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Abstract: To meet the high precision demand of friction stir welding (FSW) for high strength large parts with complex

surface a heavy load FSW robot is developed. In order to make the robot have large working space and dexterous operation

ability, the serial mechanism is chosen as the robot configuration, and the design and stiffness checking method of the high

precision mechanism under heavy load are elaborated. Dynamic model of the wrist joint with clearance is deduced, and

the dual motor backlash elimination control method is proposed. Backlash elimination effect simulations for different loads

and bias currents are carried out, and the results show that the active backlash elimination method can effectively suppress

the position fluctuation and error caused by the transmission backlash. Furthermore, in order to eliminate the deflection

deformation of the z axis under the action of self weight and welding force, a deflection active compensation method is

proposed, and the dynamic model and control strategy are constructed. The simulation results show that the trajectory errors

caused by deflection deformation can be quickly and effectively suppressed by the deflection compensation system. The FSW

robot prototype experiment shows that the robot can realize high precision trajectory control under heavy load.

Keywords: friction stir welding robot; heavy load; high precision; dual motor backlash elimination; deflection compensa-

tion
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The structure design and stiffness analy-
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Fig.1 FSW robot system
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Fig.2 The backlash elimination principle of the double nut
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Fig.3 The design of wrist joint
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Fig.4 The design of the stir head
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Fig.5 Force analysis of FSW robot
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Fig.6 The stiffness characteristics analysis of FSW robot
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Fig.7 Dual motor backlash elimination principle of joint 4
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Fig.8 The dynamic model of joint 4
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Fig.9 Force analysis on the worm gear pair

JLθ̈L =−TL + rLFN cosα cosγ (4)

Δθ =
θm

NbNw

−θL (5)

e

e =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Δθ −b, Δθ � b

0, |Δθ |< b

Δθ +b, Δθ <−b

(6)

FN = k · e+d · ė (7)
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80 kg·m2 β = π/9 γ = 0.071 rad rw = 0.061 m

rL = 0.259 m k = 1× 108 N·m/rad d = 0.1 θd =

0.1sin t rad Simulink
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Fig.10 The block diagram of active backlash elimination

control
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Fig.11 The backlash elimination effect under dynamic small

load

2)

TL TL = 6600 N·m
12 i0 = 0 1.6 A

i0 = 0 A TL

TL

0 2 4 6 8 10

−0.1

−0.05

0

0.05

0.1

0.15

i0=0

i0=1.6 A

t /s
θ

L
 /

ra
d

12

Fig.12 The backlash elimination effect under static large load
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Fig.13 The backlash elimination effect under static small load
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4 Trajectory planning
and compensation

4.1
14

DH 1

x3

y3

z3
d6

z4

θ4

z5
y5y4x5

x4

d2

l1y2

z2

x2

d3

θ5

l2

x6 y6

z6

d1y1
z0

y0

x0

x1

z1

14

Fig.14 The kinematic model of FSW robot

1 DH

Tab.1 The DH parameters of FSW robot

i ai αi di θi

1 0 −π/2 d1 0

2 0 −π/2 d2 π/2

3 0 −π/2 d3 −π/2

4 0 π/2 l1 θ4

5 0 −π/2 0 θ5

6 0 0 l2 0

l1 = 0.858 m l2 = 0.55 m

i−1
i TTT =

⎡⎢⎢⎢⎢⎢⎣
cθi −sθicαi sθisαi aicθi

sθi cθicαi −cθisαi aisθi

0 sαi cαi di

0 0 0 1

⎤⎥⎥⎥⎥⎥⎦ (8)

i = 1,2,· · · ,6 c s cos sin

xyz x0y0z0

0
6TTT=

6∏
i=1

i−1
i TTT

=

⎡⎢⎢⎢⎢⎢⎣
sθ4cθ5 −cθ4 −sθ4sθ5 −l2sθ4sθ5−d3

cθ4cθ5 −sθ4 −cθ4sθ5 d2−l2cθ4sθ5

−sθ5 0 −cθ5 −l2cθ5−l1+d1

0 0 0 1

⎤⎥⎥⎥⎥⎥⎦ (9)

ppp1,

ppp2, · · · , pppn nnn1,nnn2, · · · ,nnnn

i pppi = (pix, piy, piz)
T nnni = (nix, niy, niz)

T

pppi z6 nnni

(9) i

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

θ4 = atan2(nix,niy)

θ5 = arccosniz

d1 = piz + l1 + l2 cosθ5

d2 = piy + l2 cosθ4 sinθ5

d3 =−pix − l2 sinθ4 sinθ5

(10)
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Fig.15 The deflection active compensation mechanism
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Fig.16 Force analysis on the saddle
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Fig.17 The block diagram of the deflection active

compensation control
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ϕ = 0.004πt 0 � t � 100 s
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θ4 = atan2(1.05cosϕ,1.669sinϕ)

θ5 = π/2
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Fig.18 The effect of deflection compensation
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Fig.19 The FSW robot prototype
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Tab.2 The main technical parameters of the FSW robot

1 7.1 × 104 kg

2 3.5 m × 1.8 m × 1.6 m

3 1.25 m /min

4 2 r/min

5 50 000 N

6 35 000 N

7 12 000 N

8 <±0.1 mm

9 1000 r/min

10 270 N·m

1

2014 5.5 mm
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Fig.20 Welding effect

6 Conclusion
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