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Rotor-flying manipulator modeling and control with
dynamic compensation for gravity offset

ZHONG Hang, WANG Yao-nan, LI Ling, LIU Hong-jian, LI Li
(College of Electrical and infomation Engineering, Hunan University, Changsha Hunan 410082, China)

Abstract: Equipping multi-joint manipulator on a rotor-flying platform we constitute a special system which can ac-
tively manipulate in environment. In this system, there exists a strong coupling between the rotor-flying platform and the
manipulator. To deal with the reactive force on the rotor-flying platform from the manipulator, we formulate the kinematic
and dynamic equations of the system, and propose a backstepping-based control scheme for dynamically compensating
the center of gravity according to the dynamic computation position of the center of gravity; meanwhile, a second-order
low-pass filter is designed for compensating the measurement noise. The system stability is proved through the Lyapunov
stability theory. Simulation and experimental results validate the effectiveness of the proposed control method and demon-
strate the superiority in trajectory tracking and attitude stabilization over those methods with no compensation for center of
gravity under the same conditions.
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1 5|3 (Introduction)
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il L B8 58 BCRE TE B AR MV AT 55, e 78 op 4T (aerial
grasp)s ¥ " £ 1 (aerial manipulation)7' %%, 3¢ ik
(I5HEIXAh 454 SRR N e AT HLE (rotor-flying
multi-joint manipulator, RF-MJM).
HIRRF-MIM S5 25 SEPR AT S5 3T K 1 A
PR, EIE R AT & M2 ST 1A v B
R AN R GE BN ) SRR T A 4% ) 1 T
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WX RGUHAT 1 B, A RS KRG it AT Ji {045 X3, Y, Zi (i = 0,1,2, 3, 4) —AE K
uﬂhit HHIP RGWE) AR TSI, B A ARRR &R, Hor [} R TR AR bR R, Ho R S 5 Ak bR R

FH AT B AU E 50—t R AT @B M. X
BRI17130 T — AN Delta R IBATUBE, 1 30
233 D jie 2K ATF & b, WIS THE 5
ANERAT PR i () BN 7 2, vt T IR A
KAz AT fR v, SEhRIRIE T T
2% B 2, (R EE AN RE-MIM R ST &
GRS, SN —AN A BE AT A5 A A S,
MAE = 4E AR IS L N X P 1EA BARRM. X
MR (1518 FH Wi -z k% B H 5 #2395 WA S RF-MIM
RGHAT TRERECIREL, 8 7 /AT S FIHUK
T (R AR A TR, R A R A T AR
(linear quadratic regulator, LQR)X} % 4t it 17 #% #l, 1/j
S IRIGUE T BRI i 3% 1A R, (H A2t r 1
BEERRN RASHON R ZR S, RN LQRYEH 2%
BAXAMBF PRI F20E X SZ B &6t T, S350
V2TV SR AR R

F T PL BB FRIR G &, A S ARF-MIM At
TR, EAMNEE ST T RGussh ¥ fsh ) 2E s
R AZBRRIFI R4 T RE-MIM 248 A BT AR &
P SRIE RN 2 SRS MLRIE 3 /AT S i+
P F IR G BN AR I AR5 r] i, vt — s
TR RFE O B AR TIMER AT &
RATEE 7%, FER F Lyapunov Az € 4 1811 B
T RAIFEE. (7 BRSSO T EA R IS4

AR, BA IS E MBI G L LA O
76M”41F' )42 1) B A 2 R Bk A A A e 4
PEREDT AR EA B AR

AR TNERZHWT: 52N HRRAN R, &
Y RF-MIM £ 4832 3 5 f 5l 1) 5 B8 53 A &
GE O T A BB TE 7V, SRATTARIE AT A TH I R
GEONE, Wit — M RIS EORMERIN LY
)57 BB SN S 677 N FRAR 15 B3 SRR A %
AL T EEAT 750k 74 T AU
BESISEN
2 RGFR(System model)

e AT AT & 2 WU 4K,
AR RS S mE LR, AT FE KN
EHE B WL, HIRE B A 43001

EX 1 ARG RESLWT:

W : {Ow; Xw, Y, Zw }RN LA R 5, 2 [
EELEHN T b SR REAR R

B : {Ogp; X3, Ys, Zp } AR AR R, I R AE K
T PFEMELME b, Zg BiEE TP PR E

B A, AR )5 55 1 51 kbR A {1 A TFD

T : {Or; X, Y7, Zr } 2 THAR R, 22 IR
A7 A5 B Hh O O R AR AR A T ) 00T AR AR R
{Ja }HAHIA.

1 R R ATHUE S5t ]
Fig. 1 Structure of RF-MJM

2.1 BFNFEA(Kinematic model)

KT 18 B SR AR IO I R LS (1) AR o A T
AR R T HEB AL bR R {W R RS FIAL B ]
€ = [z,y,2]" € RIFRHUAMANF R{ B} 5
OBfT PEARFR R {W MM B R R, n=[0,0,¢]" €

AT PRSI AR, HAd: &5 Zg
ﬂﬁﬁ%ﬁ(yaw) 072 52 Ys HIR AW A (pitch), /& 5 X
IR 1 (roll). X T ®AT V&, Aehs R BEAAFR ZRW I
FER AR Y T, AU 2 Babn 2 { T, } BN
AR 2 BEIFHRAHGERE AT T SR (18] 7T 0

5 T = R(z,9)R(y, 0)R(z, v, (1)
(o V2 V2,
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cp —sip 0
R(z, )= |sy cp 0.
0 0 1

# 1 #UA Denavit-Hartenberg £-4&
Table 1 Denavit-Hartenberg parameters for

manipulator
-1 ai—1 4 0;
1 0 ag 0 01
2 0 al 0 0
30 as 0 O3+ g
4 g ds a3 04
5 0 dy a4 0

T2 RATHUAE, HoDenavit-Hartenberg Z 44 11
RUFRUSL B TR AR R {T} B R AR R {Jo }
FARBHSERE T = 0T - 7T - 2T - BT - 1 T.
o TR T

cb; —50; 0 Qi1
Jisip_ sb,ca;_q cbico 1 —so;_1 —So_1d;
Ji sO;sc;_y cb;sa_ coi_q  coy_qd;
0 0 0 1
(3
2.2 FhJ1AREERY (Dynamic model)

RE-MIM 2 4i8) /) AR i RATF & ML 41
B, SEAE ) B)) )RR T B 3 L R R A AR,
TR HREARBEAT @RI, Fr @ SLIBN )07 RN
5225 L T 3 AT WIS R G SEbr Rl 72
HHOFLAR S D8 4 I T Ak T 7 A RS PR AT AT M,
J&), RATEX BER#EAT RN A R 3has 1), HAUE
BEELGNG, X RGN F W] LUE B R E AR
& GE UL BT, AU RS T KB
FREAT @R AT

ROGUEFFATEOL N 588 T 63 )15 )
FEX T E O AR, I H—BAE TP

NEE, BORE R Ere =10, ya, 2c) AR RGEL
(centre of gravity, CM)TE AL bR R{ B} H 1] [F] &, roum
R HAEAAR Z{W AL B I & LA 0 (geometric
center, GO)J& ¥ATF & ML, 54465 R{B}1
JRRE S, rooeGCAEARTR R {W AL E F) 5.

H I8 15 AR 2 A R B ARl BR 7
FEVEFIR S B H 30y 772507 RS FEfd R B H 30
JIEETTREER, 7520 RGN &5 B e R
ITVRE, 133 15 7 FR I U 5 448 R A

SCAS R AR BB T B R GEIEAT JAR. £RA SR
[19-21], RE-MIM R G 407 FEFIE Hr 77 R N
F =mrqg + mrge +mi2 x ra+
2me2 x rq +ma2 x (2 X rg),
M=1I02+ 02 x IQ+7cxB+rg x B+
(2 xrg) X B+rg x (2 x B),
4)
Hd: mFBoR R AR pUE, FRAERRies 4
4671, 2 =0T = [p,q,r]" R TP AN AEERE,
M RANREES, TR RG0SR, B = m€ R
oS SRR ASMES) 7).
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Fig. 2 Structure of centroid shift
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U= ﬂ(cosgbsin&cos p+sinsin@)+aq,
m

U= ﬂ(Sirn/JsinH(:os ¢—cospsin ¢)+ao,
m

W= E(cos¢cos0) — g+ as,
m

. Uz Izz - Iyy bl mcy (7)
P L UL I
_B_Ixx_-[zz _ﬁ_mCQ

Iyy Iyy Iyy Iyy ’
T_%_Iyy—lxx by mey
L, L ML, L

a; = —2(wq —vr) + rg(q® + %) —
ya(pg — 1) — za(pr + 4),
as = —2(ur — wp) — xg(pg + 1) +
ya(r® +p°) — za(qr — p),
az = —2(vp — uq) — za(pr —q) —
ya(gr +p) + za(p® + ¢%),
b1 = —Lo(pq + ) + I, (r* — ¢°) + Ly (pr — §),
by = =Ly (qr + P) + Lo, (p* — %) + L(pg — 7),
by = —I,,(pr +q) + Ly (¢* — p*) + La(qr — p),
¢ = zg(wr +vq) + yo (W — uq) — zg (0 + ur),
¢ = —xg(W + vp) + yo(up + wr) + z¢(u — vr),
3 = x¢(v — wp) — ya (U — wg) + 2a(vg + up),
Hrbay, as, a3,b1, 0o, by e HRGH LA JLATHLG
AT AR ME T, HrT LA REUIRASHE
O BARBRIEA T
3 RS HE LM E (Bstimation of gravity center)
RF-MIM £ Gt "IN U 154> 9 B AL (B
HE ). (BB PR 5T g, TR AR 4 R S 23l
Hm(i = 1,2,3,4), K47 859U H 340 5 8
ma, KT AABR R J AN T AT & AL b R{B}1)
TEEAZ W [ B RANAT B AAKR D p, 5815 4 R Jo Lo AF X
TORATE (AR R { T, R AR AR AL p, B L H
WPIARTE AT G A5 R { B} A B R . BRI
TR TUO AR TP G AhbR R { B IALE Adrp, H
pi=7R.p+7p. (8)
L EANRR{BY N R G E LS AR R, MR
ZARRGT OISR AFEIR ), PR R ] B AT R
LA S
> mip; + matp
rg = =L . 9)

5
>om; +mg
i=0

MO FTEVE H, ZRKr o UASERm. IRYE RS

& PRFATARE R A # O IO DL T, Fa MR e )
THHRANG RGBT A BT A, IR9E 52 0
RiEEl

5
>.om;+mg = us, (10)
i=0

FHorfo mg N BARITUEUYAA K T &, 18ma T O Rl
W25, T /s — RIEREAT K AR, Wmg A4 00E
mal

. 1 & . 5
md:gfki;ul(l)_i;omia (11)
Hrpg R g,

g ERTR, 78 H bR T Erm o B A0 52 B,
RGN E O R ESEREE T A0, A K, ARR
Hlrg NOIREL TSN

rg = g(01,02,03,04). (12)
4  FOFMEA LRI TT(Position and att-

itude controller design with pose gravity co-

mpensation)

Jig B ATHURE & — A & R IRsh R4, H
AT B H B, i A A4 K
SR AT G AL B RS AR 2 BTk
BEATBRSL A, K B 42 1 )tV D i A T2 B
N, FEXHUBRE B R R 3a 3h B s SR P8l BEAT #M22,
Bt 7R T S A FHOAMER A L P 8%, TSI
A7 & PRod SR B2 (R A i s ). 1R13 2 BT Ok
Rrsistl e A S, TP e RPIRS IR R =
BG I I EA JERAR 0 Kalman 83 as e, H bRz
A AT H AR B O AT A i 1 2 7 B PR R 2%,
A BRI T AN PDIE R g, Hoar sl R4t3h /)
PO ARG S LA, BT ER
il 45 K FH S 7% (backstepping )i T ¥ i, HifarH £t
(O L RS, it 2 Fe AL
4.1 frEREEHI 85T (Position tracking contr-

oller design)

& ®AT T & B E SONE = [2a ya 2a]”,
W AT A DL EIRZENE, = €a — & MG EIRZETT
s

Ka€o + Kabe + K€ =0, (13)

R K, Ko fK g2 1EE B AR, 97 -2 K
e 9B 5V HHERA 0 €, LU HOICST B 4 U —
(U17 U27 U3)T = Ea D—l\uﬁ

U = Kuéi + K& — §) + K, (&4 — €). (14)

ZEAr SCHR [25] 0 1467 B 42 ) s i HH A B v, B
SR F(T), 7L B SO AMETR H AR L
BHAE(Oq, pORETE I (a) A
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B (Uy—aq) cos hq+ Uz —az) sin ¢y
04 = atan( Us + 2 — a3 )s
¢a =
asin (Up — ay) sing — (Uy — az) cos g )
\/(U1—a1)2+(U2—a2)2+(Ug+g—a3)2
(15)

uy =m(U; — ay)(sin @ cos 1) cos ¢p+sin ¢ sin ¢) +
m(Us—az)(sin 0 sin ¢ cos ¢p — cos 1) sin ¢) +
m(Us + g — a3) cos 6 cos ¢, (16)

b asinflatan 73 %l 9 e 1E 92 A1 J 15 V) 66 3G a;

(i = 1,2, 3)2fr B EOAMET, O ARFR TR
HI T FE RS Z2 498 B o A b (it SRR S I8 P A7 A e

FEFHIN SE, B Fk 380 2 ) 0 L T BEAT A MRS 5 51 R AR

GAFRE, RS TP 25 (disturbance observer,
DOB) 1 i 75 B i 57412527 FETH R AME TS BN
— MIKIBEIEE A Q(s), ZEE BB SR EEFIE,
AR M s . LI AT E S R N,
AMETRIJER AU T
a1 = —2(wq —vr) + z6(¢* +1%)—

ya(pg —7) — za(pr + 4),

—2(ur — wp) — xg(pq + 7)+
ya(r? +p?) — za(qr — p), an
Om—uw—%@@r—®
ye(qr +p) + za(p® + ¢%),

Q(s) _ T18 + To (18)

Ferbry Ay 22 R E E AR IR AURF I K AR5, R G
DN 7S PUE .

3 FAEOAMARLEAZ fI A S AL

Fig. 3 Structure diagram of position and attitude controller
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4.2 LA E B H & BRI (Attitude  stabilization
controller design)

J% i (backstepping) W T 77 1 AR A AR 2K 2
IRIAELME RS R AT RGBT R 4,
R JE NBEAT R 5 5 7 BT Lyapunov R 20R ]
ElEdlE, —H “EiR” FIEARG, BB
AR P21 B R Gi80 J % 5 RE(T) AT 4,
BT AR ()~ WA AR (O) R AT A () &3 50 AH RS,
A DAA AT AR f oo, A W 7 RE:

{én

. ouy Iy, — Iy by me (19)
P oo™ Le U Ia Ie

Big 1 AT RS X RGE TR
s, (R SE BRI R B R G I vk = A R
XS A 70 2 EUE — b A o s AU N — 14k
B, N RGN R AN B LA SCRBCE AR I 5K

BHMETRAESATREHLANE, W Iy = I, =
Iy, = 0.
M= (19) AT 284
{én
. ux Iy — Iy mey (20)
P e e U I

Horte N OAMET G 223 AR (18) 5 F1E, F
(L3RS

¢ = za(wr +vq) + ya(w — uq) — 2g(0 + ur).

1)
AT F LM ) S T S A R s B )
ERENT SIS
SB1 5 UHAERE N = ¢ — da, Higg
ST B SR A ) BRI A, T
‘L =¢—da=p— Pa. (22)
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SESURMIEH oy = —B121 + da, Feh B > 0; E
M zg = p — aq; & XLyapunovied $UAV, = %z% Xt
ViRSH

Vi=214 =21(p— ¢a) =

z1(z2+ o1 — da) = =12} + 2122, (23)
$itF 3023), Wiz = 0, MV = —B127 < 0. A,

Hor: By NIEH S, MNITH Ve = —B127 — 222 < 0.
AR ZRu T, 115 R0 2 T 2R O
T MEER SR, R 22 2y Ml 2o W RS E , T PRIE R
Gt B 2 e SO AR E Ae s 1, F HEE MR
7 21 MBEOY WSk T-%.

[F 2, XTI A ORI A o 128 A AR e sl
{5 FH [ 38 (backstepping) WA B I H2R N

AT B0t ) Ly mes
RN w 1,5 u3 = Iyy( pr+ -
SE2 T XLyapunovER (Vs = V) + 572 X Iyy Iyy
VosR SNV = Vi + 2920, T Bsi3 + 04 — Baza — 23), 27)
I,—1I _ Iy — Iy mcs
S R S s = L
77[101 + B1i — éd, (24) Bs25 + Ya — Beze — 25)5‘ (28)
o, Hrf: 23 =0—04, 24 = q— (—B323 + 0a), 25 = ¢
AT 50 Vo g, 7 =1 — (=B ba), Bi(i = 1,2, ,6)A
. ” d» 26 = 7 — (—=Bs25 + a), Bi(1 = 1,2, - ,6)
Vo= =izt + ;2 + 25 - TEHHL o Mlley AEORMEIT,
o Ty — Iy mey o 5 {HE4$E 2 H1(Simulation results and anal-
¢d Ixx qr — Ixx + ,812’1 - (rbd) ysis)
(25) 97 AT T 4R 10 42 ) 2L 9 AT M, AR SCHE
JEV, < 0,15 THE g AN MATLAB; BI85 HR 6 BT 3 S 43 il vt 4T 1
iy = Lo (= Dy g MO BB 0 LS50, A5 FORTE T A b
I I HEAT B BT, S SEBR R AT I, R
B121 + ¢g — Paza — 21), (26) B NF 2R,
k2 RBREIMHHH
Table 2 System parameters
ZH molkg  milkg  malkg  malkg  malkg ms/kg  ds/m b/(N-m-s?/rad?)
BE 03161 0.1764 0.0155 0.1144 0.0712 0.1194 0.0011 1.32 x 107°
ZH apg/m d/m al/m as/m az/m aq/m dg/m  K/(N-m- s2/rad2)
B{E 0.038 03778 008  0.089 0.0785 0.0793 0.034 1.07 x 1077

51 RGEMETHSEK (Experiment of gravity cen-
ter estimation)
N T S AR I B E O AME R RIUR,
ACWE F AR E & A RS ST
6, = 0.017 x (t — 50),
6y = 0.017 x (50 — t),

05 = 0.017 x (¢t — 50), (29)
64 = 0.027 x t,
[ 0 <t < 100.

iz F K@) (9), T i 5 i Lo i B AE HLAR A AR
F{ B} = AR A AN B A PTRR.

K 4 O =g R R

Fig. 4 Curve of system’s gravity center change

5.2 EOAMEALEIE A 5K (Experiment of po-
se gravity compensation controller)
HI T AL SERRIA AR, 2 Gah 748 1 B T Rl
HIPLERA & B Izl Es. v 1 A EE I IE, A
LR LB Sy AR, BB i FELMLRE ST 2T BB
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FEHEE. KT A S B E LT X B R R 02
e - - - MR
i1 111 FAME T

K, = diag{0.25,0.25,0.25},
K= dlag{27 2, 2}5
Kaa = diag{0.001,0.001,0.001};

BRROEEHIZHANE, NB; = 0.5( =1,--- ,6);
IR TAIN100 s, 75 H AP KN10 ms, FEREAMT RS
R [ 5E AT A BE N0, AT S AR I 216 B ONE
= [0 0 0%, BAHUZILGE e = [2 0 3]F, HHL
AR =4k 2, 280N

xq = 2cos(0.027t),

yq = 4sin(0.027t),

24 = 3 + 3 cos(0.04rt),

0 <t < 100.

(30)

KA E — S8 A R B 5 -7, B55%
BB ER A LR B, R BAT H AR R 4
EETEAM2 42 il S (E T ARRI BOR B MOR B AT, $2
s/, (R A FRReAR E PR ER H AR, K6 REER
Fons Hos R, A B AMEE T P 25 A2 R G R
JEE ARG RE I 8] T BAT B S, iR A1 oA
FEF IR EE 2313 s, 752t 3 Eos A, (]
FEAT B AMEE I 0 P2 A A H 70 T P (O
/Dot FELBTL AR M o2 i ) 5 ) RS A2 S 1) 77 T2 AT T
WARF. PR S RO PERE LB UER 3 .

z/m
\Ul (e} W

-1

Sl Q
&/ "
a L) v

5 PUERERNS LR R

Fig. 5 Tracking performance comparison
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Fig. 6 Attitude response comparison
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Fig. 7 Output torque comparison
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Table 3 Performance comparison of the controller

Har PR RS Gk
iH — - - N - N
WEE RRERE/s  0EErad  FRERT)s BEE/N-m) Rt/
AHEOFMEDT K 7 0.03 15 0.03 10
TCEOAMEDT BN 21 0.06 60 0.04 55

5.3 EE 0 #MME I 8 U 28 80 S 58 (Experiment of
filter effect)
X2 8) R T BTGB IR A, BT RR RN
1E % G0l & W 75 K T 50 Hz B 46 Z00OR GE B A
—20 dB 1) % 8k, 1k HUJE 3 48 5 Him = 30Fmy = 5,
RYUCRFERT E]290.001 s, TR 8 4R 7253 T8
RN
y(n) = 0.0295z(n — 1) — 0.0295z(n — 2) +
1.97y(n — 1) — 0.9704y(n — 2).  (31)
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Fig. 8 Low-pass filtering effect of gravity compensation term
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Fig. 9 Filter effect on attitude
6 IR (Experimental test)
6.1 S2%°F & (Introduction of the experimental pla-
tform)

IR AE S ) SR SE L, AW 70N 33
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Fig. 10 Experimental platform
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N T 3R KAT A8 AE 75 (] 1) = 4EA7 B AL BR, A3
K HMicrosoft 2 F]HE H 55 —AAKinect (XA L 1K
&, EAT IR 25 (8] = 4R BRI 8 A7 55005, SEEL T H s
R R ) R B E A, R B OA 31 0.5 em, BE T R
50 Hz, FEAH R AL 77 K.

6.2 B PREESCIS (Tracking experiment)

FE SE BRI ERER S5, T 07 EAR RN S BR
BEAY 2 (A AS AT 4 2 A R 22, PRI S bR 2 800y
WA K, =diag{3, 3,4}, Kq=diag{23,23,3}, Kqq
= diag{0.02,0.02,0.02}, B = Bo=fB5= By = 2.34,
Bs = Bg = 5.3. HT 3 AIKinectf& B 2% A
Yo ] ) PR, SEE R A I ) R 328 i S s /s T
PIEIK, HFrPuL RS E07 A (32), HUE
Mz sh X 29) . 23421 i 4 315920 ms,
7 B R R 4 1) (%) J) B2 100 ms, H A5 A AT AR DO°,
DS TR [F)RE 29 100 s.

xq = cos(0.027t),
ya = 1.5 x sin(0.027t), 0 <t < 100. (32)
24 = 1 + cos(0.04nt),
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Fig. 11 Experimental results

7 258 ((Conclusions)
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