§32% 412 e R TR Vol. 32 No. 12
2024 4 6 A Optics and Precision Engineering Jun. 2024

TEHE 1004-924X(2024)12-1857-11
18 i R IE B 3% 4B TR AL = KR E AME

BEA, NNE, HAA, TEL, Enk, X%
(KERTAE M IESEE T5 k& 116024)

FE S IMEDLER AR HE 745, ) I8 Dl 0o 25 22 48 28R R 1 —Fh e 7 B2 UG A0 A g o PR T T I g8
AL TED (1% ) 3 0 i M T 1 A v U R R o R T T R o S BSOS TR ) o A SO M T i AR O R R SR, i
TSR N AR B , 8 Ao 0E 5% 0 A SRR T T AR R AN A5 R 5 SRS N B0 I A A A R 22 ] A e R
R AMETR AR BOUE S5 WE T R & HEAT 0 K, 85 5 e B, A6 Dk R AR A 0k RS TR 0 B e 3R AN BR A KL A
) 2ok R A R S 5 Y B A SRR HH TR 25 0. 988 %6 1 0. 253 %4 5 £ I 42 AE B8 Wik R 28 TR W B B A5 Ak L IE 3% A8 Ak L IF 3%
AR R R N Ry A = RO S T3k, A T AR SR 5 AR B A AR IR AR R R 250 3. 82200, 4. 247 06 RN 4. 4560 . A
SCHRE M R T 1 R A R AR R A R X AT A i 0 T L AR T B DG R R o U ) S R

X E OB AR AR B BT iR £ AME

FE S %S TP242; THS23 XHEkFRIZAD A doi: 10. 37188/0OPE. 20243212. 1857

Development of integrated torque sensor for harmonic reducer

and Error Compensation
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Abstract: In order to achieve precise force control of collaborative robot, an in-situ integrated torque sen-
sor is developed by using the deformation of the flexspline of the harmonic reducer. Proposed a residual rip-
ples compensation method based on Fourier series model to improve measurement accuracy. Firstly, the
strain law at the bottom of the flexspline was analyzed, and the sensitive grid structure of the strain gauge
was designed based on the principle of sinusoidal superposition; Then the Fourier series model between
the remain ripples and the angle of the wave generator was established to compensate the residual ripple;
Finally, a test platform is developed for loading test, the results show that the output errors of the self-
made torque sensor and the standard torque sensor are 0. 988% and 0. 253% when the instantaneous exci-
tation and step load are applied under the static state of the wave generator; Under the rotating state of the
wave generator, three kinds of loads, 1. e. step change, sinusoidal change and man-made collision in the
process of sinusoidal change, are applied. The output errors between the self-made torque sensor and the
standard torque sensor are 3.822%, 4.247% and 4.456%. The compensation method proposed in this

paper can effectively reduce the interference of residual ripple on the sensor output, which is conducive to
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the realization of accurate measurement of joint torque.

Key words: torque sensor; harmonic reducer; Fourier series; error compensation

1 3 =

PMELES N B A e i fh 06 P L AP
IFi) B 7 ik 2 R, 7R RO Tl il s BEIT TR
RBE M55 S5 S 5T MR, et
Al 5 oy s P RE O DR E DL 2 S TT 22000 1
P i AR A WL 5 A 00 58 B g S S T
il (4 )y vk, BT AR BN i R R T
PR AL PR S0 00 3 7 O T P i 4 B ) 9 X A
TR I B 7%, TE HILA N R i 22 4 22 4 g A% I i
AR R B OGO T )
K B, 25 5 52 L LS 805 TRV 22 1 52 ) 5 BT )
I 3 A% gt T A AN B AR 130 2 Skt DT 4
¥ 7= A 5 5 7S 4 AR B o T 20 N 45
FORAE 5

BV BIL A A T P 3 0 Dk 2 Y SR e R —
WERE F AE 3Z 2140 Iy AE F R AR % 7 AR R AR
T B A ke B B ML N O T LA i
I ] 2 85 52 3 738 1 S 552 R RE e 4 g 00 e 3k o 7
TR 2 N B AL R B A BIALER AT
GRS IR PN K N R A S Y 1
TRUE T & W EE™

S R A AR I B N R bR T B3 A
WA P K A 2R BT R 76 I O A T AR I &
A 2 0 TE T BT R N AR B OE () 5% il 4%
A B AE b DT JC 75 0 e 3 o 1 1) B A
3K 45 Y A I R O B R . Hashimoto %8 AR
DU £ [ B 90° I A8 7= A ) A5 5 28 T %) 5 7 I
33 kW L (ST R SR SR EN VRIS R e YN S
T AL IR RS, Taghirad 25 A % B B0 & 7 14
7 5 A5 R X6 R A 1 00 A B AR N AR A R ek /N
B B AR SR R AR S R s R T ROR
S AT O v R AR IR AR RS Y. Godler
5 NKe BUBAR 5 BB R 2 A A TR A6 43 1Y) &
T, 30 A 9T S R 43 A 1 N A A 1 U R
XiF 45 A~ I AR A6 1 B H A S R AT 0 25 YL R B
KN AR R A A TR 2 B Y Jung 4 R
FH T 35 5T B g ) 0 e 5 12 e M 7 i Tk B
W T — A LA [ 5 Ak 0 A B D8 i T A

Ji s IO 728 A 5 R U R A R S, PR IE T AN [R5
AP T SR R A W ORT A B L R
B MPIIEHEBRGO S B0t TR T =R &
IR 114 P A SR s 52 B 22 B S A 5 BT B L OF:
B S A U A IO AR i o T A TR

7 SCE 1o 7 2R e I Ok W A A Y — Bl R B
JO7 78 SR A U I DRl A B N B R Uk AR
Tor JVE 5 T B R AR SO T 4R T R S A AR
e 55 S P g A JE TR) 4 e BL i 2 0 7R Okt X
{5 5 BEATAMEE I J5 1%, 1R O R XA 5 47 8
P Kb B 2 0F T S TR O B R TR
T HSEIR PR UE T R R 1 o R T4
THE AR AR ILIF 38 3 3 65 58 W T A% SRS R
HLAY P RE I 3K

2 Rk BHRAX N T G K

Z 4% (40CTNIMoA ) 2 — Fift i BE 25 49, AH X T
Al A A 52 30 5 A AR T B 6% 7 A A K o
PEARTE | AT R OG5 55 40 D0 & i s AR . A2 TAE
S 52 ), R B R R I A R R R s B
o TE TRV BE KRG W N AR R, B AR B 75 iy A T b 4 b 2%
Z B FE M, A L 22 2 R G i 4R R T 4 Y I
INBE O HLF- v B R U AR B, AR SR AR
5 VG IORY WU J07 A8 1 e R o 48, B 1
71N, 3 2o B A AT 3 R AT R IR B R TR R R I
PR I AR A S A O B S AT R AR AR
UL AE B

Strain gauge

Flexspline

Circular spline

Wave generator

T JREAR R R 37

Fig.1 Bonding position of strain gauge



% 12 3

Y, A o U Ul VAL A A i TR ) R iR 2 1859

I T 2 A 3o B R, 2 T - 5
BB R R, X2
T i B A2 3 1) 2 R8I CREAELAS =), ) I 9 e A
VT i ] 2 48 AR TE ] A A 2 1 3t 3] i 4 (&
Pefi o) o DI, 7638 P el o o T AR A b, 224

135°

(a) BURMMES

(a) Structure of sensitive gates

I8 2% 7= A 7 480 R A s AR T Y 7
ARNE | T B FEAR 5 TR 2 1 W R A A8 e % 7 HE 1
TE 5Z AL I Sl A T O vERR I L O TR X —
[ia) 50, A SR FHATT ) 79 2 P 2 i 7 1) 0 5 4
i i TE 52 Y T5 1 BR OB I ER AR

0 O
U

(b) = HFHEE
(b) Full bridge circuit

P2 SR 5 A B 3 J0 T A AT L B

Fig.2 Structure of sensitive gates and Wheatstone full bridge circuit

HUEME R, RS TE R — 2B 48N, A B2 53 51 hy
A5 135" ( 2 56 i I 78 5% FEAE R 9 F2 0 1 J7
]), Al 17, 208 D D8 2% 32 3] 17 4R FI
FHOREME R, AT R, 43 53] 2 P AOR A5 R0 R i R A B
KA AR S AE R0 A [/ J8 b7 A 1F 5%
FLAE I AS L O HL LA 1807 — AN JH 1, itk B 7E £y
I RV R A AR AR R R Ry AR, N A5 (4 1
AE S0 3

ey=a, + f, sin(2rnr)
e:=a,+ B sin (2mnt + 2n)’

Forbc o SRR R TR B NLAE , B o BUIAE 5 1Y

(1)

WEAE , n M B A SR, ORI S350, BT R,
AR, A B AH 22 1807, I H Ay i #E Al — 242, I
AWK ()R KR
Ay — Q>
=P
IH B T 7 A A 5 1) o0 B AR 55 L E 5K
G156 A AR R W P15 5 R 80 BT 98 B 1 5% 43
i 19 B A AR BN AR E 2a,.
O3 SITE 5 UM R, R, 18] B8 90° 4 o7 B 4k A5
B R R, Ry, $E 20K 2 T s Y H
AT HL B, AT AT R R

(2)

out

¥R12R2:R3:R4H¢,ﬁ :
AR, AR; AR, AR, AR’

R R R R R (4)
AR AT (3) AT A5 I B F 5 3 M H R H
AR
U =""U=FKeU =4KeU,,  (5)

!

_(R17AR1)(R§7ARg)i(RziARg)(RLliARLt)U — 1 U ARl o ARg AR9 AR4
(R, + AR, +R;+ AR,)(R,+ AR, + R, + AR,)

i~ i + -— N
4 Rl Rg RZ R4

(3)
Hor s KA RAREL, e, o BUBME I N2 L e, Ty i
FE R Y A, Hor
T
4rtGr®
A6 RAK(S) , FT13Hr w1 vl T 5 5%

(6)

&



1860 e RS LR %32 %
FHZ IR RN - 15
KU, —— Remain ripples
U,= ~T. (7) - - = Actual torque
ntGr’ -l |

3 BRERETAMEZ

F T A 00 B R 22, X BRI A D A ) 38
BUf5 5 B R (B KA A7 AN A 45 FAH 22 1807,
{5 5 TR B NIE T A7 7R 3R 22 1007 2R F AR 8L, 1
AT T 12 1 0 AR U LA B, A TR 3 TR

AT LAE TR A SO T e i £ R
i Hh 49 S PR R Z (R A7 A 2. 409 N-m 93 22,
To0O0F 1 I g IO A 2 2R i T AR R R . A XX
— )R, AR SC R Tz AR L GO R AR
B 5 R A A 1 RE 22 18] B 5 2R AR R R o 1 gk
i HEAT AN 9T

R A% B0 I 5 U A A A B R R AT G B4 T
W55, 9F B LA 180" Jy — > il 391, A7 B I A9 1E 3%
ML (L 2 HnT DL S A [a] B O i I
ARG TE S OB AT LU Sk T R Ay Bk
B

e S i ) A B U G PR 4 B R A
Lo R A B R AR SO Y "3RIk

Torque/(N-m)
W
T
1

ol = £ £ i
-5 1 1 1 1
0 12 24 36
t/s
K3 FaLk
Fig.3 Remain ripples
M= () s

y'=a,+ Zaf cos (7wa )+ b, sin (fwa ), (8)
i=1

Hobca, 0,80 w 9 LM ZRROCR R, o i K A
FRE o A 2 RIS A T Sk
A i A0 L EAT AR E A5 B R A S0 T L I 2 JomE
TR 2% 0 28 850, W3t e o R 0 e A i A B
B oA EAME R RE A 5 ', X2 A
oy AT IE

Torque I’

Wave generator Fourier series

I
I
1
1
AU | r=-
3 I
I
I
I
I

Output x

angle a model

B4 AL Ian 55 A i A

Fig.4 Process of sensor signal compensation

P 5 29 23 S A — B B L = i e L I 2
WA ML R g 2] o wl LUA I — B 5Lt 2
KAWL G e 1 25 I R W) S B, e A
=i R GBS B B R R T 0. 999, %
JEAE LT B PR P AR SR B L 2 5
AT ARLOR T

EREANEIN I & S N N N R W = O )d
B AMERT Y £17. 769 mV J8/N Ky 3. 706 mV;
Xif A5 5 AT A R o A A5 B0 AF S0 1 an | 7
R MR AR 5 e RO 4 i A IR (E R 14, 999 Ik
/N 2,554, LRSS IRFRW AL B th A5 5 iy
Pl A BN T AL A KM S5 A5 2 T B 50 S



Y, A o U Ul VAL A A i TR ) R iR 2 1861

— First-order fourier fitting
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Fig. 5 Fourier series fitting results under different orders
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