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ABSTRACT

Since the advent of industrial robots, the pattern of industrial production has changed
a lot. With the complexity of industrial scenes and the diversity of tasks, the traditional
six-degree-of-freedom industrial robot can no longer fully meet the needs. Compared
with the traditional 6-DOF manipulator, the dual-arm 7-DOF robot with redundant
joints has better fault tolerance, flexibility and obstacle avoidance ability, which also
improves the working efficiency of the manipulator. Dual-arm cooperation also greatly
improves the working ability of the robot, and the cooperative control of the dual-arm
robot becomes an important part. The development of robot application involves the
numerical calculation of the bottom layer, the development of the upper layer and the
position control of the robot, which is a tedious process. Therefore, it is of great
application value to study the cooperative motion trajectory planning of dual-arm robot
and the robot application development process. In this thesis, the 7-DOF dual-arm
cooperative robot is taken as the research object, and its kinematics analysis,
cooperative motion planning, ROS-based controller development method and other
contents are studied as follows:

Firstly, the kinematics modeling and analysis of dual-arm robot based on DH
modeling are studied. Aiming at the seven-DOF dual-arm cooperative robot studied in
this thesis, the DH modeling method was used to model the kinematics of the
manipulator arm, and the forward kinematics equation was established by using the
homogeneous transformation matrix. The inverse kinematics of the robot was solved by
a method based on redundancy parameters. The results of kinematics analysis are
simulated and verified with the help of MATLAB robot toolbox. The verification results
show that the method used in this paper is correct.

Secondly, the research of cooperative motion control algorithm of dual-arm robot
based on constraint preserving algorithm is studied. Aiming at the problem of trajectory
planning in the case of two-arm cooperation, two common trajectory planning
principles in the case of non-cooperative Cartesian space are firstly discussed. Then,
based on constraint preserving theory, the two-arm constraint preserving relation is
derived for two kinds of cooperation cases.

Thirdly, the development method of robot control system based on ROS is studied.
After the basic operation principle of ROS is systematically described, the trajectory

III



planning method deduced above is simulated and verified by ROS platform and
development tools.

Finally, the development of communication interface between robot servo control
system and ROS based on PC controller is studied. In this part, the communication
network and PC control interface development of robot servo control system based on
EthereCat bus are described, the ROS communication interface development scheme is
analyzed, and the communication interface design between ROS and PC controller is

completed.

KEYWORDS: Dual-arm cooperative robot; Seven degrees of freedom; Cooperative

trajectory planning; Robot operating system; Communication interface
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% 2.1 Hl#8 N\ DH S

Table 2.1 DH parameters of the robot

KA MK @, (mm) EFFEESd, (mm)  FEATHIA o, (°)  EFEAS 9, )
1 0 232 90 90
2 0 0 -90 0
3 0 Zgl 90 0
4 0 0 90 90
C 0 234 -90 0
c 0 0 -90 0
7 0 97.2 0 0
X, h 234mm "~ 97.2mm 'i
. O)— (0)
“ 7 J v
Y, i ! !
s ! |
s | l
7/ | |
7 | I
P I |
Ys // : X X5
7
7 251mm
o’ < }— 0
X5 : Zs Z;
Zy Ys | Y,
|
|
Z, Y, Y, Xs
i \ O,
0ZI o _<E§Z>____7‘ _____ X o
| 2 Zs
|
|
|
|
|
|
| 232mm
|
|
|
|
|
|
|

2.2 UM 557 A 2R i SR 2
Fig 2.2 Schematic diagram of establishment of joint coordinate system of manipulator arm
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) H AR A B I 0 e B 2SR R 1 . AN BB T IE S Bh A
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2.3.1 PR ANIEBFFRE
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FRAE AU, TR AR R (O, ) B R (0,) MFF B HERE T

“'T. =Rot(Z,8,)*Trans(0,0,d,)*Trans(a,,0,0)sRot( X, «,)
c6 -s6 0 0][1 0 0 O

s cd 0 0[O0 1 0
o o 1 0llo 01 a4
0 0O O 1|0 0 0 1
1 0 0 g1 O 0O O

01 0 0|0 coa, -sa, O (2.1
0 01 0[]0 sa ca O
0 0 0 1j/0 O 0 1
cO -ca,;s0, sa,;s6 acO,
|86 ca,cl  -sa,cO  aso
| o sa, ca d,
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c6, 0 s6 0 c, 0 —s6, O
0 s6, 0 —c6, 0 . s@, O c6, O
T, - 7, -
0 1 0 0232 0o -1 0 0]
0 0 0 1 0 0 0 1
cd, 0 s0, 0 cd, 0 s6, O
X s, 0 -6, O ; s6, 0 —c6, 0
7, - 7, -
1 0 0251 0 1 0 0
0 0 1 0 0 0 1
cd; 0 —sb, 0 cd, 0 s@ O
. s6; 0  cb; 0 5 sg, 0 —cO, O
I = Iy =
0 -1 0 0234 0 1 0 O
0 0 0 1 0O 0 O 1
cd, —s0, 0 0
. s@, c6, 0 0
T7 =
0 0 1 0.0972
0 0 0 1

IR IR TR IR, BIR]FRAT A S A b 28 ARDR SR A bR R 155 K22
HAERE
07—;:07;_1712_2]—;.37:"4]—;'57—;_6717 (2.2)

A3 (2.2) RUEANLES N —EHIEEsh 2.
BAR (2.2) fHitk:

R, R, R; AR
R, R, R, P 'R, °P
T, = 2 Ny By [ =|: 7 7} (2.3)
Ry R, Ry P 0 1
0O o0 o0 1

o, "Ry AR AR 2 O; DN TS A bR 1 O, M TEFEAERE, P A AL PR RO, }
FHXS T 24 b8 R O, PR ) B
isin(6,) Hys,, cos(0) M, MR (2.3) FHFET, 15 I0E 5 BN
R, =c,*(s¢*(s,*(s,*s, - ¢, *c,*c;) +¢,*c,™s,)
- ¢ *(cs™(c, (s, s, - ¢, *c,*cy)- ¢,*s,*s,) - s.*(c, s, + ¢, *¢e,s,)))

+8,%(557(e,¥(8,¥85 - ¢¥¢,ey)- €%, %s,) + es* (e s, + ¢ e, sy)

Ry =c;%(85*(c, (s, "s5- ¢, %¢, *¢y) - €,%8,™s,) + ¢5¥(cy™s; +¢%¢c, ™s;)
- 8,7(86*(5,*(s, ™5 - ¢ %¢,%ey) +¢,%e,¥s,) - e (es* (e, * (s, *s; - ¢ %¢,*ey)

- €;*8,%8,) - 85%(cy™s; + ¢ ¥y *sy))
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Riy=-¢5*(s,™(s,™s; ¢, "¢, %c;) +¢,%¢,™s,) - 5¢7(c5™(c, *(5,%s5- ¢, %, cy)

- €, *8,%s,) - 85%(cy™s; + ¢ e, *s;)

Ry = - ¢, %(86™(s,™(c,*s, T ¢,%cy™s)) - €,%5,%s,) - ¢ *(cs™(c, ¥ (¢, s, +c,%ey™s,)
+8,%5,%s,) - 85%(c ¥y - €,%s,%8,))) - 5,%(85¥(c, ¥ (e, *sy ¢y ¥ey™s)) +8,%s,%s,)
+ CS*(CI *C3 - CZ*SI*S3))

Ry, =8;%(s4™(s,%(¢;*s; + ¢, %cs™s ) - ¢, %8, ™s,) - ¢ *(cs™(c, *(c,*s;y +¢,%cy™s))
+8,%8,%s,) - 85%(c, "y - ¢,%8,%85))) - ¢, %(s5(c, * (¢, *s; + ¢, *ey*s )t s, %8, %s,)

+e5%(¢ ey - ¢y%s,¥sy))

Ryy =cs*(8,%(c,*sy +¢y%ey™s ) - ¢,%s,*s,) 5% (cs™(c, ¥ (¢, *s; + ¢, %ey™s))

+5,%s,%s,) - s5%(c, ¥, - €, %5, *s;))

Ry, =s,%(s5%(c,™s, - cy%c,™s,) +e5¥s,™s;)

- 6% (cg™(es ™ (e, *s, - ey, ™s, ) - 8, %8, %s5) + 5. %(c, *e, +¢y¥s, s, )

Ry, = ¢, *(ss*(c,*s, - ¢, ™s,) +e5¥s,™s;)

+8,%(cs™(es™(c, s, - c3%e,s,) - 5,78, %s5) +5:%(c, e, +¢y¥s,%s,)
Ryy =cg*(c, e, +¢5%s,™s,) - 5¢™(cs™(c, s, - ¢5%e,™s,) - 5,75, s;)

B =-0.251%c*s, - 0.0972*[c *(s,*(s,™s; - ¢, *c,*c;) + ¢, *c,*s,)
F867(Cs (. ™(8,¥s5- €%y %ey) - €8, %s,) - 85%(ey ™S + ¢, ¥e,*sy)]
- 0.234%*[s,*(s,*s; -¢,*c,*c,) +¥c,*c,™*s, ]

P, =0.0972*c*(s,*(c,*s; + ¢, *c,*s)) - ¢, *s,*s,) - 0.251*s,*s,
+0.234%*[s,*(c,*s, + c,*c;y*s,)- ¢, *s,™s, |

+0.0972%s%(cs™(c, ™ (¢, *s; +¢,%cy™*s)) +5,%8,%s,) - 55%(¢, ¢y - ¢,%8, s, )
P, =0.251%*c, +0.234*c,*c, - 0.0972*s*(c,*(c,*s, - c;*c,*s,) - 5,*5,*s5)
+0.0972*c*(c,*c, + ¢ *s,*s,) +0.234*c,*s,*s, +0.232
2.3. 2 HLEEANBIBEH FER AR

9T RIS L NI D)%, R SULRIEBEY . T
LU 0 EIERh . I0FE 2.3 FFR, ¥ 2 08 FRRF IR 4 P ff . Jook
FRRINETS 20 4 6 BRI FI. 2% PN 6, =0 M1 2. 4. 6 Al
P
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K23 ¥V ESURER

Fig 2.3 Schematic diagram of definition of ¥

(1) SRAFITTH 4 1M E

M 2.2 T RUE H, 6T 20 G0 4. K 6 fEEE —EMJLATC R, W
24 Py, GG 2 Skl 4 BEREON L, Bh4 S5 6 MIBERN L, 25 HIHh 2 55 6
MIBEES L, MIWAR A0 (2.4)

cos94_—'2xlz4><146 (2.4)
b 5
P iy -
Co—46—%
04 .

B 2.4 S 4 1A BOR R 2 A

Fig 2.4 Schematic diagram of Angle solution of joint 4

BN AT WU AR 0 T 5L A bR R AL B N B, AR N R, i 6
AT 7 BICLE TR, il 2 ARX T HEARRR RO E A P, W% 2 A 6 s E
[ B AT T2 AR AR R RN A3 (2.5)

0Pze:0P7_0R7*6P7_01:§ (2.5)
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A5 by =|"B|» MRLAR (2.4) BIFTR 5 4 L0, -

(2) RIS 1. 20 3 fME

WU, =[0 L, 0] ,'U,=[0 0 L] .2 0% 4 G s i s 7e AR T Ak
PRRTTLARIRA Ly, = "Ry, o 4 E 6 1 ()07 B 1 B LA T-A8H5 2R 1T AR
Ly ="R"Uy, 13

0P26 = 0R3'3U24 + 0R4'4U46 = 0R3(3U24 + 3R4"4 1) (2.6)

SR A A () 3 B RIE A TR e, W4 2 B 6 Rl 77 & P oy
—AVEE, PSRN 6 AR X ZIURESHY W, Ve R N

0

2

: P, P

‘R, =l +siny | —%x |+ (1-cosy)| ==X (2.7)
"B kA

‘P ‘P ‘ .
Horp I g s J R {ﬁﬁi‘s‘op KRR FREERE . R, AV SRR, 2R M
226 V- T Jig i 21 B -1 18 g e 5 R
AT PA TR R R
‘R, ="R,°R, (2.8)
Hr R N HAR AN S P E S, B 6 =0 [T E "R xR K4 84 0 .
20, A RNER AT LA (2.5) BTN
'R, ="R’"R)+"R}(°U,, +°R,'U,,) (2.9)
HAR (2.8) ATLAESHIL6',6), Htthrl LI .
Ry ="R’+’R}+"R

300,=0 ©
B QD WARIAX (2.8) F1, AT
'R, =K siny +L cosy+M, (2.10)
0
0 f’26
Hy Dzéz‘op , 30 (2100 F KL, M 5330
26

K, = |:0D26 X] "R}, L, = _I:ODzé X:Iz R}, M, = |:0D26 X ODzTﬁ:I ‘R

(IR R, AT AR

S,C; €, 8,8,

MHERE R LR Y F16,,6,, 0, 1)K 5
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Koy SNy — 1y, COSY —m,y,

6, = arctan(
: —k,,,siny —1 -
s12 SINY =4, COSY — My,

6, = arccos(k s, siny +1 5, cosy +m_;,) (2.1D)

ks siny +15; cosy +my;

6, = arctan(

ks siny +1;, cosy +m,
Hodr kg, Lyom e/ BE K, L, MG (G, ) » RIS Y SR ey, FR4E DL B0 2 by
ALK A 1. 20 3HAIAEME. WA 2.11) ATCUE W, Hlfh R TR &
AR, MR T RE S G A S HMR. EhrRdth, EFEYME L
IS ZI) 5% Sl P A A DA B O 1 IR SR HE R 2 R A

(3) RIFERTH S, 6. 7 WML

AR LR Al 1. 2. 3. 4 MM, BIasRH°R,="R'R,’R,°R,, B =
B RERE W, R W ="R,="R]°R,, NIA[{5
%k % CS S6

W="R=| = * s S, (2.12)

O, = arctan(%)
13

6, = arccos(W,;) (2.13)

0, = arctan(&)
31

Horp, W RoRMBEW X NEGER .. RIEAN (2.13) ATRLRAGH 5. 6. 7 M E
1B
2.4 BEEFIEEEEIE

R T U B ETIRIZ B 22 3R AT AT AT 1, A/ N5 R MATLAB S8iEHLEs Nz
o Mg R R

(1) IEizsh ¢ 5iE

1EIZ B 5 90k FH 2 T DH @A 7 V53R 13 I S I e B i SR g SR 5 AT
MATLAB #l#g N T HF /R E s RAN . SR HAE R FCR 0 (2.3) 45 HI
458, MATLAB Hlés N T EARH RG4S BN NRBIIRA SR, AT
PRANGE R ECBL 748, SO ZE L Es AR smfr B I LU L Eh R, andk 2.2 o, M
K DR, @ g O SHAFE R SSTT AEEAE, AT ERIRTF AL #8 AR Ui
PE RS, HOEZEI R BT MATLAB REUA A S A 5 S8, B 2.5 K
MATLAB #l#& N\ 7R 205 -
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* 2.2 HlEs NIEIEsh 2 Hras R UE

Table 2.2 Verification of forward kinematics analysis results of robots

KIEMEO, () TEERAAE (m) MATLAB /R #R1HAL E (m)
[0000000] (0, 0, 0.1518) 0, 0, 0.152)
[30-50.6 20 0 -10 50.6 20.5] (-0.0129, 0.0359, 0.1534) (-0.013, 0.036, 0.153)
[40 30.6 -35 20 35 -46.5 58.4] (0.0583, 0.0557, 0.2198) (0.058, 0.056, 0.220)
[-45-45-7.5105 -7.5-52.597.5] (0.2410, -0.3111, 0.1994) (0.241, -0.311, 0.199)
[-58.6 20.8 7.5 -100 -90 -30 47.5] (-0.2809, 0.2892, 0.4102) (-0.281, 0.289, 0.410)
[28.4 -16.8 -20 82 -80.5 25 -26.5] (0.3529, 0.1097, 0.3449) (0.353, 0.110, 0.345)
Teach
X: 0.241
yv: -0.311
Z 0.199
R: 142.872 0.6
P: 176497 04
Y: 166.665
N 02
at [ » |46 §
a2 4 » [
(a3 I 3 i e
a4 J’ , 105
q5 75 0.5 Luban
[ . 0.5
a6 [ | i
a7 ¢ y |975 0

] 2.5 MATLAB HLe§ AR U0
Fig 2.5 MATLAB robot teaching interface
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a. LIz zh MLl
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0.8 —

0.6 —

4 2.6 T MATLAB FINUE B 2S5k
Fig 2.6 Linear motion planning of manipulator based on MATLAB
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Fig 2.7 Angle change curve of each joint during linear motion planning of manipulator
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Fig 2.8 Arc motion planning of manipulator based on MATLAB

]

N—
150 - / 2
93;.

e

—

100
-\\ 5
p—

50 \ —_01

20 25 30

15
/s

2.9 HUBE B IS Sl I A v #5075 AR A il 2
Fig 2.9 Angle change curve of each joint during circular arc motion planning of manipulator
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2.5 KB/

AFEEENTIR T XUE TS NI s A @RS A, 5, A d T
TG (RUE-CHIPLEE N AOEEAR G JIEARHE; )5, WITL 72T DH @
HIXUE B s NIz sl o3 #7738, AR4E DH @R B SZAUE DH 240, @ SmAH 4R
KATHIFHRAIFERE, B BRA S, W GAFHURE AT PR T2 AR bR & 1
FRAMIC R, N NIEFEE IR 2K, RAJUIRER %, B
TETICRESHH-LE HEYE 23 2R g T77%: f)a, Eid MATLAB #l
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BT ETHARFRFEZENNENSZ AMEEIERIEE
W

3.1 5|5

PRI I — LB I3 ) 5 —MLE R TS AT R BN
Ko (ESEBRM A, MBS RAR ECE BN WTENEBATS T, AR
BEE LRI, YL AR IR TR IS BLRsEs). Rk, skl 2 Tk
i N TR Hh ) E A Y

A& S8 (1 2SRRI AR AR R 2 A ], =5 B0 S 2 1) R R R 2 = )
Rl o FERTTAEAR, I e A2 SRS T S RO, AT R &
il A B AR AL i 2R AT R, B A AR R G g ) A i T e AR B as sh BT . £
T AFEL TR ARE 20 E P42 02 f 32 B PR RO ORI Ty, A Do B 8 SR
AR 1A 45 e 4 B AR AR i 2R AT S AN B . S OC TR A RIA b, f R R S AV s
FRRNS-STE B, %70 EE BAT WG PO R AT R, 85 PR R i
BN AR S UGS AT 1 A A AR 2R, AT SIS AN SAT LA
ETEP B £ TR, BERPUTH BTN 5 A w UL S
B SR FR R R T LN, T RV ML AR UL, FETR
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[49-5012 FH 3T 77 1) AT 45 85 1 7 2 U Wh s o) 7702 . SC[48 1% WU 71/t
R G 7, SRS ML N R 3l I SR

AW 5T R 2B/ SRV s Bk 7325, L2 N BN 45 MU A AL
PR o SRR, CREATLES AU B i) 0 48 A XU R By R 7 4 7 28 20 B 1)
HF IR S BRI EAT 55 OBV R 2 [N G &R, K WME SR ZY 2 b & I AN 2 i
TEo FEVMEZBNIERE T, XUE R OREFAT 5 BRI Zhid BEAR 2 s & WMEiZ 3l
XUE A ity A AB R 3B BN 8 i 2 RR 2 A B InMEE 3. 783/ M PMERRI ) 75 50
T, HeE ENE FE sz, BmiE e W 2 R LR O R UL
B RS aE, ARG YMEREISER, B EMEEat, ERET s
SRR T/ INEZ LR K R

AR EELERALAS NS BN AT AT SR AR BT b, B 700U WL N A Uz R
SUMEEa . g, EARMMERITEIZ T, BEFAUE  R R 2 0 R skl
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= BT ARG EERIUE YL N UM EIz sl P SRt 7t

FEXEIMERBIE T, T RE R L AR EE, S T WA EEsh G T
XU A S 2 1A RS S L ARR R o
3.2 AEtMEISR THIHL B 3 ALk

EOMEREOLY, WAPUE % 81223, HAZ I ER 1Al R Ah, A
HARBC AR, AR OUS , HURCGE P A BARALA, W] 0 Rkl sz Bs
N SRE S H R RS8N R TTVRE OV BT . AT LA Z AN 3 5K
FIEABIE RN B,  HIF T A 3 B

3.2.1 ERITHEI

ELERAY I B2 ZOR Mg NAEAT BERD R th H AR R AT WL Rz sh i 2 H
2o APPSR A S, 7 SEIREIAT WU RS 4a /U H AR s A (5
5

it o

BRI RN B(X, v,.2) . AR E(X,Y,,2,), WM RIEA N DfEE s,

. X, X,

)Ci :Xs-l-l'—
N+1

V=Y

”=”+LRZT (3.1)
Z, T Zg

N+1

Zl.:ZS+l'

3.2.2 RIEZHEI

SEERAPGLAR, ISR AN ZR A B A H AR E E R
I T AR AP R IR B2 = A N BAS S, R B A A R = A R E
() — 2R BN B oy et L th £, bl NMATREERE S, HUBE PAT 2R R
RITIGE, = Chal gD, BE& R, BP0 A — %R,

BRI RN B (x, Y520, AbRRNE(x,y,,2), FHRBE=kO(x,.y,.2). &
e ) R B = A S, IR A i 1% = R R SR RT AR S I HLME— . B[R 9T
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Fig 3.1 Solving the coordinates of interpolation points in circular arc planning
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