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RESEARCH AND IMPLEMENTATION OF CONTROL
SYSTEM FOR MICRO HELICOPTER
WITHOUT SWASHPLATE

ABSTRACT

Micro helicopters have the characteristics of low cost, small size,
simple operation, etc. They are capable of vertical takeoff and landing,
hovering, and low-altitude flight, making them widely applicable in both
military and civilian sectors. Compared with the traditional micro
helicopter, the micro helicopter without swashplate does not need
complicated swashplate mechanism, which makes it lighter in weight and
easier to operate. According to the structural characteristics of the
helicopter without swashplate, this paper mainly focuses on the motor
control and flight control of the main rotor of the micro helicopter without
swashplate, and has designed and developed the control system of the
micro helicopter without swashplate. The main work is as follows:

(1) The mathematical model of micro-helicopter without swashplate
is built. Firstly, the flight principle of micro-helicopter without swashplate
is described and its mechanical structure is designed. Then the blade
dynamics model is established by blade element theory. Finally, the attitude
dynamics model of the helicopter is established based on Newton-Euler
equation.

(2) The main rotor driver of micro helicopter without swashplate is
designed. Firstly, in order to eliminate the influence of back EMF on torque
in traditional field-oriented control algorithms, pseudo-Park transform
matrix and voltage feed-forward compensation are introduced, so that
brushless DC motor is approximately equivalent to brushless DC motor,

and speed closed-loop periodic variable speed control can be carried out
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according to the method of controlling DC motor. Secondly, the improved
algorithm is used to build a simulation model in MATLAB/SIMULINK for
simulation experiments to verify the effectiveness of the algorithm. Finally,
the circuit of the main rotor drive system is designed, and the software
design of the main program and interrupt program of the system is
completed at the same time.

(3) The attitude controller of the micro helicopter without swashplate
is designed. Firstly, Given the strong vibrations and high motion
accelerations faced during flight, to obtain the accurate attitude information
of the helicopter without swashplate, IIR filter and variable noise
processing are added to the traditional extended Kalman filter to improve
the accuracy of attitude calculation. The simulation experiment is carried
out to verify the effectiveness of the algorithm. Then, for the problem of
attitude control of micro unmanned helicopter without swashplate such as
the pitching motion and rolling motion of the helicopter, the serial PID
control with attitude angle as the outer loop and attitude angular velocity
as the inner loop is adopted, and the angular velocity PI control is adopted
for the yaw motion. On this basis, the simulation model is built and
simulated. Finally, the hardware design and software development of
helicopter flight control system are completed.

(4) The experiments of flight test are carried out. On the hardware
platform of micro helicopter without swashplate, the periodic variable
speed control experiment of brushless DC motor, the single-degree-of-
freedom control experiment of helicopter, the three-degree-of-freedom
control experiment and the actual flight experiment are completed in turn,

which verifies that the designed helicopter has the actual flight ability.

Keywords: micro helicopter without swashplate, brushless DC motor,

periodic variable speed control, extended kalman filter, flight control
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T, OF M7 ARM I RSN, 0.2 W TR AAR R, 0.X, KR
BFRMBE, ERITAARR T b, 538 RN 1 .

SHARRR O.X 2, ABR AR 0 15 O RS 5 W BHEB I R 2 1578
BRSSOz, HPAT FASEE AL LT 1A L9 iE . 0., B s AU 4 1 47 3¢
Ty 0 5 5 AR K D o Oy, BOTE 7 T80 b1 A T MU

SRR R 0,X,,Z, s AAF R IR0 4 0, R SRABOERIN R I 57
BEHRIOZE 1 0,2, BT AT TASPE AR FLIT i BN IE . 0,X, H 5 3R 4 AT,
HAE Ty W 5 3o AR KT o 0,7, FITE Dy 10 b1 2 WU

ARATR D-H KB Fe 3 5 2t A s 2 IR R Al
R RER M BB AR R BB R IR R R RE R, St =ik
A HRASH, ST ML RR BB R R R S

R = R-ZIRAIRE)

1 0 0 cosA sind 0]1 0 0
=|0 cos(—z/4) sin(-z/4)| —sind cosA 0|0 cos(x/4) sin(z/4)|(2-1)

|0 —sin(-z/4) cos(-7/4) 0 0 1|0 —sin(x/4) cos(x/4)
| cosA J2sind/2  2sinAd/2
=|—2sind/2 (cosA+1)/2 (cosA-1)/2
—/2sinA/2 (cosA-1)/2 (cosA+1)/2

H TR B B 5 AL 2 RSP T2 e 3 AR AT AE 2 B gURE, DA e DR R 243
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PR @, 7B XN ABFR R T O X, i 47 [ B 5 R B R T X, 0.2 “FIH I
1, WK 2-8 s

] 2-8 124 5 15 2 44 i 6]
BEIRA o, KIS A AW (Q2-2)Fr7R:
V2

———sinA
@, = arctan(%) (2-2)

~+=cos*
2 2

FESEA o, 78 SUNITABBR R O X, Fllf S r B 5 R B IR R R X.0,2 F
A, aniE 2-8 Fron, 5 ¢, Rk A XX Q2-3)7s:
1

@, = arctan(—%cos/l + 2 ) (2-3)
\/lsinz A +lcos/1 +l
4 2 2

AP 6, 8 N AL RR R oy, ) B ) B 5B AR R T X 0 F
M)A, ki 2-9 frwe:

v

\\§§

%] 2-9 A £ ] €]
PR A 6, Fik X =N2-4) i
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- —2 sin A
6, = arctan(z—) (2-4)
1 +—=cos’A
2 2
HE0(2-2) M 0(2-3) AT %0, AR BE A AR HR A K/ E], B —EfE oL T TSR0
R, THESE M 53 A AN RAERMEEM R, HERERESH LM A
XMfE— B E, &EdeM A MTEEN-15 ~15, WA A0 B 5 B E 2

LM SRR RN R R PTRERINE 2-10 Prox.

— R
— it | |

s/ ©
B 2-10 #5215 AR A 5 07 AL AR R K
HIEHZE TR, SR SR MAE 0 ~ 2 2], ARBRAAAE —12 ~12° 2 (8], M2 T,
FESEAARVIN, T AT ABh W% 2 A 0 e 350 75 257 LUK S 3h 56 D5 T (5. el ik
FIRH, 2B s R HE SR A rh T AR B A 0, B AR SR A LSRR .
WKL B 735 5 Rt IR WA e ] om0y -

g%%+%x5M:sz (2-5)
t

A AR BRI bR RN RIL, B BT

[xb dwxb
dt

+ (Izb - be)wybwzb = zbe

dw
I, 7}6}) +(, _]zb)wybwzb = ZMyh (2-6)

y

dw,,
dt

e M, My« M, 3R IR AP R R O,X, O, 0,Z, 1M I, <
Ly~ L, 73 2R 22 MRS R =Bl BN s wy, v w,  wy, IR AR,

Izb

+ (be - be)wxbwzb = ZMzb
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HAER AR R A = A B &2 50N

w,, =—¢, siné, cosg, + 6, cosb,
W, =@, sing, + éb 2-7)
w.,, = ¢, cosf, cosg, + 0, sin b,

e o BIBIRA o, GRBEL 1 o, <M, 1L NS IESE A XS RHR D) )5 U3 )
LIRS, M ¢, 700 . SRIRA o, ITHIAZEE AT 6, A0% . W] 15 2]
R AL S RBIE S o, Z2HS 6, L TAIHIR R

222 FIRENNFER

N T 75 S AL S AR B e 3 R G BUA Y, YOE — BT IR A . R
FEETHILEEAT B RATRY, SRR, SRl ) DA LA A 32 ol 1Y) 2
SREIEAS, DLRIESE X ER SBIRIRT . thAh, b F BB BRI
A ANAFAEEESE s HAS SR (R 32 B 20 00 BT it RO R AR 58 4 — 2

N T HE R M52 FIROL, ARSCRA T M ZR B XR #EAT o fr 5 TP
B, KRR RN B, BIEEAR R BT, RE, R AR ot
17327350, RIS AT T B, wT DA E A T s B R, A
TR, e R MR R B R. &E, BRI BRI
FPTRNR B THEAT RE SR, MR EIE IR B Rsi 167, Bkt
PR SO LU BB A I 0 5 TR

dL

dD

B 2-11 Jem i 52 7
To N BTG 22 M- T 32 0B DL & M2 Boc i 2 0, il 2-11
Frim. CAIEANLEREER N AEE A Q, WLEAR - 2 B35 T K- SR i
REY Qr o 5 2 RH 3 IR 1 18 2 0] SR N -
U,=U,+uy, (2-8)
e w RE T, U, £ 5 A B T )RR . A, AR R
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BRI AR R EAEE .

U=ﬁﬁ+Q%2 (2-9)

Jie BT 5 ST SR AR A o I

U
a, = arctan—= (2-10)
r

SR 7R SR FIAR B T TR e A, Herb— 20 2 B TR s i i o
R, ARTH PR oTike B, R R SHRA o 2R B 6, 577 A KA
o, Z B RREOC R, Al PLEE Q2-11)THEAR B Sl A

a=0,-q, (2-11)

S Y AL e Sl Vit Y M A WA R 112 WA T 7 S

1

|dLF§pU%3mh

| (2-12)
|¢DFEpU%5mh

e p BAESE, b RN TEREZK, ¢ REMTI AL, C, RN A
.

CATV 3 aL T 1108 Z %, BH7 7 dD T3 18109 X Hih, v Bl SRR &R Y il A AT
RIS ARAR 2R, W dL FH aD FE AR bR R A IR IE

{ﬂ=w0|ﬂﬂ

dD=[dD| 0 0] 1)

RIAFH R BT 1 5B AR A bR 28 N IO RRIE DN -
{ dL, =dLcos(—a)—dLsin(—a)

b
dD, =dDcos(—a)+ dDsin(—a)

b
e 151 )1 E AR A RN RIE:
rw=[0 1, O]T (2-15)
KA 1 WM RBERA L o, FIBEES . RIS R BT T I S I 1

{dMLb =V, deb
dQ,, =ry, xdD,

(2-14)

(2-16)

IR AR 15 28 7 I BTS2 (01 7098 5 P03 :
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(2-17)

M, = .[OLB am ,
O = .[LB do,,
e L, MK E o ARV F e 3 ) HE I 7 ZE MBI 7, AR M A7 e S

YRR 22 0 AR 70 9
F, =-ma, =-ma,a, (2-18)

K m AR E, o, AREAAAR RIEBUEALSR R A BIIEEE, 7] 73R Y)
[F) I B @, AV R IR B @y o FErP U0 1) DI FE @, AV TR DI FE @, AT 3R A :

ar = |:_Wh - Ly, -sin(g, + _) W, - Ly, -sin(g, +

N 7 0}

|w, | 2 |, | 2 (2-19)
a, = [wh L, -sing, w; L, -sing, 0]

e w, NHNEGHE, o NRNEERIME, L, WRBKE.

FES 2.2.1 WRTESLHIBRAL S )05 R, Oy VR T E R SR E R
REERS B T AR AR AR 2R DL (B RUOMAR I ) SR AR I 255 J b L, Py DL
ZBUASE i e O SR R i 1) BRI Al s 23 v 25 o AR S AT AR AR 2208 X, 8
FERE MG 9 -

R =R (6,)R ($,)R (9, +,) (2-20)
gif B30, AT AR SR A bR R N R
F =-mR'a, -21)

TG B R 2R AL R 2R N Rk Ty
@zp-?;ﬂT (2-22)

A LRI R . WIBHE T REAE 2R AR AR 28 N AU RIE N -

M, =r,xF (2-23)
ghif IR T RGBT 52 41 1A A AR BR R N ZRIE A :
My=M, +0,+M,=[¥M, SM, YMm,] (2-24)

223 BE1EFEE

T IE AL R e 38 47 D 26 e AT i) R, DAAE ELTHHIL RS HEAT (i A4
B SERBEAR, RieREMNITE, HAERIZM BN, B - dris 8%
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o RS IR SR RN, T AN 257 RS R e SR A Je TR 6T 3 3 3 1 2 ke 3 P L
RO, ) AT e e 3 7 A i S e, i ELAE REFR ] RAT AR i m i . B4R
Pl B B o A —ANEUN Y S AR, (Bl A K, W BLA T LI E
FE M BRI 2 B s e, B 5 R R e 3 AL i A g, Hat a5
LU

F =C p(Q R V7R>
{ e trp( tr tr) T tr (2'25)

M, =C,p(Q,R, ) 7R,
R FORRRIES, M, R T IR O M A, R, R
B, C, RERNE AR, O, RRRIEE, |, 2RI M T T
B IR B

2.3 MEITRBENKFEE

2.3.1 EAHHNIELIRRE X

MR ET L LA B, A BT HLE S HOBLIAR T R oxyz A
KT R O,X,Y,Z, . I ELTHHL Ik B FLIE Sh AT T (2 25 R o R
HEASKT R L, AT, BRI AR RERKR i 0=[p 0 v] Ffl
I . B AR O P B 57 2 P AT 2 RO AT 2 2 10 6 R BT A« 01

K& 2-12 ffioms

Og X
Y, ¥ ‘ 5 A
FrRA&
Z

Bl 2-12 LTI s 2 77 ]
P, AR AR AR O, il ERAEE — =, HKPF I ERE R N

O,X, WIIEJi . 0,2, M ETAFH, HIEFFRALG, o,y M)
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A fA T E N E, JFEET 0,X,Z, V. HUAMYES 5 oxyz SHUARE, Hlik

bz & OXYZ IR AL 0 N EFHLIB s ox BPPAT T B AL FRF 1, HAg )
MLEHTTT . 0z M5 RBEFAT, 1 FoAIE. oy M E T oxz P, J7Ini80E4
FEN,

it AR 2R 5 MR AR 2R SR [T, 79 AR 2R 22 18] i el P R £
SE X R =R AT A B e o Bt FARER 3R O, X, Y, Z, 4E IR <ZY X (¥ BT i
, BRSO,z MR RN R O,XYZ, , SR HIT I ALNS R O,XY'Z, 5%
OY' e BT I AT R O, XYZ", e I IE AL AT R O, XY'Z' 5% ox Fliie 13
FIPLIARA-FF 2 0XYZ

580,z e y 133 e R A -

(2-26)

R(y)=|—-siny cosy O

0 0 1

cosy  siny 0]

LR oy Fie’s o 15 2T/ A -
1 0 0
R(@)=|0 cosf® -—sinf (2-27)
0 sinfd cosd

5t OX HhiEHe o 132 e RN -

cosp 0 —sing
R@)=| 0 1 0 (2-28)

sing 0 cosg
M T AR AR 22 BN LR AR AR 52 B L RE RGO «
R, = R(y)R(O)R(p)
[ cosy siny 01 0 0 cosp 0 -—sing
=|—siny cosy 00 cosd -—sind| O 1 0 (2-29)
0 0 1

cos@cosy sing@sinfcosy —cos@siny  cos@sinfcosy —sin@siny

0 sinfd cosd ||sing 0 cosge

=| cos@siny sin@sindsiny +cos@cosy cos@sindsiny —sin @ cosy

—sin@ singcos 6 cos pcos f
WURAAAT 3R 5 BT R AP EATAH L e, TR ARAR & oz il
BAEKR R 0,z W7 A, R ERR B AR R R TR LR 0.z el 71 o,
BURTSEIl . PRI, e 3R A i 2 BB A B 2R IR e 2 R
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cosp, sing, 0
R’ =|-sing, cosp, O (2-30)

0 0 1

232 HUREIOFEE

MR 2.2.2 Al FFIR AR bR 28T AR SBT3

dF, =[dL, 0 dL,] (2-31)
FLTTHUZR I 22 AR AR 2R [ LA AR AR 28 28 3046 [ 4 2CT s
R’ =R'R’ (2-32)
11 30(2-31) 5 3 (2-32) A 15 M- 3R B IAEN R AR R R N HIZRIE N :
dF, =R)dF, =[dF,, dF, dF,] (2-33)

K, dF, < dF, . dF, 53 RIOIHURSE LT A /1« BT 71 LA R TS AR B e
DIAURASAR R X« v o Z B IETT A IE . R IXEE AR ALK AT Ry, P
WA, 5 rIARE S R S 21 3 e 3 2R (1< sh J R e

Jie BATHAM /3

1 p2r oLy
XFZ;IO Jo dr,dg, (2-34)
JRRENR 1
1 27 Ly
ZF=;LJ;¢QM% (2-35)
R E i)
1 r2n Ly
1;=;L [ dF,dg, (2-36)
(HREYAPER
_ 1 27 Lg .
M, ==—[ [, (dF, |-|dF,, Drsinp,do, (2-37)
EAm 7356 -
1 27z Ly .
M, =[], (dF, |~|dF, |)rsing,dgp, (2-38)
it I -
1 27 ply
A4,=5;L [ rxdD,dg, (2-39)

W EFHHAE ATH B2 0970 F IR M a5

20



74 MW N 2 TR e VA

F X, —mgsinf
F{F}} Y. +F, +mgsin(pcosﬁ}
F Z. +mgsingpcosf (2-40)
Mx
M= M,
M +M,

X, m AR ETHLR LR, F o M 300 ERENUE B AN Rah 5.
Hrb, F . F,« FARERELENSSIEIELIRRE X . Y fl Z b

=R, M M M+ M, SRR E NS TR AR RS R AT
MR, Wi =""7%.
WRPEIEAIZ B 22 DT, AENUAR AR R T 1183 5 RE T H O

F=mV + v
m Xm (2_41)
M=W+oxIlw

Ao BN KR E Vz[u v W]T, a)z[a)x o, wZ]Tﬁj\%Uj?%ﬁ%[ﬁEﬂ

WUEEN AR 2N BT FEAN fd B2 Ok i g BRI ibn s I Ok AT 546, B
AR EITCRH BT HLIN S B EERIA S 15 TR

u v —qw| {Fx ]
) 1
v|=|pw—ru|+—| F,
. m
w qu — pv F
) - (2-42)
a)x MX a)x a)x
o, |=1" M, —|o, |xI| o,
o, M, +M,| |o, @,
TR BT RSB 15N
O =R(O)w (2-43)
JEIT ] 15
@ 1 singtand cosgtand || o,
d1=|0 cos@ -sing || o, (2-44)
W 0 singsecld cosgsect || o,

2.4 KREBING

AT E S VEATHE TR E R BT LR AT IR B, JEEE 1 AU EE # Y
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B, R EAANUME AT . 25, SR R ENER E e 347 7 fr it
B, AEEAEA B, BEAT IR B 0 S R A, 45 3 e BRN R 3R (1 R B g s A
e, IR SR B g S AR A - Ry A R TP B NI B )
A DL BEAS ELTLEEAT DA e i, 15 i BT LE s sh AT 2.
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BIF FHEEWRIEFKIT

TR GRS 58 T35 ) 7 v ER AR BE % SIS JC Il B IR AL K 6 e 4], (EAE IE
set3 N e B AL R A S S B sh 357 — A s AT O, DAk, AL
N SGE (B3 5 T ) SRR o3k B L Bl B4 R e PR R T o A S s 1 B0
YRR, o B LA RO AT R B AL, R i LR LI VA
T SO T2 7€ 1047 ) 0 il AT 3 A A ) o 013 a4

3.1 ZThiERENBFHE

AT BTG LI F L R, R B SL F AL SRR DA R SRR . (H
0 B FEATL IR e LB 3R X FEL VAR PR 38 T AN J& IR 520, AN 53 A A8 it 1) & o
N T TR AT BRI TG B FUL ) S bR i [A) A% R i SL A O I 4 5 07
FECOV, [ I 5 o 7 R B A 0 R Bk

(DA FEIR IR 6 LA A FE B RS T AT

(2) 2% PR 5 8L P 5 5

(3) R A& ST 70 AT AE AR R TR, A5 R FEAL ) AR RN

2o DL B R A AL B S , AT 43 20 R B F AL AR R R I, G 3-1 TR .

R, LM

Pl 3-1 ol LI RS 0 i 1
RAEFRCRB ], WS 2E 7 = ARSI R T R :

di
quRaiA+Lq7A+eA
Coat

z%=&5+g%%+% (3-1)

. di
u. =R, +L57C+ec
t
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i +iy+i,=0 (3-2)
XFe v uy s u Wiy iy i A AL By C ZAHBAHHEFFHBR; e, -
e, e 7 Ay By C ZHIMRESISE: Ry L. M3HE A, B. C =S4
ElEGIER:S

€ 1.(6,)
ey |=K.| 1,06, (3-3)
€c 1.(6.)

A K RGBT, oW TAEE, o NEVETHEAKE, 10) 2%
W B BIE— k. BRI AL, o B AL A B A — 1k
PR 3-2 Fios:

fa(gc)

1L‘b(ec)
o R~ o = B0 = &~ o~

—_
o
&
N
e
- 1 1 1
0‘ T T T
—_
o
< \/\/\/\/W\
N
Q_:U
§ L L L L L
f:4 : : : : :
—_
o
s -/\/\/\/\/\/\
N
(4_.0-
. . .

—

-27/3 -7/3 /3 27/3 m

|
3

0
I /rad

Bl 3-2 S LD — 1k R 2 ]
HABE DL T 89 BBl 3 A — 4k pR 0T DR B R R R R
f,(0,)=—{a,sin(6,) + a,sin(36,) + a, sin(56,) + - - -} (3-4)
e 11ia Bl T FE A G T RN
do

J—=T-T,-K, o (3-5)
dx

e ted
T:(eAlA el;l)B ecic) (3-6)

A T OB T ONTOREGE; K, VR AREG g O
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3.2 Johil BB R R

3.2.1 LSRR E T

TETCR B AL AL Gl € a4zl i, AR =AHE IR AR R o BhT R
LA J% dg [ Jie e A v 2 SRt ik T Rl ELIAC FRATL I S5 R0 AL . o, AL =ANSedH
2R T7 2 B = MER L ARAR R P 40 B. C BlORFER, Bl S IAAHRE 120 B
AR LA ROE I AR R AT B ap AER R, Hod o A R o Bl S = AR
IEARRR R 4 BT I —50, B EERET o Bh 90 FEHAE . 55 o IR AAFNIZ, dg
[F] 25 e i A b 2 2 — AR 5 7 LA B 0, IR AT e A A bR R o v, o )
7 AR 2 5 7K HEAR N R IR 7 ) e — 350, R I K A N AR FR) 5[] 2 SR Bl 42 7
6, T dg [R5 et A s R i) g FER 2R T @ Bl 90 JE Fi A FELY), Bk T 193 ¢
5 a BHAE R e AR R N IR 2R I T K AR IR AP T, DRI G mT DA (58 1 4
AR AL € Az JE R EL IR LR X e AR R 2R R IR A5 RO R R R T
Kl 3-3 Fis e

A
L X,
X, |
'\ b iq :
BY% s <Y
A X(I X{Z

C
X

A

B 3-3 Johl B ALE T ANEE 1275 Zon i
i e sl E B2 T AXG-DAHM RGN E X =u. i e £(6,),

W E-7)K R LA AR R T I X, 8 Clark 2B HeE0 R ap AR R FIN X, RE

BEAT Park ARkt X, AU N dg e AR RN X, SEEIR R R R A ST A% 1
quo = Tp (93 )T;Xabc (3-7)

Xabc = 7—;71Tp71 (02 )quO (3_8)
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oL 1
2 2
722y BB (39)
3 2 2
rr 1
2 2 2]
[ cos@, sinf, 0
T,(6,)=|-sin6, cos6, 0 (3-10)
0 0 1

Hrh, K (3-9)% R Clark &, I (3-10)F 7R Park 484, 5TRI B EALA
R, FE7KHERID bl , = ARG EARTR R T A B A — R YA PR AR 5
A2 N dq [FD e PR RN B, SEIL 7 R0 5 I Bl 3 i A .

K (3-3)M K (3-7) A T(3-6) A 15 2 TC kil B B HLLE dg [0 i AL bR
NIRRT R e

T=2K.(f(0)i, + £,0)) G-1)
X £0) f,0)RRTREIIRR T d « g Pl s B A — b i, M,
TR R T d g BRI o £,0) M £,(0,) FBIE WA 3-2 fix.

WRAERG-11) T LIS R, F 5L T HJo ) BT R AL R F e 40 5 e e Al
2T R BIE— R B LA B K. oK i, =0 1256, LGy e
[ea) 425 1] 77 V5 EROR R SIZ IS T Rl ELIR FEDL R e Az ), (AT SR LG T S ¢
HTRL R AR, LI R R AR R S S A B R — s o % . IR I reBh
FedRIETRIN, ZAPRARHIE I £ (0,) TRk 5 7 A R &R, Ik e BHE
G 5 2L g Sl FRLRLAN BT AR 52

3.2.2 PIEHEIHRE R4 BY o Rl ELA FE AL B HA AR iR 4
N T BRI EFE RN, ARGy Park AR AERY -

cos(@, +u(8,)) sin(@, +u(d,)) 0
T = L —sin(@, +u(6,)) cos(d, +u(d,)) 0 (3-12)
"k, 0 0 !

XA k(0) FRONIEEIN T w@) u(@) NAEZHNT. mikarEa—4
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St e e AL Bk & DQ:

{X@=ﬁ@ﬂﬂ@ G13)

X, =T, (O)T. X,
DQ ek by R AR = E W] DUE AT IR D Park B0 B I EE, anpd
3-4 ffiaso

Xﬂ
Xy T
,_\\ \\
k(6,
, e
RECH u(6,) &
D
/ \
L 0 V) ox
L__d L “Ya

Il 3-4 DQ Hebe A bR R Ao 2
Horp g (AR R T k(0,) FIAR A3 IR T u(0,) B EL A1 S 0, BB, 7T
& UA:
)= 1
J72 @)+ £26.)

u(6,)=—tan"' 140
1,(6.)

ZAHER AR R R BB TR R £.0) « £,6) £.(0,)&id Clark
WAy Park AR JE PSR DQ [FIDie s A4 br FR I S F B 35 3 — AL R 2L
£70)=0+ £'(0)=1/k(0,) . HILTE DQ Jeks hitrn & K, #(3-13)M=(3-3)Hr
N (3-6) T AT A5 38 R e R T AR

(6,

(3-14)

X IO
T==Kk*8)| f,6)] |i (3-15)
£ @) ]0

FERM i =0 FEHIRITEOL T, St i 2 M i EIE T USRS Q
P ROARARS, BRSO R, 2 E, R G-13)i A(3-
1)l 73 2RI R 1) DQ Jie e AL b 28 N 1 L I 5 R :
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1 dk(8,) du(6,)

—oL (1+—=0) |,
k(e) do, ‘ de, {id}
~ L(1+du(0) R+l 1 dk(0,) || i
k(,) de, (3-16)
0
L-M .
[ 0 }dt{z }La)Ke 1
k*(0,)

Rebs ui a0y £ BT TES % R FIUL0Y Park A8 5510 R B
o 05 AR AT R

1 dk(9,) du(8,)

. oL, —— —oL (1+—) |-, 0
{um} “k(8) dé, de, {zd } R (317
* = * i, -
uqec _a)LS (1 + (He)) a)LS 1 dk(ge) lq kl (0 )
de, k(6,) do, ¢

1E DQ L AAFR 2 R LR TR, 58 SCR G T2 H 1 v A FE AT E 1
TS FPE K o IR0 A8 B 2 0 A% G0 1) FRLR A 2 ) M e = AR ORI s, [
NHL FHEALGN P 4] #4578 H i s T HR o 75 2555 IR e B3l 3. ACH
TRHLAE I DAL D BAD Q FhZ (B MRS A T, PL A% 2% 46t U HO@ H 7 =340
Gre —HB T AR SOREN A, 53— EERR D A Q B MRS I,
AR5 W T4 28 B R o S A% G A4S ) D VA I ()G, AE
TG T REIEIRT, BEAR T RAMBIASTERE. Bl 51 N B R BT ASRMEE (4261 7
VAR 2(3-16) H HRE B I, LALL VH B T AR A LA k(6,) ~ u(8,) B AT R ]

TR, MTTER R G AR

BT DA R BRI, M T JCR LR FL B SO S B e AR AR
W& 3-5 JraR, P R 40 3 2 = o A FIR SR R BT A Park 841 Clark
AT, TRE A EAME R TT, PLIERIEE. SVPWM H A58 e, AR
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Pt (Pl S g AT BUE AT B, SR UE P v ) A AT R
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H1 T BR A P REAE SR L I T I RSB A, SR ARG 7 R AR SRR, B
ORI CHCR RAELAE R, Rk e SR g =9, ¢ ¢ a] . 7TLAE
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X gy g0y o R iy j k BaRBEURAL. # g 18 =07 e
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A~ Wk k R TUMEARE E LR R, H, v, 2k I R R A S LR R
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X O NVUTCEIERE, o, Fo A0 I B 22 46 R o 7E I TA) PRI L A

— o R Y B S 15 =l 3 2 2R i e A N DU e O 20, AT K
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2 2 2
zTo, slo, _sTo, 1
L 2 2

2
B A 0 ST PN FE = 0 24 £ SR G B I
S AR Oy«
a=a+a,+W, (4-11)
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