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Series Elastic Actuator Torque Control Approach for Interaction Application
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Abstract For series elastic actuator (SEA) systems, most existing methods treat the mechanical component as a linear
spring. However, in order to achieve high energy density, mechanical structures of SEAs are becoming more and more
complex, which makes the control problem more challenging. Additionally, currently available approaches cannot guarantee
the control performance when the payload dynamics changes drastically during the interaction process. To deal with these
problems, an adaptive sliding-mode control method is proposed for interaction applications. Specifically, by taking account
of nonlinear SEAs and disturbances, the dynamics of SEA systems is uniformly described and transformed. Then, an
observer and adaptive sliding mode controller are designed and they work well even in the presence of unknown payload
dynamics. Finally, an auxiliary system is designed to deal with the saturation problem. Stability and boundedness of the
closed-loop signal is ensured mathematically. Subsequent experiment results also demonstrate that the designed controller

is robust against system uncertainties and can achieve a superior performance for SEA torque control.
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Table 1 The mechanical parameters of the SEA

Parameter Value
K, 13600 N/m
c 0.018 m
R 0.020m
r 0.005m
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Fig.2 Model verification of the nonlinear SEA
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Table 2 The parameters of the proposed controller

Copley fii] Il 4K 5)) 4%

Parameter Value
ly, 12 10, 50
Iy, Ts,Ts 20, 20, 10
A 15
k, k1 20, 5
P 5
€ 1

3.2 HE{AEIIUE (Simulation verification)

T 51 A D7 R I AR S A 1) 42 ) 1
FEA ELSE R, I s AR 0 8 i S 5 2 )
0L, BT DA N =M B BRI, 55—
AL05 S N LR, B046 T a8 AL T B iz sk
B, ZIEb i Hm R AR ME 1L 5 T LR R
T, WIS 204 T s PR R UL, 2 5 S IR T 2k
sk e A B Rz gIRAS; 5 =407 HO8 = AT
i, AE D RS A BT R, I L9 28 1 3
NEEZ RS IR E SR, X =07 H S
B TN - B AR o L = A, BRREAR
G M S 4% 45 T 1 S CEL Y RO PERE. O T R
ARSOTER L, eSS SRR [26-27] H B a4t
& PID 2 i 77 3k aE AT He s (G PID $5 i 7 vk o
JZIT SEA gl cp 01326721 A g
FIELLE). Zead iy, A SCBot i Hl a8t XS 2
W% 2 pron, Gk PID 88 7 A il 2 Mo Iy

K kop = 10, ko = 3, kog = 0.5, SIEIRFEHISECH
ki, =3, ki =1, kig = 0.

AESLI 1. fili3E

%G T HAR S AR R, P46 B 20 11 8w Ak T A
Mz RS, 2 FRR LA R, 736 iE 3
151k 0 B B AR AR, BB ) s AR R
o = 0.3 N, B A GO 1255 i B

Jr = 1kgm?, C;, =0.0560;, N-m

TE T = 28 I RIRIF 0 380 1 Bl 12 R0 A

Jr, = 500kg-m?, C,=100006; N-m

PiELERME 5 Fin. i 5 i E
A DA H, A SO Dy 3 AR 28 ) 1 R o
HEAREMIY, X4 B kA)E, BB EARL
Hu S i, i SEA 4424 30728 4.

04 —
£ 03 j AR
%\ 0.2 B |
‘é 0.1 —— Adaptive SLMC | |
e S Cascade PID
i 2 3 ) 5 6
Time /s
I AL
3 4 5 6
Time /s
3 1 5 6
Time /s

B 5 PESEE 1 AP EEs R

Fig.5 Simulation results of Simulation 1

AELIE 2. FEHY

NG T HARS ARy, V)6 B 2 97 8 b T 1
R, 2 E MR R B BHBEIRE. &y
B AR SRR, WA RFE R 7 =
0.3 N-m, a2 07 80 1 8 1A S M0 B

Jr, = 500kg-m?, C,=100006; N-m

TE t =28 WA BRI 30 12 S B0 N

Jr, = 1kgm?, C;,=0.050, N-m

EGRWE 6 . MTEZGRATAE N, 9]
G Bt 3 A0 TR I IRAS, PP R ] 7 YA ER RE 2
FRAIE SEA Hiy s J1 AR BHBAE, A SO R ISGE E
gk, HIoH S, BAA RS N ERE. A
P RSB RR TR, i8I HEANEIZ
BN EL, A SO EEAR %A R S, T



8 4 S R BN A U B S S R d e E FARA EE ol I AR

1325

Wk PID J7 3k JRAE R 18] A6 4 ) A 21 301 2
{EL, B T ARSI AR, XA 5
PA SR AN T LY e

0.4 T

g3 i—————
i 021 T Tw 1
\‘:‘1 Adaptive SLMC| |
201 '='="Cascade PID

09 1 2 3 4 5 6
Time /s

T ——————

Time /s

K6 DS 2 BPTEEE R

Fig.6 Simulation results of Simulation 2

0.1 NI .
RS /,\_‘ TN

£y

oL P
DI 2TNY

-1y

Adaptive SLMC

4

6

Cascade PID

Time /s

7,,(f) /N-m
_ O = N

2
N7
I~
o b
©
=)

Time /s

K7 i ES 3 AR

Fig.7 Simulation results of Simulation 3

fAESH 3. FMRHIEH

TIHPHER L FE B NN - f, Bl
M ARG T S A AR & BT i E
TR R AR, RN 7o = ON-m, a8
MAEES (W (30)), H ki zh 12ES 5
W& 1 30z 3 B A AR AL, DABSREE - HL

TH. PIESRME T R, RS E SR ] LA
iy, Mg PID 2 J73K, AR SCi sl O IA i
SEA fr i ) FEAEFRFAE B /INKVEFE N, BEAS B4 L b,
XX H 35

sin(47t), #t<2s
T, = { 14 sin(8xt), #2s<t<6s
— 1+ sin(127t), #6s<t<10s

(30)
3.3 S (Experimental verification)

Ry BUEA SO A R, AR & 6
Finir) B BHE#E) SEA SL-F& Eyifr T SLm
UE. S0 EAXS R, 3 SAERAE . RO 22 B4 )
MISE AR AT TR O TR BA SO AR A
A, i UK PID 516 7535 s PID Iwiist«h
R J7i% (Feedforward (FF) + PID) fE5% L.
Hop AR SO R FE i 4% -5 UK PID 548 505 5
LI PR FF—E, GOk PID BB SR f 25 it
T (t) = f(z1(t)) + carora(t) + PID(PID(e1(2)) —
wo(t)). oo, eno HHNLIRARIE G R, Zad B
W5 earo = 0.75 Nems /rad, %45 il #5 (19 51
IR SEANTTN kop = 5, koi = 1.5, kog = 0.1,
W%ﬁ%ﬂ?‘ﬁjﬂ kip = 2, kii = 1, kid = 0. @ﬁ“
e Y2, TESER T ) AR B Ty iR 22 4 i 1
A (1) ~ (4) THEMAGR. BTk, @l AR 3 4
SEHR AT HA.

SLUG 1. fiiE

SRR LR AR AN 8 PR, XL S
KA AT, T PID 2 T ik A it 25
ek PID il Ik, ASCrERERE SEA it )
SR PR bk B B, H AR A AR T RE S TP
PRI SR, ARBL T AR SO YR A A e W R
BRPEM T A 9. R B4R A2, FExt stk ,
PR A8 5 AR R IR 2 A S8 AR ], PR A S B 52
30 v AR PR E ™% 1 Hof ] ] 25

218 2. B

5 TSI LR AR AN 9 PR, SEE S5 R
R, VIR 2], =R Ik B RES6E SEA 1%
Hh T A A S R, (ELAR SO YA R A T P s B
WIEE HICH . 4 A8 BoREUS, A SCHYJTVARE
WA A G Y X FPAE Ak, SEA i A% A %
B 25 PID 2 85 A4l & mristah 2 2
PID il dsryvEREN] 2 N FE, SEA fith J1 8 Joik
RS E) B SR A SRR I T AR SO g
Tk BA E B, BEOS TG I Y AL B
w87 B B ) SRR B AR AR I L. [ 5 — 2 5
Br—HF, PROREI A I 2 AT — S 22



1326 Hooz o o 434
-——Ty L 1
£ 061 Adaptive SLMC | _ Adaptive SLMC
z 04 .,’\. ‘‘‘‘‘ Cascade PID = 02 | == Cascade PID
= ar 1 - = =FF +PID =
= - N z oqp ZZZFFEFPID Suappy s G A on g
302 _f:_ e <, o 11 T 1T 1T ,’\-Jr;:!:“. (LI by "
0 . . . \ . g ',,’a‘ill_'l_ A ‘l,llil’ AL
0 ! ? Tinie /s ¢ > ¢ l-'—0.17 Vg '} ‘j" l-j‘l‘ll\"l "|:'\|.’ "‘! E‘ {('- !; "‘
0 5 10 15 20
N Time /s
0.2 "o,
E I\, 0.1 : . AR P AR *
z s N ' P L P I
oy Olf E ,"T\ ’}\lt\.l‘i"‘l’t "!'illl"ll i'_’l“ l“
= S - W pg 120 ” - 1, A - - 1
mL—OZ‘ ’EQ 0 et trfiute '|!i“-l e  11E
: | | | | , 3 P Y AT TR TR Y
G : 5 5 i s ¢ ol A e
. . L * L l 4
Time /s 0 5 10 15 20
Time /s
20
g
z
l—'::

Time /s

K8 s 1 msimai R

Fig.8 Experimental results of Experiment 1

-—-T

— Adaptive SLMC
o L Cascade PID ||
- = = = FF + PID
Z Pl
= 02137% =
<
g
0 : : ‘ : '
0 0.5 1 1.5 2 25 3
Time /s
0.1 T
g RS
B 0f # =N\
Z D
<-0.1}
© 02
0 0.5 1 1.5 2 25 3
Time /s

1.5 2 25 3
Time /s

K9 s 2 SR

Fig.9 Experimental results of Experiment 2

0 0.5 1

K3 3. FMEMEH

SR 3 HSEIRARANE 10 frR, nIAE Y, FE
ARSCES I FEER R, SEA it 14 AR AR RS AE
RN Y, TAEZRIR PID 2 48 045 & mir st b
B PID $E 8420 N, SEA #7740 i th AR
BER, FEO AW T AR SR W 7 TR S S R AR
{EEER e

BE10 S5 3 RYSeaai R
Fig.10 Experimental results of Experiment 3

Mt LIRS IR T AR Y, L BT, A
SCBETT IR T 2SR EE G R AME e PID #5548
HH gk PID #5il #e 80 2 A R U SR B2, (HAC
SCHTETORERE, R T EL AR A B R BE; FEACHL
SRR, BT ASCR RS T E A T 2 s
FAT UL 00 235 SRAE SR TR T, BB 05 A8 RUCHb B X A2 B #
17 3 & AR AR AL, TR L BB A% BUA S B4 1 4 ol R
RAAEHE ISR (H15 12, Ead Xt
B 5~ 7 FIE 8~ 10 #E4T X e DA P, SLBRgh
SO ES5 R 2 A E —E N ZESR, JTHZE S
ABEHEWHEARN, X FEZZH EHE SRS E
JEYE IR, BRI & R AR e — S
R R B )2 F R,

4 i

L SEA [ 1, AT SEA 18]
Ty T T s Sl I 28 A 5 A LY I A T A,
T T 5B PUIE RN R G0k kM 2 581 AT iR .
SIAW SEA J1/ 1 H B H, AR SCEEHI 7
YEIGE T AR ME SEA, WIGEH; #5025 5E 1S 1R 4
Ho X B A8 A, LS A TR B RS SO
Pl R (A PR REBEAT T A% W ELIS 40y, Il S B
FISEIRAIE T BRI . FA, SE S AT
% %A SEA V-, FEB TR TAED, 5002
K7 SEA [ A @A T ot — 5%



81

S R BN A U B S S R d e E FARA EE ol I AR

1327

—

10

11

12

13

References

Pratt G A, Williamson M M. Series elastic actuators. In:
Proceedings of the 1995 IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems. Pittsburgh, PA,
USA: IEEE, 1995. 399—406

Tan Min, Wang Shuo. Research progress on robotics. Acta
Automatica Sinica, 2013, 39(7): 963—972

(BR, EW. P8 AR ARPIFRHE. 33k, 2013, 39(7):
963—972)

Vallery H, Veneman J, van Asseldonk E, Ekkelenkamp R,
Buss M, van Der Kooij H. Compliant actuation of rehabilita-
tion robots. IEEE Robotics & Automation Magazine, 2008,
15(3): 60—69

Sulzer J S, Roiz R A, Peshkin M A, Patton J L. A highly
backdrivable, lightweight knee actuator for investigating
gait in stroke. IEEE Transactions on Robotics, 2009, 25(3):
539—548

Hu Jin, Hou Zeng-Guang, Chen Yi-Xiong, Zhang Feng,
Wang Wei-Qun. Lower limb rehabilitation robots and in-
teractive control methods. Acta Automatica Sinica, 2014,
40(11): 2377-2390

(A, Ger™, BRILME, sk, £ R FRRE NI A ML HAE
il k. AaitbaER, 2014, 40(11): 2377—2390)

Pratt G A, Willisson P, Bolton C, Hofman A. Late motor
processing in low-impedance robots: impedance control of
series-elastic actuators. In: Proceedings of the 2004 Amer-
ican Control Conference. Boston, MA, USA: IEEE, 2004.
3245-3251

Wyeth G. Demonstrating the safety and performance of a
velocity sourced series elastic actuator. In: Proceedings of
the 2008 IEEE International Conference on Robotics and
Automation. Pasadena, CA, USA: IEEE, 2008. 3642—3647

Vallery H, Ekkelenkamp R, Van Der Kooij H, Buss M. Pas-
sive and accurate torque control of series elastic actuators.
In: Proceedings of the 2007 IEEE/RSJ International Con-
ference on Intelligent Robots and Systems. San Diego, CA,
USA: IEEE, 2007. 3534—3538

Tagliamonte N L, Accoto D. Passivity constraints for the
impedance control of series elastic actuators. Proceedings of
the Institution of Mechanical Engineers, Part I: Journal of
Systems and Control Engineering, 2014, 228(3): 138—153

Oblak J, Matjac¢i¢ Z. On stability and passivity of haptic de-
vices characterized by a series elastic actuation and consid-
erable end-point mass. In: Proceedings of the 2011 IEEE In-
ternational Conference on Rehabilitation Robotics. Zurich,
Switzerland: IEEE, 2011. 1—-5

dos Santos W M, Siqueira A A G. Impedance control of
a rotary series elastic actuator for knee rehabilitation. In:
Preprints of the 19th World Congress, The International
Federation of Automatic Control. Cape Town, South Africa:
IFAC, 2014. 4801—4806

Tagliamonte N L, Accoto D, Guglielmelli E. Rendering vis-
coelasticity with series elastic actuators using cascade con-
trol. In: Proceedings of the 2014 IEEE International Con-
ference on Robotics and Automation. Hong Kong, China:
IEEE, 2014. 2424—2429

dos Santos W. M, Caurin G. A. P, Siqueira A. A. G, Design
and control of an active knee orthosis driven by a rotary
series elastic actuator, Control Engineering Practice, 2017,
58(1): 307—318

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Kong K, Bae J, Tomizuka M. Control of rotary series elas-
tic actuator for ideal force-mode actuation in human
robot interaction applications. IEEE/ASME Transactions
on Mechatronics, 2009, 14(1): 105—118

Kong K, Bae J, Tomizuka M. A compact rotary series elastic
actuator for human assistive systems. IEEE/ASME Trans-
actions on Mechatronics, 2012, 17(2): 288—297

Calanca A, Fiorini P. Human-adaptive control of series elas-
tic actuators. Robotica, 2014, 32(8): 13011316

Calanca A, Capisani L, Fiorini P. Robust force control of
series elastic actuators. Actuators, 2014, 3(3): 182—204

Yoo S, Chung W K. SEA force/torque servo control with
model-based robust motion control and link-side motion
feedback. In: Proceedings of the 2015 IEEE International
Conference on Robotics and Automation. Seattle, WA,
USA: IEEE, 2015. 1042—1048

Misgeld B J E, Pomprapa A, Leonhardt S. Robust control
of compliant actuators using positive real Hs-controller syn-
thesis. In: Proceedings of the 2014 American Control Con-
ference. Portland, OR, USA: IEEE, 2014. 5477—5483

Zhu Qiu-Guo, Xiong Rong, Lv Cheng-Jie, Mao Yi-Chao.
Novel series elastic actuator design and velocity control.
Electric Machines and Control, 2015, 19(6): 83—88
(RFKIE, fe%, BARZR, B, WAl Rk ah a5 s
fil. HEALS AR, 2015, 19(6): 83—88)

Ames A D, Holley J. Quadratic program based nonlinear
embedded control of series elastic actuators. In: Proceedings
of the 53rd IEEE Conference on Decision and Control. Los
Angeles, CA, USA: IEEE, 2014. 6291—-6298

Powell M J, Ames A D. Hierarchical control of series elastic
actuators through control Lyapunov functions. In: Proceed-
ings of the 53rd IEEE Conference on Decision and Control.
Los Angeles, CA, USA: IEEE, 2014. 2986—2992

Wolf S, Hirzinger G. A new variable stiffness design: match-
ing requirements of the next robot generation. In: Pro-
ceedings of the 2008 IEEE International Conference on
Robotics and Automation. Pasadena, CA, USA: IEEE,
2008. 1741—-1746

Jafari A, Tsagarakis N G, Caldwell D G. A novel intrin-
sically energy efficient actuator with adjustable stiffness
(AwAS). IEEE/ASME Transactions on Mechatronics, 2013,
18(1): 355—365

Furnémont R, Mathijssen G, van der Hoeven T, Brackx B,
Lefeber D, Vanderborght B. Torsion MACCEPA: A novel
compact compliant actuator designed around the drive axis.
In: Proceedings of the 2015 IEEE International Conference
on Robotics and Automation. Seattle, WA, USA: IEEE,
2015. 232—237

Laffranchi M, Chen L S, Kashiri N, Lee J, Tsagarakis N G,
Caldwell D G. Development and control of a series elastic
actuator equipped with a semi active friction damper for
human friendly robots. Robotics and Autonomous Systems,
2014, 62(12): 1827—1836

Austin J, Schepelmann A, Geyer H. Control and evalua-
tion of series elastic actuators with nonlinear rubber springs.
In: Proceedings of the 2015 IEEE/RSJ International Con-
ference on Intelligent Robots and Systems. Hamburg, Ger-
many: [EEE, 2015. 6563—6568

Palli G, Melchiorri C. On the control of redundant robots
with variable stiffness actuation. In: Proceedings of the 2012
IEEE/RSJ International Conference on Intelligent Robots
and Systems. Algarve, Portugal: IEEE, 2012. 5077—5082



1328 H 3l

43 %

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Yu HY, Huang S, Chen G, Pan Y P, Guo Z. Human-robot
interaction control of rehabilitation robots with series elas-
tic actuators. IEEE Transactions on Robotics, 2015, 31(5):
1089—1100

Garabini M, Passaglia A, Belo F, Salaris P, Bicchi A. Op-
timality principles in stiffness control: the VSA kick. In:
Proceedings of the 2012 IEEE International Conference on
Robotics and Automation. Saint Paul, MN, USA: IEEE,
2012. 3341—3346

Braun D, Howard M, Vijayakumar S. Optimal variable stiff-
ness control: formulation and application to explosive move-
ment tasks. Autonomous Robots, 2012, 33(3): 237—253

Lee J, Laffranchi M, Kashiri N, Tsagarakis N G, Cald-
well D G. Model-free force tracking control of piezoelec-
tric actuators: application to variable damping actuator.
In: Proceedings of the 2014 IEEE International Conference
on Robotics and Automation. Hong Kong, China: IEEE,
2014. 2283—2289

Lee J, Jin M, Tsagarakis N G, Caldwell D G. Terminal
sliding-mode based force tracking control of piezoelectric
actuators for variable physical damping system. In: Pro-
ceedings of the 2014 IEEE/RSJ International Conference on
Intelligent Robots and Systems. Chicago, IL, USA: IEEE,
2014. 2407—-2413

Wang M, Sun L, Yin W, Dong S, Liu J T. A novel slid-
ing mode control for series elastic actuator torque tracking
with an extended disturbance observer. In: Proceedings of
the 2015 IEEE International Conference on Robotics and
Biomimetics. Zhuhai, China: IEEE, 2015. 2407—2412

Dong S, Zhou L, Wang M, Sun L. Variable stiffness estima-
tion of a series elastic actuator. In: Proceedings of the 2016
Chinese Control Conference. Chengdu, China: IEEE, 2016.
2114—2119

Yu Zhe, Wang Lu, Su Jian-Bo. Disturbance observer based
control for linear multi-variable systems with uncertainties.
Acta Automatica Sinica, 2014, 40(11): 2643—2649

(T, E3%, B8 BT TR AT E L2 LR ARG
. Bk, 2014, 40(11): 2643—2649)

Chen W H. Disturbance observer based control for nonlinear
systems. IEEE/ASME Transactions on Mechatronics, 2004,
9(4): 706—710

Li S H, Yang J, Chen W H, Chen X S. Disturbance Observer-
Based Control: Methods and Applications. Boca Raton, FL:
CRC Press, 2014.

Chen Xiao-Ping, He Wei-Xing, Fu Hai-Jun. Linear Systems
Theory. Beijing: China Machine Press, 2011.

(B, MTE, %5, KRGS, JUat PTG,
2011.)

Zhang Yang-Ming, Yan Peng. Adaptive robust control for
linear motor servo systems. Control Theory & Applications,
2015, 32(3): 287—294

(K4, ES. REERPUFIRR SR QG N SRR . RS
M, 2015, 32(3): 287—294)

Chen M, Ge S S, Ren B B. Adaptive tracking control of
uncertain MIMO nonlinear systems with input constraints.
Automatica, 2011, 47(3): 452—465

Bae J, Kong K, Tomizuka M. Gait phase-based smoothed
sliding mode control for a rotary series elastic actuator in-
stalled on the knee joint. In: Proceedings of the 2010 Amer-
ican Control Conference. Baltimore, MD, USA: IEEE, 2010.
6030—6035

”

—

E A OEMAARENSEASHEEASMNL
WA BRI ) SEA )
FEAR, JALSCH., B2 BRERPLER A
E-mail: wmkevin@mail.nankai.edu.cn
(WANG Meng Ph.D. candidate at
the Institute of Robotics and Auto-
matic systems, Nankai University. His
research interest covers SEA torque

control, human-robot interaction, and monopod hopping

robot.)

' '\‘

E ML MRS ASER
H sl b E BT B . EEEW 55 10k
Blgs NIEHI RS ASGREES.
E-mail: sunl@nankai.edu.cn

(SUN Lei
sor at the Institute of Robotics and

Ph.D., associate profes-

Automatic systems, Nankai University.
His research interest covers robot con-

trol systems. Corresponding author of this paper.)

systems.)

control.)

F B OEFRFIEASEEASL
WA, FEWFTE T 1 SEA 5
#il. E-mail: blackbirdontree@163.com
(YIN Wei Ph.D. candidate at the
Institute of Robotics and Automatic
systems, Nankai University. His main
research interest is SEA control.)

B b RS A S EE A
TG AE. FEERRSE 5 I A LA A
ARG

E-mail: dongsh@mail.nankai.edu.cn
(DONG Shuai  Master student at
the Institute of Robotics and Auto-
matic systems, Nankai University. His
research interest covers robot control

XzE WL, AR ASER
H s LB 5T BT 8042 RSy ) AL
ar N, plds At

E-mail: liujt@nankai.edu.cn

(LIU Jing-Tai Ph.D., professor at
the Institute of Robotics and Auto-
matic systems, Nankai University. His
research interest covers robotics, robot



