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Hysteresis Model Based on Modified PI Model and Compensation
Control for Elbow Joint Driven by Pneumatic Muscles

WANG Binrui LU Han JIN Mingtao XIE Shenglong
(College of Mechanical and Electrical Engineering, China Jiliang University, Hangzhou 310018, China)

Abstract; Aiming to analyze the hysteresis characteristics between the air pressure and angle of four-bar
elbow joint driven by pneumatic muscles. The Prandtl — Ishlinskii ( PI) model of the hysteresis
characteristics of elbow joint was established, the required parameters of the model were identified by
Levenberg — Marquardt method. The appropriate envelope fuction for the improved Play operator was
selected, and the modified Prandtl — Ishlinskii ( MPI) was designed to describe the asymmetric
hysteresis, compared with the classical Prandtl — Ishlinskii ( CPI) model, the results of the simulation
showed that the MPI model had higher fitting degree for the asymmetric hysteresis curves. Based on the
MPI model, a feed-forward integral inverse compensator was designed, an integral inverse compensation
controller (MPI —1—1—PID) was formed with PID. The simulation of position control of MPI =T —1 —
PID, PID and CPI—1—1— PID controller was completed. The results of the simulation and root-mean-
square error showed that MPI —I —IPID can reduce the tracking error and improve the tracking accuracy.
Equal amplitude sinusoidal signals experiment on PID, CPI —1—1—PID and MPI —1—1— PID controller
under different loads was completed, according to the compensation effect influenced by the load which
was explosed in the experiment, and piecewise PID control was added in the compensator. The results of
experiment and root-mean-square error showed that MPI — I —1—PID can reduce the dither amplitude and
tracking error of elbow joint, improve the accuracy and stability of elbow joint position control, which
proved the effectiveness of the proposed hysteresis compensator.
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0 3= G5, FLAL S54RI OR 3h 258 8 HoA 25 R RS R L3
= 2 I i AR 25 4 A fFL A 22 4 22 4 O T A
RN R A TR E TR KB, BEEPLIE A AR BRI & RS2 3%, 5 R HL

Wk B 2018 =11 -28 & H . 2019 -02 —-27
BEEWHE: HEAKRPEIEEIH (51575503)
EER A LBL(1978—) I #o , [ L, EZ A7 A WL N5 8 REE ST 5T, E-mail : wangbrpaper@ 163. com



6 1

FRBL S A ILA R 5 MPT 3R i A58 20 5 b 2 2 il 413

N T E AR R R R R 2R RE R g
AR R R FE W, L3R S L % 4
PR RIKE RS

KB WLA ( Pneumatic muscle, PM) /E b —Ffh 5
DA UL PR F9 A e A ) e R R sl 2, A
ORI N S = T VA A NN N X ¥
A LA AR L PR BB SR L T
T TP B R 07 A Ao LA N A
B, SR A WU K 0 R R R TR
WV BIHLR T8, B R R R b 5
AR I NN K £ Y0 NP N
HE R R o B T S LA g SR 2 ]
9 I 5 A5 A 2 W 1 R AR I e e A R
HA R G RS WLA B SR AR, R
B UL P B RS, B N Ah e AT TR
WF5E .

R 33 0 1] A 3R v R T A T 4 A Ak
Gy B IR W R R R BOR A F R Prandil —
Ishlinskii (PL) £ 51" J& T U400 s B, {4 45
PI( Clas sical Prandtl — Ishlinskii, CPI) £ &l J&
Preisach & J& 1M K , % % A i A5 FR 4> Play 5 F 5f
Stop BT A AR 1, B AT 254 1A B N
{5 T 3R L B A0 1 2 MO R R W R B 42, R
FEAEiR 22 RO 0 5, 9 12 B FaR W AR &t &
Gogt i op (5 AR R T 0 A X AR 0 R
LIN 2SR FIR BT SR MR W s i S T
SEIWLA R AR R 9 5 3 F ) X Boue_Wen il
PT KT fy 4 9 47 X LE L Al PR AR X
Bouc_Wen £ 7 455 Maxwell #5875 57 3 92 )2 Bt T < 5
JUL P #3174 1 5 SEBASTIAN'' SR Al I 3L Play 45
TS TSI WUA R MR, 315 Maxwell 55 |
Bouc_Wen #7847 T % 1o, & PR )™ X Play 52
TSN WL A 4 3 LA R B A

X T A R AR R R S, L
TR ()42 o 5 W, S 25 6 T TR A G 6 R B 28 SR 31K

< 150 5 150

0.3 j I ] 0.2
W4 < /M Pa

Wi )</ MPa

(b)

K2 AEGAET

AR A ISR s T MINH 4R
T T S T R TR e 2 A ) 18 20 TR A T SR It 47 7
MBI WUAAALE, N AR Il g% 2 5l F T i) s L
AR Bl 22 AR 2tk 8145 3 JIL IR X 17 2 Y
WU B RO G R o Hy T R i R A A AR
T RGBT, HX S 8UR, WA A ER DT
— S LA g ) e

A SCHE CPT RSy B it B, AF 50 50 1 {8 A A
25 BRI R, BT — i ] AR R X FR IR I 4 00 Bk PT
( Modified Prandtl — Ishlinskii, MPI) 5 %l | 5% A MPI
R 2l JUL PR 3R 3l 8 I 5G9 i AU S i A 2
[F1) P A Xof 3R il 0 4 R AT AR, i T R BT
ARy R A, $5 B0 0 R PID 540 %, X b
8 BB AR TR AT B E .

SHNARXHRESEESR

1 rp B U I OGS, LS LD S B 2 s
PRI ILIA VR RS B e R R Bl AR SO
Jif S5 5 Bl 5 B LA AR A B R R R A T
M AEZS BN 6,12 kg ST, X3 LA T
AR W AE A 9K S 15 5, 45 BB A Ze 8] 2 Brs

1R AT &
Fig. 1 Elbow joint test platform
L PUEFFIOGTY 2.SMC LGBl 3. Beckhoff #iilds 4. 7151

HT B2 R S 5 3 M S S LA R R
FEZ [ AE AR i 56 &, BB HiF SRR AR X AR . BEE
G B S, R 51 B IR OIR e A R A R R Y

04 05 06 = > L 02 03 04
Wi M FE/MPa

IR 2R

Fig.2 Hysteresis curves of different loads



414 & ol HLOM ¥ R

Ja BRI 07 B ) BF 3 A 38 5 35 22 3 i k7
DTSR A R OGN, A L ORS B R R
B

2 RXRTREER

2.1 CPI#ZF0 MPI &
CPT 5 7Y oy AN [R)ASUEL A B AELFY) Play 507 AL &
S B SR A A R G R R L AN 3 TR

it Playiiy u(t)

s ‘\\ HaA

'\Zf 1;, 4:(’ 57 :) 57 é? LAEPlay T
Yy

rn C:I
v(t) e P
V(1)

3 CPIAE RIS Hy
Fig.3 Structure of CPI model

M Play 5111y CPLBIRI AT 7Ry
2(1) =pr(0) + 3, p(r) Fo(0) (1)

Af o 2(0) — A i i
po— R K, T B AT S HOHRG B
v(t) — M A

F——Play % F4i th
r— i AT R
p(r,) ——CPI R RLIEL B 5

FEPHE Play 770 py LAY | g sy MPT RS
o Play B F BO% A S 1 S R WA 4 TR

Aw

o
H

P 4wt Play 55510 i A i 58 &

Fig.4 Input and output relationship of modified Play operator

HIFE 4 AT, Bk Play 555 094 i w (¢) 214
AR y, oy, BN eos A, AR AR 2k y, Al
v, X AL 2% BB, P Y Play 355 ATl
T LR A T 6 4% oK R, 3 T 22 o 6 110 8 R
ik .

MPT K] 7R Ky

2(0) = I] [wl (1) =H(w(1)) + 2 p(r) Fu(t)
(2)

2019 4
s H() = 3 poln)’
ef (o)) — XTI A M Z T H AL

p—— 2 RE
Fy ——dE Play 55 %
2.2 BRFEEESSHPR
XFFR (1) CPT B R B Rk X
p(r,) =pe™ ™ (3)
XF 20 (2) MPT A0 4 2% o 50, 59 {8 S 22 3 =X

{y[=a0tanh(alv+a2) +a, (4)
v, =bytanh(b,v +b,) +b,
ro=ai (5)

H() = Y po) =py 4p,o() (6)

Hop U RE A A (3) , Hh=(3) ~ (6) T4,
BRI BRI SHCA po7.ay . a, ay cay by b, b,
by .a.pyp,; %. H T Levenberg — Marquardt Jy % 3}
W R, Hod T 2R/ 6  BOR SCHE 1207 0k
AT SR, FHRAR RIS ENE 1.2 Fis,

®1 CPIERESHIPALER

Tab.1 Identification results of CPI model parameters
E 34 Po P T
HERE -8.223 12. 407 6.529

®2 MPIRESHPALER

Tab.2 Identification results of MPI model parameters
SR a, a, a, ay by
PR 7.313 0.381 -0.085 -2.050  1.790
i1 by b, by Po P
HERE 0.816 -1.588 -0.696 17.371 2.092

2 P p y
PR 0.250 0.777 -0.819

CPI MPI # R 45 R N 5.6 s, Hil&l 5.6
FJHT, CPT A0 FLURE 48 38 Xof Bk 1) G5 i il 2k, MPT 45 7
AT LA A A B IR £k (E 7GR ER B £ 5 A
PR ZE BN o R e R0 22 45 i 56 4 e K% 3 A 1Y
P (LR i 3 B A 1, CPT 5 MPT B Y 43R 2 R
SR 22.67% F1 4. 65% .

3 RiEsMEESER IR

T IRV BB B T AN 2%, Z5 5 T PID R B
BOE AW B gy i A £ 3 ( Integral
compensator, I — I M 2% ) | A FR Ry 5 F MPI K7 (1
R0k PID #2425 (MPT — 1 —1—PID) , £ 45 Fif
i L1 M4 F PID #2i %%, MPI—1-1-PID fi§
e o AE P G P 7 BT OR

inverse



6 1

FRBL S A ILA R 5 MPT 3R i A58 20 5 b 2 2 il 415

0.1 0.2 0.3 0.4 0.5 0.6
S H/MPa
(b) MPIf& %L

PSR OQ 1 I8 Wi e A R

Fig.5 Hysteresis modeling results of elbow joint

20 40 60 80 100 120 140 160 180
it [B]/s
(a) CPIfZ

20 40 60 80 100 120 140 160 180
A/
(b) MPIFAYL

6 BRI

Fig.6 Modeling error
B A 1 A ] R

w(t) =u, (1) +u,(1) =1<j:el(z)dt +

K, (o0 +%foez(t)dz +%§“))
e, =y, (t) =y, (1)
€2=y(z(t) - y(t)
(7)

IESH]

it |y ()

______________________

&7 BT MPI R By 06 #h £ PID A 4 i HiE 1]
Fig.7 Control block diagram of MPI—1— 1 PID
L w(e w, (1) ——fME &
w, (1) ——PID %l £§ /) i ) o
K——1 - T #MEZ IR S 4L
R R R VP

&«»w%%ﬁ

5 5 bR R E T 2 (E
*D/\HTIEH-%%I
T 43 B ] 5

yd(t)—fiﬁﬁu/\ﬁﬁ

y, (1) ——MPI 5570 i 51 0 A5 5

y (1) —3 bR 55

Pl u(e) AF BRS  SEAE 5, py oy I

SEMA MG TS w() B HIERFS S p, .
p, FRIE, DT 2 5 S DG T B

4 BREMEERHHERIRE

4.1 BiFiMEERIHE

S U UE T B A S, B oy, (1) =
45sin(mwe/25 —w/2) +45 VERIREAE 51T T &
0T, IR B A RS PID 54 T CPL LAY
FUAR 6 kM2 PID ¥ %8 (CPI—1— 1 — PID ) 47 %f
Ho, fh B R SR 2 A 8 iR .

&l 8 \J A1, MPI — T —1— PID fi gt 3% i 265 19
IR ARG, $2 v B A B2 s MPT — T— 1= PID (85 K
PRERR2E/NT PID 1 CPL—1— 1 — PID; 45 475 L 1y ¥
FRRIRZE 4B A 1,991 20° 1,401 30° .1.017 10°, Jif LA
MPI—1—1— PID 5§45 B 00 5 .t T MPT A AL 7
R B ) 5 A A R 2 A K, TR I AR A AR S
PRAEAL , PR ER IR 22K
4.2 BRiHMEIEFIELIE

H4E PID .CPI—1—1— PID il MPI — 1 —1— PID
P ) D A BT, AR N SCTT SE e BT RS 4 E
MIEES RN vy, (1) =45 (sin(wt/25 +w/2) +1), ]
1150 s, WEE 90°, 7E25 2R 6 kg 171 2% F A 42 il 45
g 9 B R 25 an i 10 FOR .

19 X E AT I, MPT — T — T — PID 4% i 2 {ifi £




& Al LML 2 2019 4

AN E  CPI-I-1-PID r HAER A 1 MPI-I-I-PID

100
B[]/

= S} A
: T

R faRE(?)

iR (°)
1
[3%]

100

If‘)() 5) 50 104 50
A TE] /s I a] /s fif e/
(a) PIDF ] (b) CPI-I-I-PID# (¢) MPI-I-[-PID#41]
8 AFMR{EIEZAS 5 T R0 KL
ig.8 Simulation results of uniform amplitude sinusoidal signal

PIDSE BRI
PIDYCRE fIJE

5
=
&
R
&
s

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 10
iEIS [} [E] /s i [ /s
(a) 28
PIDSERF Ao  CPIL-PIDYLR A _ MPEL-RIDSm AR
PIDIERE A B [ CPI-I-I-PIDYE 5 fA )i [~ MPI-T-I-PIDBEE A L2

EHI()

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100 ) 10 20 30 40 50 60 70 80 90 100
Il e [l s
O I A E 2R
Fig.9 Sinusoidal tracking curves under different loads
SRR BN R E R . R 10 WP, MPL -1 — B vE AR AR EE R Ay, s O, B A Ok

1 — PID 5 il 3 {152 22 W {08/ o H Bl % £ 28K 1 3 X BRI, 45 AEEE S Ry, (1) =15 +
Jm,MPI—1-1-PID E]'Jﬁﬁiugl%ﬁ:(ﬁi% 37.5(sin(wt/25 + w/2) + 1), FFHLA A9 BE X, 7
RS R AN SRR TR AL N = (1 O JiF 51 1 0° 5 90° 437 i ] 43 Bt PID , RISk A AS [] Y
LA FE ) i 78 A, i A 9 3 I, O B0 Wi PID 2%, 1EZS 2 6 kg 3T Ay 4 il 1R 25 25 3L o

W ICH T, B A AEBE X . D | DU 3% A1 ) 56 5 AL 11 iR,
4 4 Hr AT 0, 0 S A s A B, Bl LRI L 7 A X PID .CPI -1-1-PID MPI—1-1-PID 4} B PID
TR M 1R BN AR B R IAR . W) IR AL B (pPID) #143B MPI—1—1—PID(MPI—1—1- pPID)




6 1 FRBL S A ILA R 5 MPT 3R i A58 20 5 b 2 2 il 417

MPI-I-I-PID ' MPI-1-1-PID
PID) : PD
CPI-I-I-PID CPI-I-1-PID

o
A
oK
g
&
R

¢

#

40 50 60 70 80 90 100 0 0 20 30 40 50 60 70 80 90
[ [

(b) 6 kgfi#k

B 10 AR 73T BRER R 22 i 2k

Fig. 10  Tracking error curves under different loads

MPI-I-I-PID MPI-I-I-PID
PID PID
B VEE

o
30 40 50 60 70 80 90 100 i 20 30 40 5 60 70 80 90 100]

it Jel /s B[]/

MPI-I-I-PID MPI-I-I-PID
PID PID

20 30 40 50 60 70 80 90 100 0 20 30 40 S0 60 70 80 90 10(
s} ]/ it a] /s
) (b) 6 kgfnzk

K11 B 3k 23 BE PID IE 52 BB it 4%

Fig. 11 Sinusoidal tracking curves of integral inverse compensation piecewise PI1D

S5 S R e S O AR IR 22 N 3 PR Wl 5 30 B B0 ) i 22 0 — AN B T R B
%3 FRAAHTHHAHHREEL A
Tab.3 Root mean square error of different loads 5 %i/b\
(*)
BB, GRS WP MR (1) MPT A5 B2 A7 550 e 1) 2 1500 B, RE 4l 34t JiS
ks [-PID__1-PID LopPID A A AR R A
e BT s U T R

o B ) 2l W R kN {ELRE S 97 A8, AR 0 30 A
O ~ 11 %263 a1, MPI— 1 —1— PID #%H] &bl m 5 .

RE DB /N 18 22 , 4R i 7 W R T 5 EL I A 7 280 Fy 6, R (3) 1 4> B PID I 5 JF Ji 26 45 5 X9 185 0

G 30 M A A 0OR A DR 8 5 R R O S T B 2 T R R R Y e AR 2 SN L B 1 A T

Bt PID Jf g IF R T AEIX B 00 T, I KRR ZEWI R (% bR R

z £ x #
(1] Phmgsde. SET S NN B ABLE NSt A58 [ D], JEat: dbat Tl k=%, 2015.

SUN Xiaoying. Study on the design of humanoid robot driven with pneumatic artificial muscles| D]. Beijing: Beijing University
of Technology, 2015. (in Chinese)

[2] KLUTE G K, HANNAFORD B. Fatigue characteristics of McKibben artificial muscle actuators[ C] // IEEE/RSJ International
Conference on Intelligent Robots & Systems, 1998.

[3] &M, I ANLHRKE 0 A LBt ARSI D]. mat: mg s A A it R oK%, 2017.

GE Zhishang. Research on structure design and control algorithms of bionic upper arm driven by pneumatic muscle actuator



418

& BLOW o R 201094

[5]

[6]

[7]

[8]

[18]

[19]

[20]

[D]. Nanjing: Nanjing University of Aeronautics and Astronautics, 2017. (in Chinese)
TSAGARAKIS N G, CALDWELL D G. Development and control of a ‘ Soft-Actuated’ exoskeleton for use in physiotherapy and
training[ J]. Autonomous Robots, 2003, 15(1) :21 - 33.
FESE B, skar . SBINLA SRR REXT LB [T]. W58, 2011(11):99 -102.
SUI Liming, ZHANG Lixun. Comparison of pneumatic muscle and pneumatic cylinder characteristics[ J]. Chinese Hydraulics &
Pneumatics, 2011(11) : 99 —102. (in Chinese)
ZIGIE, ERM, IMER. —FMREALTILR ISR L B m G AFTER B[] mESS3, 2007(1) :1 -3.
PENG Guangzheng, WANG Yifeng, SUN Haimo. Design of a 7-DOF humanoid arm actuated by pneumatic muscle actuators
[J]. Chinese Hydraulics & Pneumatics, 2007 (1) :1 = 3. (in Chinese)
KA, B, IMNERE. KA THHE R Tt 50T, s 554, 2018(5):93 -97.
ZHANG Qing, TAN Chang, SUN Yuantao. Dexterous hand actuated by pneumatic artificial muscle[ J]. Chinese Hydraulics &
Pneumatics,2018(5) :93 —97. (in Chinese)
W e, XD, MILT, . R TR T O I g K N UL P B0 R R A O B L I/O0L ] Rk AL A A, 2017,
48(1):368 -374.
XIE Shenglong, LIU Haitao, MEI Jiangping, et al. Simulation of tracking control of pneumatic artificial muscle based on fast
switching valves[ J/OL]. Transactions of the Chinese Society for Agricultural Machinery, 2017 ,48 (1) 368 - 374. http: //
www. j-csam. org/jesam/ ch/reader/view_abstract. aspx? file_no =20170149&flag = 1&journal _id = jesam. DOI. 10. 6041/j.
issn. 1000-1298.2017.01.049. (in Chinese)
XFE K LA AU B P B SR G r L2 I D]. FUN . WiTL#E TR, 2010.
LIU Shuang. Mechanism design and control realization of the manipulator actuated by pneumatic muscles[ D]. Hangzhou:
Zhejiang Sci-Tech University, 2010. (in Chinese)
VO-MINH T, TJAHJOWIDODO T, RAMON H, et al. A new approach to modeling hysteresis in a pneumatic artificial muscle
using the Maxwell-Slip model[ J]. TEEE/ASME Transactions on Mechatronics, 2011, 16(1) ;177 - 186.
HASSANI V, TJAHJOWIDODO T, DO T N. A survey on hysteresis modeling, identification and control[ J]. Mechanical
Systems and Signal Processing ( S0888 —3270) ,2014, 49(1) . 209 —233.
SU C, WANG Q, CHEN X, et al. Adaptive variable structure control of a class of nonlinear systems with unknown Prandtl-
Ishlinskii hysteresis[ J]. Transactions on Automatic Control, 2005, 50(12) : 2069 —-2074.
STAKVIK J A. Identification, inversion and implementaion of the preisach hysteresis model in nanopositioning [ D ].
Trondheim, Norway: Norwegian University of Science and Technology, 2014.
W e, X0, ML RSN T B I A R R BUR SRR (1] RGEMFH 4, 2018,30(3) :809 - 823.
XIE Shenglong, LIU Haitao, MEI Jiangping. Achievements and developments of hysteresis and creep of pneumatic artificial
muscles[ J]. Journal of System Simulation, 2018,30(3) :809 - 823. (in Chinese)
LIN CJ, LINCR, YU S K, et al. Hysteresis modeling and tracking control for a dual pneumatic artificial muscle system using
Prandtl — Ishlinskii model[ J]. Mechatronics, 2015, 28 35 —45.
SEBASTIAN M. Modellierung and simulation der hysteretischen kraft kiinstlicher, pneumatischer muskeln basierend auf dem
Prandtl — Ishlinskii model in Matlab/Simulink[ D]. Duisburg, Essen: Universitit Duisburg — Essen, 2013.
FRUICHT , RER , BEIEE S R BUM A E S #5192 ¢ Hammerstein #2815 H, S HREERI[T]. A4, 2014,
40(2): 197 -207.
GUO Yongxin, ZHANG Zhen, MAO Jianqin, et al. Rate-dependent Hammerstein model and H_ robust tracking control of
giant magnetostrictive actuators[ J]. Acta Automatica Sinica, 2014, 40(2): 197 —=207. (in Chinese)
MINH T V, TJAHJOWIDODO T, RAMON H, et al. Cascade position control of a single pneumatic artificial musclemass
system with hysteresis compensation[ J]. Mechatronics (S0957 —4158), 2010, 20(3) : 402 —414.
L, SAERE, IR EL NN R GRS E g MR [T, B SR, 2006, 21(12) : 1402 - 1406.
FENG Ying, HU Yueming, SU Chunyi. Model reference adaptive control of continuous-time hysteresis systems[ J]. Control
and Decision, 2006, 21(12); 1402 - 1406. (in Chinese)
AL JANAIDEH M, RAKHEJA S, SU C Y. An analytical generalized Prandtl — Ishlinskii model inversion for hysteresis
compensation in micropositioning control[ J]. IEEE/ASME Transactions on Mechatronics, 2011, 16(4) . 734 —744.



