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Trajectory tracking control for collaborative robotic arms with SEA
based on force compensation in Cartesian space
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Abstract: A trajectory tracking control algorithm based on Cartesian space force compensation is proposed to address
the issues of low control accuracy and poor dynamic performance of trajectory tracking control for robotic arms with a
serial elastic actuator(SEA). The algorithm aims to improve the accuracy of Cartesian space trajectory tracking. Firstly,
the SEA and the 6-degree-of-freedom(6-DOF) robotic arm system model are introduced, and a position-velocity-torque
mixed control algorithm based on neural network model predictive control(NNMPC) is designed. Subsequently, based
on this joint controller, a Cartesian space force compensation control algorithm for flexible joint manipulators is
designed. This algorithm calculates the force compensation value in Cartesian space based on the tracking error,
combines it with a PID controller, converts it into a target torque compensation value in the joint space, and
compensates it to the joint controller to achieve high-precision Cartesian space trajectory tracking. Cartesian space

force compensation can effectively counteract external disturbances and system uncertainties, reduce tracking errors,
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and enable the manipulator to more accurately track the target trajectory. Finally, the effectiveness and superiority of

the proposed trajectory tracking controller are validated through simulation and experimental trials. The experimental

outcomes demonstrate that the controller achieves an overall accuracy of 1.86 mm, marking an enhancement of 2.91

mm and 1.77 mm over the uncompensated trajectory tracking and position-based compensation trajectory tracking

control algorithms, respectively.

Keywords: trajectory tracking control; force compensation; model predictive control; SEA; collaborative robotic

arm; robot control
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0 e R AN A

0 20 40 60 80 100
I} R 25
E3 NARX NN #RE & SN R

B, RGNS E R 3 Fiw. B ESLIELR (1)
VE N ARRE R B LAY T MPC $5 i 4% 3 i 177 B A A%
$9m F LAY 2% NARX NN #ER Hdis AE sl oAl it
FEE 5 3.1.1 TR R, 115 NARX NN #41F DL
Bt NNMPC #5 il 28

®3 BXY SEA RGHESH

BH & S 18
J,/kg - m? 0.8 R,./Q 5.3
J, kg - m? 0.1 K,, 2.0

N 200 Ky, 2.0
K./(N-m/rad) 70 0.5
m/kg

L/H 1.4 x10° 1.0

K,./(N-m/A) 9.3 % 1072 g9/(m/s?) 9.8
K./(V/(rad/s)) 0.1 1/m 0.5

i B T PD B4l 85 . MPC #5128 5
NNMPC #% #l] 28 3E 47 X H. S 7 431 NNMPC $% il
B REAE, 7E 0.5 kg A1 1.0 kg 75 Fh 67 355 0 R HE
AT AL B P 0 B MPC i) 28 A1 NNMPC 4 il 2% 1)
TR 5, =60 HCN 1, B{EH IPOPT JikK
fift, SKARIAIZE 2 ms LAY, PD A7 B 5 25 (1 S50k
k, = 150, k. = 50; MPC #2 ifil| #% F1 NNMPC #% il #%
MZH Na=10,8=0.1,v=0.5,n=0.01. F%H
TR A, 1 38 S HI 2 RS O I, (R
o B I 1 R, AR LR AR A P

PFEERWE 4 ~ E 7 Fias. MPC i i i A
72 0.5 kg 00T B BEARBC AL, R 24 47 80 1.0 kg
i, I dl g e RE 2 N B, PD B8 REth & R
B, DRI DR AH [ 1R 23 00925 3 R AS [ 1R A 304 55 AN
4 ~ B 7455807 LLE H, MPC 1 NNMPC J; i
bt PD i 2 R IR, 4 8B, KL S FIE] 7
Al LA H, NNMPC 2 i) #5 R 30 H L PD 4% il 2% Al
MPC $z il 2% 547 i g, [ R B T NNMPC 2l
a8 S A I NN LR B — 8 B R, P Dixds
HI S BE LE MPC 7y SR AR k.
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— T4 XTI PDITHIERSH
— I -based S 02 s R
pob PDSH DA i L
'g — NNMPC ERIEZ 80 0.03 0.01
3 MBS 0.01 0.001 0.0001
4 ZHINFE 4 k.
o 2 4 6 8 10 SIS EE RGN E] 8 ~ & 10 s, MBI & T L
t/s E i, 1 NNMPC $ il 3% v DR 7 b SEE A7 &
B4 REMERMEL 0.5 ke 5180 S IR, BT PD 4 ) 8 R AR T
1.5 e NNMPC B RIRZ, PR 2R 5 s, &K
R 5 1 A% th, NNMPC J7 4 kS B 78 8 LL 35 T PD i1
E o NRMPC 07 15, WA TR
© 1.5
. 6, =-=PD-based — NNMPC
4.5
0o 2 4 6 8 10 T
t/'s 3 '
E5 RS ERMAL (1.0 kg Fa%k)
1.0 05 . . .
/ /\ 0 4 8 12 16
05 b t/S
{ -0, N
ol = pb-based E8 Xzl E R R
S L - MPC
-0.5} . ;'6 + v\]NMPC 0, ===PD-based — NNMPC
. 1 L !
-1.0 s N @
20 25 30 3 0
=
E6 HRZFIEZMILL (0.5 kg FaEk) |
1.0 — Z . . .
i / / 0 4 8 12 16
0.5y .90-".\\// - t/s
Bl Aot AN\ || Z pobasea Y R R
= o == 15
-0.5¢ 3 7, ===PD-based — NNMPC
-1.0 - T 10} 4 = 2
0 10 20 30 E
t/'s % = ~
= 5 (
E7 RZIEZMMR (1.0 kg F1Z) &
ol ¥ W, 0 1 L L
3.1.3 NNMPC H¥ESL% 0 4 8 12 16

SLI6 T AR, NNMPC 42 il 2% (1 F0 25 208 S,
S HCN 1, B8 S 8O a =120, = 0.04,
v=0.7,n=0.1. RESFEEH IPOPT KfF#%, =K
fife sy (B 7E 2 ms Zofa, W R SERHE R K. T RGHE
B RIS B SR e, TS 2R (1 SRV RN 28 L 1Y) MPC V%
ToVRAE SE6 H S B PD $ai) 88 2 T REH fe i FH 4%
771, R A AR, R &5 PD 147 & -
HE-JJHR A R A8, FT5 NNMPC #2 il 25 1 14
BT EG. DN T PRI SR BGI0 A TE 1, 2T PD #5841 85 11
SRR 2 LI RS AL, s

t/s
E10 XTHTESEREER

%5 NNMPC 70 PD 54|88 1R =

TR A7 B /rad J# F/(rad/s) J1%6/(N-m/rad)
NNMPC 0.0047 0.0197 0.159
PD 0.0119 0.046 0.506

g5 BRI, %/ T I kS8 A B E T
NNMPC HiE R AT A7 PEFIAR R 1, 45 32 8 NNMPC
2 AR HE B, BRIl T2 PD (1
P 24 F MPC 4% 1] 25
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32 R IRER R K S 200 | —
321 HRRZIAB R R . —
55 3.1 VI 07 SRR R BT T NNMPC Z 1sof e
0P A, AT R B 20, B N e
BB R 7T 5 507 i HEBI 2 7132 0L/ 6-DoF L Lo |
B AETEL R, B2 B R AR A 1A 1 IE T 500 550 600
I IETT TR 4 A s AR 7399005 [0.485,0,0.1] m, X-fi /mm

[0.585,0,0.1] m, [0.485,0,0.2] m, [0.585,0,0.2] m.
TSR H R R A 1A% OE 7 T 5 B s iR, AR
J&i o 5l R TE A a2 PR R L B T B AN I e
PRIEE (fF AR i 2% ) FIASCHE H 36 T3 R R
V) 7 52 P 0 0 SR B s o) 2 BB O R I8 . LG
T o (PR DG 0 R B4 ) T0URE R DA s i 48 1 5 A R
HU, M TAME T3 A 7 BB IR i 2% 1 A
SEMERIPLT M, 75 R GEEAT IR BN [—1, 1]
N-m (LIS .

T AR FLSEI6 1A T, 151 8% S 5038 2
T 2R 50K O R T I B S A U B R A O
NNMPC # il Z8ZEnE 6 Fis.

#*6 {AEF XTI NNMPC THIZZSH
SH KA K2 RW3 0 K4 kWS KHe
a 80 140 80 60 25 10
B8 003 004 005 0.1 0.04 002
g 0.5 0.8 0.7 0.6 0.3 0.3
0 0.1 0.1 0.1 0.1 0.1 0.1

BT o AL B R £ 1 B R 4 ) B (R
(11)) MZHE B s

k, = diag(150, 150, 150, 10, 10, 10),

k. = diag(0.01,0.01,0.001,0.1,0.1,0.1).

BT D75 AME B R R ) v (5K (12) #n
(14)) I EE B W Fios:

K, = diag(150, 150, 150, 10, 10, 10),

K, = diag(0.01,0.01,0.001,0.1,0.1,0.1),

K, = diag(0.01,0.01,0.01,0.3,0.1,0.1),

K, = diag(1.5,1.5,1.5,1.3,1.3,1.3)

R R A AV BR R LA 11 B, B g
TR TR, BT H R IR R) R M IR B R A R A
U, R F T B AME I e PR R R 1 D7 4, TG
M T R B ) A R A

ZR BRI, 7 BHah BRI T8 R R 2 E) kb
2 B SRR AT DU O A ME T AR A I 5| iR 22,
T T PUB R RS B, BB St 2T E
AMEI AL 5 Z BN BB I g2 e = A b g, kTR
B 7 BT 0 AME T IR R R .

11 ERR=EPERERELZER

322 HR/RE TR ER RS A L

SE5GF- & K H HEBI A F]1) 6-DoF WMENUAE .
TESEIGH, 8RR NS B YT NE T T, LR 2
i E Kl K75 NNMPC #4188 S 5in % 7 fr
N, SEIH ) S B SRR R 50 O R T 1 R S
H, DAORAIE S50 (1 AT

7 LI KT NNMPC THIBESH
Z¥ K1 K2 R3O K4 KIS KTe
a 70 120 60 40 15 5
B 003 004 005 0.2 006 005
g 0.4 0.7 0.5 03 025 025
n 0.1 0.1 0.1 0.1 0.1 0.1

F T 00T AL BRI 1 00 R i A ) B (R
(1) MZHR BT P

k, = diag(220, 200, 200, 10, 10, 10),

k, = diag(0.1,0.1,0.001,0.1,0.1,0.1).

BETF AR e BR i 4 o SR (R (12) A
(14)) FIZHR B a1 Fos:

K, = diag(220, 200, 200, 10, 10, 10),

K, = diag(0.1,0.01,0.001,0.1,0.1,0.1),

K, = diag(9,0.01,0.01,0.3,0.1,0.1),

K, = diag(1.3,1.3,1.3,1.3,1.3,1.3).

SEAG 25 FANE 12 Fion. AT UUE B, AR SCERH 1)
BTG AR IR 2 ] 77 M2 P e R g 42 i) ARV 3R A A
B, FUOR LT A B AME I I B, s E R
T2 I RE R I R .
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TR B MR
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T R

- - HRbLE
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Z-%l1 / mm

100

550 600
X-%l /mm
12 BHR/RTETIRIFLIGLER

N T A A R AR fE, RE S X-HlAT Z-Hh

500
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iR ZE. B 13 el 7 3 R g i i U BR R R
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)L T20 R B 4% 1) 2% R B A /N IR B AR 22, P 38R
ZEN N1.86 mm, f KR Z N 3.19 mm. X6
M 0 B A A7 B R 1) LI R B B, B
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2.91 mmAf1.77 mm.
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T A RO P BRE
— I
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6 8 10 12
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E13 HRRZEEPUERERERIRE

4 & ®

9T R R ST WU 72 T R 2R 7 (A a2 PR
ER M BRI IO W) 8, A SCWETE T — s R R =S 1E)
ANMER R R BRI . we, M H T ET
NNMPC [ 515 25 6] 47 B - T8 B -7 5 VR A 4 ol 4 14
Wit; S8 E, 2Tz e Tl 4y, 456 PID #5i| AR,
W 7 BT R R 2 0] M2 R U R B 1 B
5, I BEAISEIR IS AE 1 % 7 A AT AT PEAAR
. 25 AR, PR ) 5¢TT 25 [A] NNMPC SR
Refct, LT 55T PD [z HI BIEA MPC 426 H%;
FETH R R 73 B) 7 AMEE R e SR i B B =i 1)
PR B, B 2N 1.86 mm, A T LT i Mz
) 2 AR A5 L A %) A R R A o RV
FEEEA$E T 2.91 mm A1 1.77 mm.
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