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Design Method for Helicopter Flight Control Law Based on Particle Swarm
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Abstract: In order to solve the difficulties in flight control law design of a helicopter caused by its strong
coupling characteristics, an improved linear quadratic regulator (LQR) design method based on particle
swarm optimization algorithm is proposed. Based on the linearized state space model of a helicopter, a basic
algorithm to solve the full state feedback matrix in helicopter flight control law is established based on LQR
design method. A cost function for particle swarm optimization, which maximizes the influence factor of main
state feedback coefficients and takes the stability of the system as constraint, is designed. The multi-
parameter synchronous optimization of weighting matrix Q is implemented, and the optimized main state
feedback coefficients are used as control law design results of a helicopter. The flight control law of a UH-60A
helicopter at hover state is designed and verified. The results show that the control law designed by using this
method has good performance and the flying quality of the helicopter is increased considerably. Meanwhile,
the difficulty in determining weighting matrix during LQR design procedure is solved systematically based on
the optimization method developed in this paper, and the efficiency in control law design is increased.

Key words: flight control; helicopter; optimal control; particle swarm optimization; flying quality

E&TIH:HKA KP4 (61503183) BRI H ; il 25 Bl 2% £ 4 (2015ZA52002) ¥ BT H 5 VLR 48 = BLAG H R i 1%
TR H

W fm HHEE:2019-10-23;1&1T H #1: 2020-03-10

BEESE 26,5, B2, E-mail: scorpio_nuaa@nuaa.edu.cn,

SRS IR, S, WB, S B TR REOL A 0 AL AT IR I AR T I LT ] M A R KRR, 2021,
53(2):267-274. LIU Songyuan, WU Wei, JIN Qiushuo, et al. Design method for helicopter flight control law based on
particle swarm optimization[ J]. Journal of Nanjing University of Aeronautics &. Astronautics,2021, 53(2):267-274.



268 Mow b

PNV S

i 53 4%

H PR —F i B Jf BB A A S R M Y
EFL RAT g, HEERRRURR I X 45 o A Y 1 T A AR 5 Y
P E X 4 R Ge PR RE AR T o A e i
KX T B HL AT 4R AR B B R 45
8RS FE AR A ] A, 20 42 60 4R AR LUK, Bifi %
PRAREE ] B0 Y R I X B ALY i
IO ] A ) S ST R DT R R A TR
dEJE fE PSR ST B T AR KRy R HZ )
SEBRERE T BRI DL S S AR B 1 2 2, B
il 38 H F s BOME N T B S B TEL

Spe A 4 ) B vp 8 M B T A (Linear
quadratic regulator, LQR) &1 24 & &, 4 nl L
3 o SRR S B A A B X 4 R 4 i S 80 AR
ARG T, S BT Y P BR 2R 45 ] A 4 I AU
M QRS R Ge iy sh & i , 3F H 4% ik HAs
FIMER SEEAMEYEY TREESMNME. BErE
PA A0 X6 T e I 4 o B A8 i B LR A i T Oy
BIEAE T R JR B B, A A 2 X IR B 2 800 S B
e 17 B4 52 W AT A AT e 4R L T AR B B XS
R SR H I R DT AT AR R BR T B — TR AT AR,
HIFA ot TARB 50 1 (Y, I T4 Fp il
RSO LQR W SR Bt r ke &4 171R
2 SR R, (E B A B X G A AR I EL Sk R 1
R GE, AR T DL R AL H O O A 4 )
XA (14 H [6] S A ] RS R R B
G ) REUAS ™ 6, DR L S 5t 4 At T S PR fHL
T EIHLX K GRS RS, O H A
i OGRS BOHOIR S S R W AR S R 4E B 1k
R 5 1518 A 15 B A R IE T 3K 8 2 A8 S
TEREZ T ARG AR B 09 . 71 ) B IR ge ik
Ayt g, i) LQR B4 il A I A 1) el 32 24
AR [ 1) B 2ok T RO TR 2 3, HLAS 24K 9 K
St DA A IR v B R G 0 AR R S R
iz B A e, R L QR 5 il 25 0 AU B 2 B0 Ak T
AT AT SR A A0 sk A AR ST TR R

X LR R 118 2 805 0] T, AR SR AR AL
FESS A LQR S 8% 5 B3N e ket it
G IR AT bR HE AT X Q HE MR 2 28 W] 2P A4
AT A 285 5 v 1 FIR S S A A R 434 S LT BIL R
IriE . 7R b SRR LS T TR TR
AT, I PR R GE A 98 5 AR ZE IR B S )
IASCT AT

1 BEANUTEHRHEEREN

1.1 EANFRRREES
AR 3R I UH-60A A5y K 491 BT AL BE A7 42 il

RGWBt  Z N 2A G AR Ltk AR E W S H
i BE B 2 A . LQR 424 8% 44 2B 2
FRGEHAT R, PR 3 B SRR T UH-60A 76
T - THT B A RS 5 2R AT /N B e v A i AR S
23 ) R A, kol

x*=Ax+ Bu

y=Cx+ Du (D

A
= u,v,w, 0, 0,w,p,q, 1]
u=[6,0,06.,6,]"

K AR W i, xRS B AR BT PLR
MRS 2oy =507 o B B IAT AR R B AR
] £ LA S 8 = Bl i) £ B 5 R A ] L AR
G 1a) JE A AR R R 1) JEL A AR BE L EEE DL R R 3 IR
yRE R, EREE M@ ARNLEAEG;AMB
a3 ) R AE G RS i RS AR S O [ S R
AR AR e SRR, C T D Ry & 458 B

B SCHR L9 ] b 4 Ik A0 IR 28 B A, AT 45 21 B
HLFF IR FRAEAE AN 3R 1R .

F1 EFNFRFAEERTLES
Table 1 Helicopter open-loop characteristic values and

corresponding modes

By FRAEAR Xt A 2
—1.5546 ENLPNEN
AL —0.3218 NN
0.357 040.640 7i PRGBS

—3.3089 BRI SRS
— —0.2713 | i%ﬁ%*%js
—0.166 3+0.655 4i PRI

0 SO 1) I 388 P A S

— L E S R P ARAER T A MR GBS,
F B T AT R AR AR M T B R
LR Z RS R A TUE M, K R A B S 2
3 SR 970, LAY ) BRI TE Ry 1, b HOBR 2
73 [B) A58 28U HE A7 hr CQ AR 8, 45 SR A X G 1) o] $ 2%
IR A% 3 bR AN
0(s) b,s"+ bs+ b,
0.(s) as'+ ayst + a.s" +as+ ao
PRYBLA (1) 4% 38 sR BT 55380 — A B R4,
PR 2 22 FECRI Ay DR AV A7 % #8 GAAT 09 A% 36 pRI AR AR A
ADS-33E-PRF X &2 45 i K x0T /9 RAT i B 2
SC, L FHAILAT 5 BOR 57 77 98 5 1 55 4 5 00 B/ ME
HE A A% 32 bR BR300 15 2 9N 1) 55 R AL 1) 1) 77 5 40 il
9 0.989 55 2.63 rad/s, 73 A4k T RAT b AR 4 2 LA
FORAT AR ARG R e XY O ) T T A O A
I VR B 2 B 5% A 2 o R v R AR 2 K A

(2)




%2

KRN, 45 2 TR BEOR AL A ELTH LR AT P A B 5 ik 269

il AN A, B G T 7 Bl A e, A ) A
SRR TRAT A BT A 1 B R (H R AR 5 IR H AL
A A 1] R A AR T A 1 O Y AN AR E
2% R IR i AR 1) 388 3 ) S5 o i 7 28028, PR O 2L
I 5 A ) 2R G0 AT AT AL
1.2 EFANERTCITEGE
ARG X B THALIT PR R P 1 20 7, S DAk &

Gk e M 1Y P BR R Gl I A AR RE ) L B R G
R IR AT R BT R R Gk AR
SN (3) R 1 BT HL A B R AT AR AR A

0. =—K,-u—K;,-0—K,-q

0, —— K, v—K,-p— K, p

0, —— K, -w

0,——K,-y—K,-r
2 R B Sy R N A IR S B RCBHE L LA KA
8], JFC ) B R SR IR S A o B0 B i A B 1) L 481 R
o 22 LQR & 4% 353t 5 45 3, i o8 H b 22
LQR 4 il #% B 115 21 i 52 458 (B0 P 2R 28 52 5% 1 1)
T5 R M kL 7 R AL T 4

2 SIARLFEMAE XS E LQR
itk
2.1 EFLQRUEFANEHSHIZIT
L33 LQR 5] 88 B9 1 3R R 48, 3 & p e
S b 2 g MR AR o R G52 B S ik
5 Hf ek IV P A O T B R e e A
BB 4 A IR S 1 T AT R L 5 A
A1) AR 525 (75 A AR A A

z=[u, v, w, y,]"

(3)

W45 22 Ry
e=z—Yy
F AR N E EAR T R ZE R AU
é:%—%ZO—CJi:—Caﬁ
ALY AR A3 (B ALy
z,= Ax,+ Bu, (4)
A

[x} .

Ty=| [ [up=—u

e

XF(2) s 2 40 AT e AR 4 il it 1 R 2
fE T8 b PR AL
J:%Jo‘m[x”T(t)Qfﬂ(Z)Jru;(i)Ru/,(z)]dz (5)

/N RS R A A R . U QR A
U B R BUERE s, 0, 00 500 0 TR AR S A
[F) A 28 ) DR 28 R I M A AR R o TSRS B B PR 2R
ARG AN

u,—=—K-x,
WMu=—K,-x2—K,-e/s.

R ARG TR . N E F ] L
Bl GRS RBHER K, STERERGEREN S5
APERE MR 22 R M KRS X 48 4 1Y
RGP BRER PR . Bl A e I AR R LA R
&,

4R . B%ﬁ‘

1 PR GEE R

Fig.1 Model structure of closed-loop system

o=

hN
I

2.2 WUEHRETFHNEH
HURE P A2 M BRRE 0K A 1 80 0 R 75 R
B R T AR U 5 M L LQR 5 2 0 P
AR B FE QAR 5 51 B MR 25 0 1 5 5
0 A, % 1 A BB 7 2 10 25 B L % R
FEY BRAEL 75 4 15K A S0 FUBR R Q
ST 2 B AL 2 50 LU R 1 3 4 3 3 2 B
Q—ding[Q. Q. Q. Q Q. Q. Q, Q, Q]
2 2% 2 Rk S AR PR 2 kA o 7 S R K (i
o R B 4R 5 Tk 3K 5 R O
Q KB 3R BOH A 4y B T %4 45 AT F4E . £ LQR
05 P AL B RS B R P 2
R TS
RO e R

K= ’ (6)
k;‘ol k;‘ol e k;‘ol k;ol
k}l)ed /eﬁed e k;;ed k};ed
X T — e B AR R GE N, BN BRAE A S 5 2
¥
k}{ong e k(l[ong e kéung
_ Y S N S N 1
K - kcolp ’ (7)
Y ST S

A LA 12 B 5t 245 4 4 R i A i b R P R
A AT 2 8 IE SR 5, AR T AR R B R
A BIEE SC B A g R TR AR T
il id LQRIFS AT 2 A2 2 (6) B s i RO 4 4, T
T 1 18 38 3 X A [ BE AT S B A A Tl K
WK,

N TSRO M Q i e, A SCRE SN X
(8) Fr 7 B AU e Joi o PP RS, A



270 o

TSI NI NI -

i 53 4%

Jo=1, My, +L-M,+I,-My,+1I,-M,, (8)
A I ACE , AT AR 6 ARG SR 3617 R B, M o iR
I A LR BT O A, B T T A R
Har

kxllong 2 kIl;mg 2 klong 2 klong 2
Ml"“g - (klllong) + (kl](ung) + (k{ltong) + (k:ong) +

BN (R (R (R
=) + () + () + ()
R 5 Jo £ TF M R EICHE S s 1 L A SR 1 1
6 bR R B, TR A5 F R Sk T B 3k S5 /ME B2
YU A% R B Q ) IBUEL 1 0 L AR i e A0 4 o) it 3
AT DA A5 AH L AR IR 2 R I3 B K, e K i e 3R
I R BRI 5 S H N H A R O I R BDAR B
IR ERVREME 58 B T BAR A 4R T S B0 T
2.3 ETHFEHEEINBEREMRL
B 7E Q 25 Bl AT m AN KL, ki F i 1
PLE R 2= (T, Ty Tigs o5 Tig), LT T Y By 3
H 0, = (Vs Vizy Vigs *o0» Vig); IR TERL T i Y R T
b R AALE R po=(pus pios Piss ++5 Pio)» TTE
JRA m AR A8 R L BB p, =
(Dats Pz Dass = Dea)o WKL 7 1926 d 4 50 R 1Y A
YR B3 1 1 3 A 2O 7 8 3 B8 T8
) AR H
vy ' =wevl, o &(p

=2t el

1 — xi) e pra — xia)
(10)

o 2 R IEARREL; w MR 5 ¢ Fl o, K2 )
RE & OB 1K [A]F45) 43 A (14 B HLEL ; - o ki
THEMARN T 0= 1,2, ,m;d = 1,2,
Q. X (10) K WIS L b 45 KL 5 L8 45 pR B /Dy
HE AT B DL R A A B P A AR U\TXT
2 (8) Frr 4 b bR BCEUIE (B30 vh BR Oy 36 7 )
k.

B RESRLE BT 0] R S 50D SO B Ry
i SR R S R SR A R — R OTAT SRR BRI % AR
Bk VBN —FBLPLS B O & 1 e & U R i 1k
Bk LVO TN T2 BR Al e J e R A

7‘7@[14]0

FRIE b A3 T F X 52 A eR R, 4l R kL
T REAR AL B Bk A7 BUE [ 2 B0 i B BR
.

(D) Wah Al . AERE a5 ) R H ™ A — > Bl it
Q1) =diag([ Q. Q. Q. Q R, Q, Q, Q, QL X T
ASSCT &, 00 46 R S Bl LI 9 0 A 6 B, 5

Qs+, Q04 LQR # il # v X 7 44 R A5 22 9 Q J
e 2 80 BEHL ™ AR AR T R0 06 2 V(1) =
(VQ]’...’VQQ)O

(2) WM AREQ (1) FIATERLEE T 2450, 3t
L BEANHL A Bk — A s [ 193 N

(3) AT HBCE AR 7 3E 5 T 8

o A VL JEE e, A0 S HTAE BEAR, U e B 450 Ry 2 I
{H 5 o3 A 3 7 {E 55 B o AR 35 B g, AT
AT, M g B4R 2 TR

(4) o7 8 o 3 0BT o 3 NS o B BT I L AR A
3 (10) 5737 B F 1 380 5 55 00 B8, ™ A B 1 B RE
Q(r+1),

R A5 45 R, Tl R R 4 R A AT 4
WA R REN =+ 1JFREI(2), HEHE
KB R KRB R . SR FMEFEHN AT
e 38 AR U B B e v R R SR (— i Dy 3 R [
B, S b B R T, AR SOy ik R 1 R B R
SR AT A S5 KR AU o 85 41

3 EANMITEHNRZTEIES A
INR G

3.1 ETHHLQRAZEZITEAN ITEHE

AR AR ESEI e o HE R 1.5
L R 2 IR B R 1o MR AR w R
0.8, P FLAL B 100, e K i ARk FI 200, 4 I
PG AR 2o AR AU R SO A DT A7 R S SR 2 R
B2 i . M RT LA 1) 48 S 04638 B 1 AU

10

8

6 H

SRV 3

0 SIO l(l)O 1I50 200
HAAH K
B2 Ry Bk SO S s
Fig.2 Optimization process and convergence results of par-

ticle swarm optimization



%2

XUFA IR, 55 55 TR0 HEOE AL Y BT BL AT F2 il A e Ty 1k 271

W o P AN pRBCAE BEAT SO IR ZE A AT R R B &
SN B BN 8 s, R M w1
DL, 5 I [R) i A AR I 9 O e 45 2R O
Q=diag[0.254 9 0.019 2 0.505 6 8.096 2
0.01 59.276 6 52.919 0 33.742 9 49.182 5]
B AU AR 3 (4) BT 7 48 A ok 2, R il X
(1D PR AR RETT A
PA+A'"P—PBR 'B'P+Q=0 (11)
YU RT LA A5 1) 15 AR RO R
K=R"'BP (12)
T B A5t 2 KO0 [ o IR S B 5 2 B
A(3), Mo 45 2 € AT i il A O A R k2
JI 7R

R2 EHSHHEERE

Table 2 Value of control parameters

SRR I fE

—0.494 2
17.781 6
7.574 0
0.117 2
8.095 2
5.3836
—0.6701
7.4017
7.692 6

talie

ek E‘W }'W 'GN :'N cm

=

3.2 EAVARRSEMEES
3.2.1 @ d kAT S A H) A S AL R S A ) 2k R
o5 Hr

HY TS SC Y 43 B X 402 UH-60A B FHHL7E &
155 i HEAT BC P (1 /N B 2 PR AR AL DR O AR 4 e 3
KAT B KAT &L LIS ADS-33E-PRF, XF T /N Ig
JE /PR AR B 2R 48 B 4 SR RN I /e A R
S5 ) v FIRE 7 JE SR AE TRAT S T4 BT

28 RS SO S A G ) B3 IR A 2 ) AR
ANy

u —0.8398 15.125 —2.6716][«
gl=| 01689 —3.3504 —5.9497||q|+
g 0 1 0 0
—1.6509
0.3346 |0,
0
ARFA 13 X 2 1] ] 353 2 B %) 4% 32 ok 0Ky
o(s) 0.334 65+ 0.00213

0.(s)  §+4.195+6.2085+ 5.448

1 Bl e A 138 PR BB B B SCHR (15 ], B
1
0.001 14s* + 0.047 3s + 1
19 5 B R, ) GO AVD 43 X 24 1] 5 AT 044 £ 326 R
B, AR PR A 3 TR
0
g 50

Servo =

System: Untitled 1

o ~100F

g Frequency: 6.38 rad/s

£ -150¢ Magnitude: -42.2 dB
_200 1 1 1 1

0% 10° 10° 100 10° 10' 10° 10’
PR / (rad * s7)
(a) Magnitude bandwidth of pitch angle

System: Untitled 1
-180}  Frequency: 4.08 rad/s
Phase: -135°
-360 . . . . .
10* 10° 10 10" 10° 10' 10° 10’
HAZE / (rad * s7)
(b) Phase bandwidth of pitch angle
3 A f % 2 e R AR 7 1A

Fig.3 Bode diagram of pitch angle

AHABL /(%)

ADS-33E-PRF v SCAH LA — 135 9 451 3
AR FE L w150 BRAE Y | 6 dB &b S 4 25 407 56, W
H WOV S BT AL SE L N 3Rl LA L &
o AR 25 wpwe O\ 1) S A ) BB T
4.08 rad/s, 2 3 55 44 B A AL I R 7, = 0.039 185,
5B AT b R ARG 1Y ] B R LR R T — R A

28 RS U5 A R AL 1] 38 TR 2 4 )R Y Sy

v —0.1577 —6.7944 12.0695 244018 10.9989 || v 0.9420 —1.486
P —0.1976 —10.7327 6.5411 —10.799 6.2219 ||P 1.334 —0.8406 5
7= 0.0066 —0.2485 —4.9805 —0.2213 —4.4706|r|+10.02734 0.6040 [6}
@ 0 1 0 0 @ 0 0 !
v 0 0 1 0 7 0 0
VR Bt 0 K A ) ) D) A R A% 8 eR IR b AR 1 O TR A A vE K . RS R
o(s) PRECHINLFEIR 7, = 0.039 49 s, T I RAT Ah IR .
0.(s) o
3 2 - —
7 1.334s° + 6.847'5 + 6.1535+ 0.018 25 % 50 System: Untitled 1
s 4 15.87s" + 71.41s" + 112.8s* + 80.73s + 27.13 am ~100 1/O: In(1) to Out(1)
. v _ . . IE -150 Frequency: 9.02 rad/s
3ot I 30 5 0 RO A3 0 o Magnitude; -39 dB

B BT 9 fe 1 R AR TR N 4 i . Bz b
ﬁﬁﬂlﬁaf'ﬁ]@ﬁ%ﬁ Wpwe — 6.85 rad/s,@ﬁ?_ﬂﬁ

10* 10° 10* 10" 10° 10' 10° 10°
R [ (rad * s7')
(a) Magnitude bandwidth of roll angle



272 [ S S |/ S N - S SO 53 &
180 i} 6 LLE H 0 1shHfE &
e, P— FE, NI 6 Hm] LUE W W FE 1 s i 223 AR IR
= VO: In(1) to Out(1) BB, 52 4 A T 17 30 1 19 I K

= 1801 Frequency: 6.85 rad/s
= 2360 Phase: ~135 ° 3.2.2  AFEAURATIE R A A R vm B 5 AT

10* 10° 107 10" 10° 10' 10° 10’
PR / (rad * s7')
(b) Phase bandwidth of roll angle

4 TREE A% R AN 1R
Fig.4 Bode diagram of roll angle

[Fi) A5 210 ) £ X A 865 A2 368 R 5011 4 =1 T
SR . KGR 0, = 4.36 rad/s, T3 17 #
PAARAT HEIR 7,, = 0.039 82 s, Al BE HLA 1 5 (1 sh &
PERE

g S0r System: Untitled 1

— —100 F 1/O: In(2) to Out(1)

pr= Frequency: 6.7 rad/s

£ 150 Magmtude —38 6 dB
-200

10* 10° 10’2 10 10 10' 100 10°
A/ (rad * s7)
(a) Magnitude bandwidth of yaw angle

0
< -90f System: Untitled
E -180 F 1/0: In(2) to Out(1)
= 270k Frequency: 4.36 rad/s
% 360 Phase: -135°

10* 10° 10° 10" 10° 10" 10° 10
PR / (rad * s7)
(b) Phase bandwidth of yaw angle

PS5 i i) Sy 3 bR AR 7 ]
Fig.5 Bode diagram of yaw angle

2 DR A I 5t R Y A [ BALIE TE B
w=—5.601w — 7.9215,
T () 3 BT A R R A A% 3 PR B
w(s) — —7.921

6.(s) s+ 5.601
TRAT LT P O B AT 4 1 3 T A AR 38K
FE b, H R A B A5 B I A GRS TR 3 1) ol
Xob B B DN G4 W R AE 5 s 2 A KRB — B IR
3 (1] 38 T8 A 3 0 A0 R 6 B s . A A B B BR
55 AR R R Y B AR e, DR Ry T 0
M 137 5 R 2 B4 AL A4 Bl A8 A 2R 07 1 B2, DAL ) 7 Ay

0.1
~ 00

£ -0.1+
% -0.2r
:IE -0.3F
L

=04+

0.5 ' : . :
0 2 4 6 8 10
AR /s
B 6 T ) o o B 5 A )

Fig.6  Step response of vertical velocity w

R B UEAR SO ) S BB 5 2k 0 R AR A
1.2ﬁj“*ﬁﬁ?ﬁfﬁﬂ%éﬁ&ﬁﬁ%?—tﬁﬁﬁﬁﬂ X
TRE 5 4 1 BB P B LA N T8 TR A A B8 0 2R AT 43

B, A5 EAERLNE 7 FiFs .

B 7 EITHHLIAIR 2 G ) HAR T

Fig.7 System simulation model of helicopter closed-loop

i N\ ) S e R A 1 A A 4 B
g 137 o DAL i)k JBE Ol ), 45 2 10 m/s RO TR A 4

T 30 A R e N AN P 8 T s o H At 3 T B e o
s 9 fr s .
12
10F
~ 3 — ERERBu
T‘m AAAAAAAAAA Iﬁ%&&/zﬁu
g 6
S 4t
2
0 1 1
0 10 15 20
FF1El /s

P8 2 fi 3o T T3 JBE i 4 i
Fig.8 Longitudinal channel response to forward flight

speed command

0.25

— ERE R Y

0201 - ERER B
2 ots SRR W
s 0I5t — ERER w
& o10}
2 005
PN

0.00

-0.05 . . .

0 5 10 15 20
BFIE] /s

[£1°9 R i) 5 0 ) 3o X T A 4 1Y )
Fig.9 Transverse and vertical velocity response to forward

flight speed command

B 8~9 Al LU, G0 A SCT7 ik e it i
el R g, 3 BA L R IR ERVERE , OF A
AL P T T (R AR HE T, BR DN 1) B e 22 S A H A
3l 38 J3E A1 ) 7 O B 3 I TR E ieB [R RT LA
Fe BUAS SO R TR AR 3 Bt 28 B0 i iy D 36



%2

KRN, 45 2 TR BEOR AL A ELTH LR AT P A B 5 ik 273

g5 H AR RS IR R e sh AR L+
AYHENT b O 6] S B o RIS R T AR R
Tt AR S 1] 3 5 o 1) 00 ) 220 T 4 RS I L i
Tia] £ 1 9 A P 10 FIF R

2.0
1.5}
1.0}
0.5}
0.0
-0.5F
-1.0

Wi /107 ()

0 5 10 15 20
ENETIN
PELTO o i) o 0 I3 B2 5 4 1A i 7
Fig.10 Yaw angle response to forward flight speed

command

TE P H A DL A SCRT e AR Gt Rl 1
UL 1) #f DR R 5 T A AR B R L e R GE R P A T
ARG B RGE .

BAE BT B B THILEL 2 D5 TR RS T
R IR R e 251, A0 1) A Ak 2 At T S B/ B
B R ] f A B 25 RE A 450 4R 4, il
SEL DA NSRS P2

50

40t

30

20F

LG AQ)

10F

0 g 1‘0 1‘5 20
B A /s
BT i A X i R 4 6 ) iz

Fig.11 Yaw angle response to yaw command

b R AN P 12 B . AR R TR e R R
R /IN AT, g ) A bR 2 T R B R A AR Ak A ]
Af, A PR 25 7E 4 o 4 0 VR T e o 2 AR

o AUIRES R Mitu
—— FRE R Mtu
RS R By
—— FRE Rty
....... SRS R
— FRE R Bw

0 5 10 15 20
HF 18] / s
12 =l B X A 45 42 0 e i

Fig.12 Three-axis speed response to yaw command
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