2y - i
¥ o AT WL oA 2 dwey
> o
- - /S
44 it ol T Iy-2 T - T 125
. . ﬁ. " 1
Bl Ore . AThEE by u_ L « [ H
Ao L5 O 5] -
BRE Y, B

TAnpey

1z

84



BERREIRNGEIAINANRFATLY I 9B

TdwEy

L 5iBue yud \I
P
_H_ L R Fduiry
DRI JB (R D[
fil,a] U Bysuey
- |t b=F S F S " FT-5 ”
HI% =T
UORESUSS
sad
yEI[E sl gk i Ly
P
s )y b /
UORESUSS _H_ e mporam ]
: E ] duiEy
_H_ i Euquﬂu
L
s an /-
[
a B R
I - an_ e [T e
|
PO JE [N [ E [ TH by 4 M=
Uy Myl TEEECIREE -
L Sk ST TNy B SUIE
= - i
(5.4] =7 e .__,.___
s16ur g
I
=y

85



pilot's force sensation in aircraft and simulator (R11=0.9)

86

40 T
—— simulator
— aircraft
= J
30 40 50 60
time
6 .81 ( R=101. 9)
pilot's force sensation error (R11=0.9)
0.15
0.1
0.05
0
-0.05
-0.1
-0.15
-0.2
-0.25 L L L | |
0 10 20 30 40 50 60
time
6 .91 (R11=0.9)



pilot's force sensation in aircraft and simulator (R11=9)
40 ‘ ‘
—— simulator
—— aircraft

nt

40 50 60

6 .02 ( R=191)

pilot's force sensatoin error (R11=9)

time

6 .12 (R11=9)
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pilot's force sensation in aircraft

40 ‘

and simulator (R11=90)

351 /

30 -

20 -

nt

15+

10 {

25| y

T
—— simulator
— aircraft

20 30
time

40 50 60

( R=1910 )

pilot's force sensation error (R11=90)

20 30
time
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40

pilot's force sensation in aircraft and simulator (R11=0.09)

—— simulator
—— aircraft
4‘0 5‘0 60
.42 ( RF101. 09)
pilot's force sensation error (R11=0.09)
1‘0 2‘0 3‘0 4‘0 5‘0 60
time
6 .52 (R11=0.009)
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rad/s

rad/s

0.05

0.04

0.03

0.02

0.01

-0.01

-0.02

-0.03

-0.04

pilot's rotational sensation in aircraft and simulator (R11=0.9)

—— simulator

90

—— aircraft 1
L 1 1 1 1 1 1
5 10 15 20 25 30 35 40
time
.62 (IRL=0. 9)
rotatonal sensation error (R11=0.9)
T T
L 1 1 1 1 1 1
5 10 15 20 25 30 35 40
time
6 .72 (R11=0.9)



rad/s

rad/s

pilot's rotational sensation in aircraft and simulator (R11=9)

T T
—— simulator
— aircraft b
-0.5 L L L L L L L
0 5 10 15 20 25 30 35 40
time
6 .82 (IRL=9)
pilot's rotational sensation error (R11=9)
0.05 ‘ ‘
0.04
0.03
0.02
0.01
0
-0.01
-0.02
-0.03
-0.04 L L L L L L L
0 5 10 15 20 25 30 35 40
time
6 .92 (R11=9)
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rad/s

pilot's rotational sensation in aircraft and simulator (R11=90)

T T
—— simulator
— aircraft b

rad/s

0 5 10 15 20 25 30 35 40
time

6 .03 (IRL=90)

pilot's rotational sensation error (R11=90)
0.025 ‘ ‘ ‘

0.02

0.015

0.01

0.005

-0.005

-0.01

-0.015

-0.02 | ! ! ! ! ! !

time

6 .13 (R11=90)

92



rad/s

rad/s
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pilot's rotational sensation in aircraft and simulator (R11=0.09)
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pilot's rotational sensation error (R11=0.09)
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é 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 40
time
.23 (IRL=0. 09)
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time

6 .33 (R11=0.0
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6.2 /

D(S) Numl1(S)
-0.38278 +0.710531 -0.38275 +0.710701
-0.38278 - 0.710531 -0.38275 - 0.710701
-0.69260 + 0.261461 -0.69228+ 0.26161i
-0.69260 - 0.261461 -0.69228 - 0.261611
-0.18867 -0.18867
-0.07606 -0.07602
0 0
0 0
-9.99999 -10
-0.19 -0.19
-0.18867 -0.18867
-0.00001000000000%** -0.00001000000000%**
D(S) Num12(S)

-0.38278 + 0.710531

10 - 0.00000025588161*

-0.38278 - 0.71053 1

-1

-0.69260 + 0.26146 1 -0.39041 + 0.39087 i
-0.69260 - 0.26146 1 -0.39041 - 0.39087 1
-0.18867 -0.18999
-0.07606 -0.07232
0] -0.00000618115743 + 0.000005971**
0[-0.00000618115743 - 0.0000059701**
-9.9999 10+0.00000025588161*
-0.19 -0.18867
-0.18867 -0.18867
-0.00001000000000** 0.00089010414142%**
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D(S) Num21(S)
-0.38278 +0.71053 1 -0.18866
-0.38278 - 0.710531 -0.07606
-0.69260 +0.2614671 0.06960278954597
-0.69260 - 0.261467i| 0.00004241256623 + 0.000080571**
-0.18867 | 0.00004241256623 - 0.00008057i**
-0.07606 -0.00009482847681%**
-9.99999 -9.99999
-0.19 -0.18999
-0.18867 -0.18866
-0.00001000000000%** -0.00001000000000%**
D(S) Num22(S)
-0.38278 +0.71053 i -0.82535
-0.3827-0.71053 i -0.18999
-0.69260+ 0.26146 i -0.07606

-0.69260 - 0.26146 1

-0.00003422579 0.000048041**

-0.18867580379831

-0.0000342257 0.0000480451**

-0.07606970830024 0.00004919355480**
0/0.000000412395 0.00000321**
0 0.000000412395 - 0.00000321**
-9.9999 -10
-0.19 -0.18873
-0.18867 -0.18867
-0.00001000000000%* -0.00001094121857**

* image part approach 0

** real and image part approach 0
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6.3 /

D(S) Num11(S)
-0.35789 + 0.68367i -0.35784 + 0.6838 i
-0.35789 - 0.68367 i -0.35784 - 0.6838 i
-0.66293 +0.25115 -0.66265 +0.25127 i
-0.66293 - 0.25115 i -0.66265 - 0.25127 i
-0.16387 -0.16387
-0.07607 -0.07603
-9.9999 -9.9999
-0.19 -0.18999
-0.16393 -0.16393
-0.00001000000000%** -0.00001000000000%**
D(S) Num12
-0.35789 + 0.68367 i -9.9999
-0.3578 - 0.6836 i -1.
-0.66293 +0.25115 i -0.37163 +0.37284 i
-0.66293 - 0.25115 i -0.37163 - 0.37284 i
-0.16387 -0.16393
-0.07607 -0.06921

0{-0.00001264492192+ 0.0000158551**

0[-0.00001264492192 - 0.0000158551**

-9.9999 -10
-0.19 -0.18999
-0.16393 -0.16393
-0.00001000000000%** -0.00206638118736**

kK
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D(S) Num21(S)
-0.35789 + 0.6836 1 -0.16391
-0.35789 - 0.6836 1 -0.07606
-0.66293 +0.25115 1 0.02223

-0.66293 - 0.25115 1

0.000203379 + 0.0003638981**

-0.16387 0.0002033795 - 0.000363898i**
-0.07607 -0.00041694650120%**
-9.9999 -10
-0.19 -0.19
-0.16393 -0.16393
-0.00001000000000%** -0.00001000000000%**
D(S) Num22(S)
-0.35789 + 0.68367 i -0.81138
-0.3578 - 0.6836 1 -0.16391
-0.66293 +0.25115 i 0.00000439284272%*%*

-0.66293 - 0.25115 1

-0.000012660+ 0.0000140111**

-0.16387 -0.000012660 - 0.0000140111**
-0.07607 -0.07607
0 -0.0000071808 + 0.000004091**
0 -0.000007180 - 0.0000040941**
-9.9999 -10
-0.19 -0.19
-0.16393 -0.16393
-0.00001000000000%* 0.00228044306931**

sk
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6.4

D(S) N(S)
-0.16615 + 0.2848i -0.45708
-0.16615-0.28481i -0.09824

-0.31398 -0.00001016166296**
-0.09807 -0.00000983833705**
-0.00001000000 + -0.0000100+ 0.00000000430i**
0.00000000000017i**
-0.00001000000 - -0.000010 — 0.000000004300i**
0.00000000000017i**
-0.09803 -0.09803
-9.9999 -10
6.5

D(S) N(S)

-0.3239 + 0.5005i -0.18564218929665
-0.3239 - 0.5005i -0.00009951135109%*
-0.54772 0.000003842 + 0.000007788i**

-0.19009 0.0000038422 - 0.000007788i**
-0.00000100000005** -0.00000968442770%*
-0.00000099999995** -0.000002910 + 0.000003064i**
-0.19 -0.19

0 -0.00000291 - 0.0000030644i**
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6.6

Pitch or Roll

Yaw

Heave

R,

Ry,

Ql 1
Q22
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[3].[4]
0.2 rad/s 10 rad/s
0.2rad/s

[5].[6]
Matlab
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&_ Ts
@ (Ts+1)(Ts+])
T K(r,s+))
f 7 (r,s+)(zs+])
[ 5]
535

0. 1r(a/ds ) 1 Or(a/ds )
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4. 13

A-1 A -
(A-1)
(A-2)



X = AX+ Bu+ Hn (B-1)
y=Cx+Du (B-2)
A B C D n
u
t
oc=E Z\ HyTGy+ u’ Rqut (B-3)
b
R>0,G>0 R G (symmetric matrix) R
G (weight function)
R=C'GC (B-4)
R,=C'GD (B-5)
R = R+D'GD (B-6)

R=R-R,R'R} (B-7)
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u=u+R'RX
A= A-BR'R]
(B-2) (B-6)

o= E{z:[XT Rx+2X R,u+U" Rzu]dt}
(B-7) (B-8) (B-10)
o= E{Z:[XT Rx+u"Rudt}
(B-1),(B-8) (B-9)

X = AXx+Bu+Hn

(B-11) R R R
G R

R R G>0 R>0
R>0 R>0 R'
(B-7) R

(B-11) (B-12)

)
u'=—F(t)x
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(B-8)
(B-9)

(B-10)

(B-11)

(B-12)
(B-10)

R>0 R’
(B-4) (B-6)
(B-6)

R R

(B-13)



F()=R'B"p(t)
P(t) Riccati Equation

-p=R-PBR'B'p+ A" p+ pA

p(t]) =0
6 (steady-state)
law)
F=R'B'p
P Riccati Equation

0=R'-PBR'B'p+AT p+ pA

e, — 1, E{z\:[xT Ryc+u" Rulldt}

meT R1'X + U'T Rzur

lim
= tl _ t0

(B-19),(B-20)
X(t) u(t).[ u(t)], ergodic

Elx"Rx+u™ Rul
(B-8),(B-13) (B-14)
u=-R/'[B"p(t) + R}
(B-17)
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(B-14)

(B-15)

(B-16)

(control

(B-17)

(B-18)

(B-19)

(B-20)

(B-21)

(B-22)

(B-19)



u=-R'[B"P+R}|x (B-23)
(B-3),(B-11) (B-21)

o=Elly"Gy+u"Rul (B-24)
__C
5-23 Riccati equation P
Pi Po Ps
P=lP.: Pn Py (C-1)
P31 Py, Py
Ri P2 (square matrix) A
(dimention) (5-20),(5-22) (5-27)
[F F, F]=R'[B'"P+DGC] (C-2)
A B C D R R R,
(C-1)
F=R'(B'R,-D'QC) (C-3)
F,=R'(B'"P,+D'QC) (C-4)
F,=R'(B'R,;-D'QD) (C-5)

W S P P P

21 22 23
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