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Abstract: A predictive control approach based on Takagi-Sugeno (T-S) fuzzy system is proposed to address com-
plex dynamics of the pneumatic flexible joint and achieve high-precision control. Firstly, a data-driven training algorithm,
MBGD-RDA which combines mini-batch gradient descent, regularization, DropRule, and AdaBound of machine learning,
trains TS fuzzy systems offline. Secondly, based on the similarity measure of fuzzy sets, T-S fuzzy systems’ fuzzy sets and
rules are pruned and merged to simplify the structure. Finally, based on the T-S fuzzy system, a single layer neural network
(SNN) predictive controller is proposed. Parameters of the T-S fuzzy system and parameters of the SNN controller can be
updated online, and the stability of the system is guaranteed based on the Lyapunov theory. Simulation results validate the
high-precision prediction capability of the T-S fuzzy system based on data-driven. The T-S fuzzy system with a simplified
structure can maintain high prediction accuracy with fewer rules. In real-world experiments, the maximum tracking error
of the proposed method is less than 3°, while the maximum tracking error of the traditional fuzzy logic controller is more
than 5°, which indicates that the proposed method significantly improves the tracking control accuracy of the flexible joint.
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Fig. 1 Schematic diagram of the pneumatic flexible joint

IR IKEN 7 B ARSI — AN A
B, AL B I S0 22 45 5 T 5 i IR A2, T %
BT [ A ol ) o . 2 SN LA e R I,
kAN 2 At R A 1) BB F, S O IR £
Jiede, 55 M [ I L e e [ 4, 7 AR I 5 R £
T, 5EWUAP AR R OBt 24 EnILATK



F4H

I, BB s, 7233 9] 2 7 1)
TERIR, T AT W 2 BT R A .
HRAESCHR [18], FALZRAERATB) 1A

.fl = T9,
$'2 —
_ 2 _ _ 3
( k‘;r : ki for —myg 521n 1 Vot (1
mllc 2x1mllc
—b0T2 flT' — b1T2.’L'2 — kl’f'zﬂjl
x u
2mll3 2 2777,113 ’

o @y My APIRSAZ R, FORKATHEH A L ORI Ak
JE£0; pFon SEINUA B, SRS 5w 2k
2 po o BN BARZS I FHE Ko, ko, bo
by R HNIPRES RIS HL kR m oA
RATEFTHIR; 1 PR R B ST Lo A P
gNEITINESE, N4 RS IR 1T
.

k1 AMFHEXTRALAH K
Table 1 Model parameters of the flexible joint
24 AT XA 24 LG DA
k1o 17845/(N-m™1) k20 77548/(N-m~1)
Ein 0.0105/(N-mpa™?') || k21 —0.2055/(N-mpa~?)

my 1/kg le 0.42/m
fo —202.32/N r 0.06/m
g 9.8/(m-s?) b1o 1546/(Ns-m~1)

bao 15424/(Ns-m~1) bi1
ba1  0.00397/(Ns-mpa~t) || po
fi 0.0072/(N - pa™ 1) ki

0.0673/(Ns - mpa™ ')
325420/Pa
3/(N-(°)™h

3 ETT-SHEW RS0 T4z i 28 e v
3.1 T-SEM RS

BERHANT = (I, --- In)" € RV*1, HT-SHH
KRG RAFN, Hr FHN AT RN

Ry W BLREX,, LEX, 5, -, INEX, n, T
T-SHEU R G4 H r KR A

N
yr(I) = aro + nZl A ly, (2)

Hf: X, (r=1,--- ,Ryn=1,---N) "EnfA
XoF N PR B 2 KU PRV BRI 25 a0 a9 B 25 RN
XL S

BN L, 0 B R (SR B AT o

In - Crn 2
(2020’)], 3)

Hrre, Mo, 73 W i R AR I E AN TS 22
Fr FF R BEE TR

N
fr = 1:[1 bx, - “4)

A A A

px,., (In) = exp[—

MRS 3 T AR IR B T- S OMH ZRGe st 5 Tl 635
fT(I):RJCTi,r:LQ,---,R. 6))
popity
B, T-SHU R Gttt T RoR N
o1 = 3 (DD ©®

3.2 RSN T-SHR RS g

25 FEAS P AU DR B 1 7 V2R 0 T-S UM R Giidk AT
A, @I BN R B 1 . iR S
T IESZ 326G 5 IR Eh 118 8), RERGIE
5 HAZ NG5 M T-SBUMI 2 48 1 3 26 I SR BHi 45
HE AR 4 N\ A A HT IS 2 B4 S 5 AR Z s
BN, w(k + 1), y(k), y(k — 1), iz p — 1H %)
Ja MBS, y(k + p). W ET-SER RSt 1451,
045 S5 oK S EORTG R 4, {5 FIMBGD-RDA
HOS R T BRI 2151,

KGR B 5 IR R AL T-S IR R SE -
BRI SHc, s 0r M EHS A, WA BRECH

1
Epee(F) = 5 [y(F) = ym(F)]". ™
A LARAL N T -
B OFE e
Cr,n(k + 1) = Cnn(k) - ar,nma ®
OF e
Ur,n(k + 1) = U,m(k) — Br,n 3Uml(/€)’ )
o 8Elplre
rn(k+1) = arn(k) = Yon Dy ()’ (10)
F e A ] 15
oE
¢, (k)
OE o(k) Oy, (k) Of. Of. Opx,., _
Oym(k) Of. Of. Opx,.,, 0c, (k)
Zfr_fr In_crn(k)
m(k) — y(k)y, - ’ , (11
[ym (k) — y(k)]y SSIAE f 20,1 (k) (11)
or
0, (k)
OE,c(k) Oym(k) Of, Of. Opx,., _
Oym(k)  0f. 0Ofr Opx,, 0orn(k)
Zfr_fr (In_crn(k))z
m (k) — y(k)y, - d ,
[ym (k) — y(k)]y 57 f 27 (k)
(12)
oE
Oa,.(k)
OB k) yn(k) Oy, _
OYym (k) Oy, 0a,,(k)

r Ina = ]-a 25 37
[Ym (k) — y(E)]yr fr { " (13)
1, n=0.



636 B owo#H w5 N

439 %

3.3 T-SEMI R R
R T-SHUH 2 2 i 3 R B BRI S0 A
NVCSE, AT REAFAE TLARECE AL, (R, AT 3T AL
PRI 925, BEAT RN SEAUORIAL I Fr A s 55
AR B AP AL, & SRS AR5 BIfIH

BT T
ANB ANB
Sap— 0B 40D (14

-~ |AuB|  JA|+|B|-|ANB|’
Fodr: NFUHRIRACEFNHAE; | - |FRNBOIEE K
/N, (14) AT R H SO 42 I AR ALLRE 75 Z A
TR SR AZ B AN FF AR A RN, T AR SO R 1) v 7 e 25 )
BN AR R, H AT RN I XA R /A DL B
2 e St A8 PR eR 00 v ek B3 T I AL IR,
DA R 5 AR AR A Sh i o e 7 53 e R B A AR AL
331 SEMSEMAETEE

— e SR i pR T LA — AR TR BR G RL. HE
il 26 S8 R LG (o), BN IE AL I RS TE B
T (x), E2FR.

1.00
0.95 B
0.80 / \
= 0.60
\;i 0.40 / \
' /G( ) \T( )
0.20
Vi o
6:00
0 20 4bcdg eg 10
X
K2 BB o-HdE
Fig. 2 a-cut of a fuzzy set
[EEITSE o
B B (x — c)?
) =eal-CF)
A C Y]
. r—a  e—=x
T'(z) = max{min{ P 1, - d}, 0}, (16)

HoZMa, b, d, RGN o BERHE .
Ap, = {z € X|u(x) 2 ap} = [a,e], (17)
Aoy ={z € X[u(z) Z u} = [b,d],  (18)

H: g = 0.05, oy = 0.95.

HHEL B el 50, — MR RERT Ha, b, d, el94
SHHE, MBI A = 0.5(a + e). @
M BRI AR ABAE SR FEE BT I ASR B PRI AR AL

CLPR N6 T BR LT, To 5, Xt B2 (1) 2500 )
Naq, b, c1, dy, exMag, by, Ca, da, €5. ¥ cy > ¢, 53
3SFPIHULT IS,

fHo1  WEBAR, BERIAET B S BT, T)
C Ty PIBRIEERIARAEE AT BT A T

62—a2+d2—b2
S = . 19
61—a1+d1—b1 ( )

A
MY AN
0.4 / T (9”)/ \ \

[N
ol |

0 a, a, € G € € 10
X

3 HH0LL T PR SR AR (BLE

Fig. 3 Similarity of two fuzzy sets for case 1

u (x)

fEd2a W EART7R, BORIER T, FIBIR 5 T i 51
HEA, WP ICE AT W F AL 1 H 5
JHEWR:

(e7 —az)h
S = : 20
wy + Wy — (61 — ag)h ( )

Hrr:
€1 — Qo
h= , 21
bg — d1 + e —ao ( )
wy =e; —ay +dy — by, (22)
w2:62—a1+d2—b2. (23)
bicd b d,

, VAR
Y e
y ARV

" [ N\
" / A\

0 a, a, c, €

u ()

10
x

4 fhHit2a N IS SR AR BLEE

Fig. 4 Similarity of two fuzzy sets for case 2a

5 0L2b WIS, PAORI S BN E 0 #A
B . PRBCHIEE BARAURE A TSR0 T
_dy—byter —ay

S = . 24
dg—b1+62—a1 ( )
fEiH3a a6 s, FETHE AT

(61 — a2)h1 — (61 — 62)h2
S = . (@5
wy, + wy — (61 — ag)hl + (61 — 62)h2 ( )

o

w; =e; —ay +dy — by, (26)
Wy = ey — Ay + dy — by, (27)
hy oL (28)

:bg—dl—Fel—CLQ’



F4H

WRiEE: 3 T Hem IR B BRI T-S RO R G i 5 ol s 1 637

€1 — €2

hy = . 29
? dy —di +e;—es @
b] bZd] d2
1.0
[N
[
= 06 T
> o / A\
// // \\\\
0.0
0 a, a, ¢ ¢, e e 10
x
K5 1 0L2b N PSSR AR
Fig. 5 Similarity of two fuzzy sets for case 2b
‘i b, d,
1.0 b, d; \
0.8
5 06 o / \Tz @)
et x
S 04 :
0.2 / hy
h,
0.0
0 a a, Cy e, e 10
x
B 6 1i50t3a T I BRI AR ALLEE
Fig. 6 Similarity of two fuzzy sets for case 3a
H6L3b WK 7HoR, AR TR
. l — (61 — eg)h (30)
wy +wy — 1+ (e — ex)h’
Hrp:
wy = e —a; +dy — by, (31)
Wy = €3 — ag + dy — by, (32)
€1 — €y
h= , 33
dg — d1 +e; —ey ( )
l:el—ag—l—dl—bg. (34)
b, dyd,
1.0
b, /
0.8 \
2ul e
S 04 :
[
[T
0.0
0a, a, €| C e, e 10

X

B 7 TEOL3b T PSSR AR L

Fig. 7 Similarity of two fuzzy sets for case 3b

UEAb, SR ER SR e B SR, ARIBLEEN0.

332 T-SEMIRZFL

BT RO AR AL T B 925, A T-SFAd
ARG TSR A BT RN £ 57

N

FEOR 46 B ki A 5 B AP I 0 R TU R L A&
TR £E.

a) BREITCRBILE.

BOIE X, H 5 24U, KBS (X,
Un), ¥y, (I,) = 1, VI, € Uy, I, N FHnd i A
HS( Xy, Un) > Ay WIREBRFUU R, IRTAEH 1X
A AR IR TU AR S 1 R (L.

b) AIEHIURIE.

PR E A AUNES (T, Ts) > A, WU &5 A5
BIET FITy N T . A N R DLBORA 45 (1 BRI &1
S AR SO A ) e SR B B BB 4, TR Ty &5 91 f5
(R SR T %ot 7 15 0 3 J8 R B0 S F s 228
Ty RO T 3ot 187 5 4 R B A (B ANy 22 B35

2) L.

TR )24 57 0,455 RO A o R0 45 5 R 5 .

a) FU k.

n RS SR R B 28 2480, Bl ey, — OXF
T, € U,, WIMIERIZH IR 5 o0 B AR AR

b) HE I

214 79 2% BB RO £ R4 o AR S AR R, AT
B HIX T SR B8 B8 2% T Sk I T IR X,
Xyoy ooy Xpons BRI RTRTH R X 1, X
o, XN P 2RI R ARABAE g

S(X,, X)) = min{S(X,;, X¢.:)}, (35)

Hrpi=1,2,-- | N. 45(X,, Xy, B BIEN, I
(PSR S X I A AR, X P 2 R mT & 09— 2%
R ARSI 507 S b & R S
SR, T L A R EC 2 A ) B4

Ynew = (yr + yk)/2 (36)

3.4  ETT-SER RTS8 5T

BT 3.2 M 553,37 AT B I T-SHER) R 4,
ATV HE T T-SHEOH R 40 [ SNN T 428 il 5%, 5
FHEE I8 .

€ SCSNNIPIT N B H 15 55 T BUE R B0, (k),
a2 1% F Sigmoid BR BUE A0 R EL, Sigmoid BRI %L
BATRHOUIR, BA SN R, SBE ST 5T s

up(k + 1) = umaxg(a)7 (37)
1
90) = . (38)
4
a = k> vi(k)y:(k) — ], (39)

i=1



638 o4 H i

Forr: ke, MRS 5 HBOK R, Umax AIEHE S
e KA, €90 € B2 1] X 2% 1) B A, gjj81gmo1d
. u,(k + 1) NSNNIHEAR B HIE 5

y,(k+p) /

SNN | (kD)
il 4%

TSK
e

Lﬁ@””%““@i

y(ktp)

Kl 8 H T T-SHOR R G Tz A ]
Fig. 8 Block diagram of the predictive control based on
T-S fuzzy system

T-SHEMA 2 Geid i 1 i %) 42 HME 5, u, (k +
L) RN R, y(k), y(k — 1) TRIMBZ X R
Wik + piF 2 EPRA, o (k + p). AR LA T 1) 8
M, G 5 B0 p P SR — Ik, R eI B IE T,
Y(k) — g (k) RAMETRI R 2. 5k + pit %1 i T30
LiTfanba)

Ye(k +p) = ym(k +p) + [y(k) — yu(k)]. (40
SNN#Z | Z 4NN
vi(k) = y.(k +p) — ye(k +p), (41)
ya(k) = yi(k) — (k= 1), (42)
ys(k) =y (k+p) —y-(k+p—1), (43)
ya(k) = yr(k +p), (44)
Hor gy, (k) AKE 2P BRI, y (k) 9k 2 SEBR
B,
T SNNFE Il g8 HIPERefabr R £
E.= %[yr(k +p) —y(k+p)]°. (45)

BUE Z B, (RN T

B 0E.  0Oy.(k+p)
vi(k+1)—vi(k)—mayc(k+p) oui(k)

Oye(k +p)
vi(k) = milye(k +p) — y.(k +p)]W,
(46)
o NS IAUE REU2A ST %K.
F 4
Ye(k +p) = ym(k +p) + [y(k) —ym(k)], (47
BE!
Oye(k+p)  Oym(k +p) Ouy(k +1) 48)
ovi(k)  Ou,(k+1) Jui(k)
Hep
Ou,(k+1)

on(k) Umaxkug(a)[l = g(a)]y: (k).  (49)

5 M H 239 4%
HE R 2)-(6) T3
Oym(k+p) _
Ou,(k+ 1)
s aiﬁ Of: opx,.,,
rglafr 8/'LX aup(k_+_1) Yr + Z fTarl (50)

SNNF il 2 HIAUE 2 20T LU IS DL_EJ7 v T

LR, ASCHEH DU e E DAMRIE St R R

EE 1 IR SNNEE 28 S 5 L 2]
it LA ANEE

4 Oy.(k+p)

20
A SNNF il 28 12 S IS FE AT AR, REuinifase.
B EFEDL R AR m%@ﬁ
V(K) = gl + )" (52)

]? <2, (51)

y
|

e(k+p) =y (k+p) —y.(k+p). (53
V () FE RIS L T 3 N
AV(k)=V(k+1)-V(k) =
Slelk+p+ 1) — ek + )] =

%[2e(l€ +p)Ae(k +p) + Ae(k +p)?],  (54)
/\qj
Ae(k+p)=elk+p+1)—e(k+p). (55

MAe(k + p) X AT HRN
1 9e(k
Ae(k+p) =3, g(v'(;)p) Av,(k) =
4 Ode(k + p) OFE,
¥ @5)f1z0(53)71 A2(56) 15
4 oy.(k
Ae(k+p) = —e(k+p) ; i [W] .57
BREDHANXGHE
AV(k:) =
4 0y (k
- etk + 1 m( et Py
2 0ye(k+p)o
{2- [Z; ni(W) I} (58)
KN
e(k +p)* > (59)
= , 8y0(k+p) 2
122:1771( 8’[)1'( ) ) > 07 (60)



o4 W W S TR IR 1N P 54 TS AR 2R G H b 5 T2 1 639
HARHEAG)TE 8%, ANFISHISR)E RS JoEAIRE I 15 B 12) 5 T-SH5A]

4 Oy.(k+p)
2 E o

LAV (k) < 0. [FIILSNNZ BB FE A R
g fase, B 240} (a)t — oo, AR 2R 45 i Tl 5%
Ze(k +p) — 0. EEE.

BEAh, SNN IR GAAUE X F2 1) 14 BE A 1R K52,
Rt — AT HIRCR, 5 B B AL HIE X SNNY
WIERUESHGHAT .

4 PiE55H

AT BRI S BN FE T 3l 7 22 AR
IS H, ZEMATLAB2013b/Simulink3 45 T X il 42
3 HI T EEAT B uE A AT, 7 A AR AR 2
SNNAJLEBUE A I 2545 2 T-S BRI AL S T 5
4.1  BHEIRBN T-SHEM R G

5, RS TR A N — A ) 1E
ARG T IR R TIE B, RIS EHR, AR
£2. SR e AT 55 3. 2741 BT s SR Bl i R AR SRE T T-S
WO KRG HEAT ISR, ZT-SE R G035 1,
AR BT L3N i SR ek A, R — 3R 27 AR A
BRI, A3 2 KT B 5 A an = 2) B s .

IR B I TSR 2 F8 10 3% A K . RSOk €.
TS A I, i N 355 M. AR BORA £ T AT BAT AR ACU
WE 97N, PRtk AR F SCHTIR TSI R S i ik
J7i2, BRI T AT v 6 3 8 IR R T e, TN
AR B3I AR B 0B IR D 2. A N 11, AR ST AN
ToXf M3 - 3 - 2 = 18FFBUMIFL NI W & 9%, T-S
TR R G IR S 0 27 TR A 18, BRI JE 24K
PIPPENE N & H G R RS 3

1.0

)?] > 0. (61)

BEPE
Bl 9 A NAR B350 LR A2
Fig. 9 Fuzzy sets of the input variable 3

EHIE B 2 I 2515 2 B T-S AR 5 48 Tl (1) 45 24
P, e — N B2 HIME 5 BN FZ T8 3h, KA
NAE S NT-STOMI R 48, WS 22 40 1) T 4 H it 2k,
ARG Elp = 3. tbah, I T — 3% A 15
38 N AR 2RI HEPE 2 4 (adaptive network-based fu-
zzy inference system, ANFIS){E N %} tb. 8 7 A F Lk

ARG M. i FIMATLAB ANFIS T 244 F () Hybrid
J5 155 ANFIS £ 45 3147 Il 4%, Il Zrepoch % ik % 43,
R BH S 5 T-S B R GAIA .

I e 1) TR &5 SR B 10T o, T AR 22
BT, B E1OM T 45 5 mT s, A S g Bk
SR T-SHER) 28 G5 S 2546 T A0 I IO T-S R 22 Gt 1 T3
W25 5 SR E JLF- 5 &, i ANFIS [ Tl 5
SEBRAIM R ZE IR, B LR S, T-SHO R4k
TR R 7 /N T-0.2°, T840 5 R T-S R 2 28 RS R
W& T B, e KR 22 90.33°, T ANFIS £ 4t T 1%
ZEMARI 100, 37 K FT-S BOWI R 45, K bk, Fr ) 5%
RSN I T-S LA 22 5t m] S ET e 5 RS REIE I
N YHETIUIN, 1 11 P05 44 J5 (9 TSR 22 G0 70 B0 R )

?)EE//'%E‘J‘T%ﬁ??ﬁ?)ﬂﬂ*%)ﬁﬁ?ﬁ%&l".

50
40 |4 AN\ AN I A
~ i~ I~ i I~ 1~
R A WY A W/ A | A
AW AW AWAWA
ol LV
. \/ \/ \/

0 5 10 15 20
t/s

= TSHM RS — ANFIS == s2ffiiss — fLrITSHOM R 5t

10 TR Hh 25
Fig. 10 Trajectory prediction results

t/s
— TSEMI RS — ANFIS — LRI TSI £ 4
Bl 11 R ZER L

Fig. 11 Prediction errors comparison

4.2 SNNVIEESE I
PRI B 306 G 30 7 A (1), 8 F A% S92
AU SNINHE il #8 Z 4. AL HT, K R VAIE PESNN%E
filEre
vi =1, v, =2, v3 =4, v, = 0.01,

Unnax = 350000, k, = 1.74, ¢ = 0.24.



640 B owo#H w5 N

%39 %

BL LS, FAMAER E 20, SALIE AL
N100, 80% A 5 18 W FE fi e R A4S BT, 10%
MEKAEARS. RIS R TG B E

Avy, =10, Avy, =10, Avs = 10, Avy = 10,

Atyax = 250000, Ak, =1, Ae =0.2.

BEEIEA S I SNNIZE IR 20N

v = 4.15, vy = —1.43, v3 = 4.59, vy = 0.024,
Umax = 393649.18, k, = 1.74, ¢ = 0.24.

K 12813 st AE AR AL SNN WG S 2R fa B
A ER 5 BT B, BT SNN-TS il id i A s 4 B
WIUHESH 15 8 28, SNN-TS—-GA F 7~ i i £ 5 3%
RACHTEE S H 125 8%, SNN-SPTS—-GA % 7~ 8 Fl 45
TR AL T-S TR R 48 AR AL S 50U I il 48 WLEg
BT R B, BT 592350 T A 4850 e B e R B 42
(& VL IRE T S S5 A AR E W . B
B3] I, S HIaa 0T TG, FI1ESNN-TS-
GAMISNN-SPTS-GA[P) ¥ FE 15 3 7 B B42 T+, ek
PR Z KT 1°, T SNN-TS ) 5 K iR 2 4] 40, 7] K
ILSNN-SPTS-GA I T-SH K 5 45 45 #4 55 &) 5, 55
RO S R AT AR IEAh, A5 N T VAR
% #l(sliding mode control, SMC)-5 3 & ft #1& 77 1% i3k
ATEEHL. B 128013 0] A T, SMCH BRER P I 7%
MHE 5 S EH00 A — € R E, U ERERR 22 0 5K
F AT E L. TTESER #] th ANFIS & Ze R 31 H
TR ENZAEE T, F2 T ANFIS I SNN Fi 2 il 28 76
TE SR ZR M T e R B

50

40
30
20

s/ ()

— ZH i -~ SNN-TS-GA == SNN-TS -- SNN-SPTS-GA -~ SMC
K12 BB ERERSE SRXTLE
Fig. 12 Comparison of the trajectory tracking results

5 ZWEH4R
51 “FENH

RN L & W E 14 8RB Sl
W PL R S35 3R AL A% B s LG A 1) AR 2
BxPCARG LML, 2 ML 1RG22 R4 R b
4z, S R R RE, SR I REE
FETCR AT AR A B, T Bh 1 ey . T
() AR P B0CH 0 T 1) 2 2 5 2 ey Kb 1 G i 4 ST B 3R B

Jei B 3 et R R A AXPC R 45 H brAL, HARHLIR s
SN At e, A AR N R FE T
SEIRHZEHE 5. 205 5 IE NI RS R A
FUE 5 5 L LB PR, AT 22 ) B L AT Y
U, SIS A A JEE 1A SN s

w7 /()

— SNN-TS-GA == SNN-TS ---SNN-SPTS-GA --SMC
K 13 SIRER R E

Fig. 13 Trajectory tracking errors

Kl 14 SEhFRIERTTER &
Fig. 14 Experiment platform of the pneumatic flexible joint

52 SEREREST
A 38 3 S PR S 6 6 IE AT B A T 45 M R AL
T-SHLR 2 St (1) SNN T 47 il 25 (SNN-SPTS-GA) ]
AR, Hrp, T-SER & 40 i MBGD-RDA53: 4
T LR VISR 45 M TR A5 21, SNNTII 4% 1) 28 IR 46
SHOE I WA SLE A 2 . SNNH2 I B2 T a6 2 5
N
vy = 4.15, vy = —1.43, vy = 4.59, v, = 0.024,
Umax = 393649.18, k, = 1.74, e = 0.24.

G N — A% GO 4% il #5 (fuzzy logic controller,
FLO/E it HE, HE N iR Ze iR 22 F4e, Fth N
(5 5 AR R A, BRI BT 5 BB 77 7%
53k 19140 1A,

15 N SNN-SPTS—-GA FIFLC# 75 i iz ih £k, w]
F HFLCIH BREFFE 7 VA A B S B B 2, 1



F4H

WRiEE: 3 T Hem IR B BRI T-S RO R G i 5 ol s 1 641

Fr 2 FISNN-SPTS-GA 512 (1) 5325 5 3 2B s U
BT 16 90 v s R R R 22 i 28, W& BN, FLC
[ KARZE K TF5°, 1M T $E I SNN-SPTS-GA [ it K
PREFRZE LRSI 4ERF(E3° LA . SMCAE Jy i 70 f) J
TR g i Bk, 5 AR SC TR 7 VR IEAT T L.
WS SR H, FHEE 3 A L, SMCHYER 5 h £
5280006 R 5. 1T B 16 R & 3, SMCHI R
PRiR 22 KT AR ST 52, Hom KR 2 K T-8°.
I, S gk R B, BT i (ISNN-SPTS-GA KL% 4 Lk
G IFLCHISMCER M FE 5 BB 421

40 T T T
35 : | |
e 1 . 0 ! IR
30 p-- - A v A - ARRE
SR T
-~ I L RN, S\ T N D . 4
w20 A
SRR U O A B A T
10 [t - k- TS
Y Y Ry S
0 5 10 20
t/s
— %k -- SNN-SPTS-GA -- FLC -- SMC
K15 BUdbPRig h £
Fig. 15 Tracking trajectories
10

%/ (°)

— SNN-SPTS-GA --FLC --SMC
K 16 BEIREARZE

Fig. 16 Trajectory tracking errors

6 45

RICE RN TR B SR R A =g %
1) PR K 1) ) A, 12Tt T 3T O R Bl I T-S B R 4t
AR5 TN 4% ) S 7. {8 FIMBGD-RDA S 7 X T-S
TR R G AT B 2RI 25, (1 R HERfE T 42X R
IBHASHFE. BEvh 7 A T RO AR PE FE BB &
GLiaifb 7, WAL T T-SHUM RG L. LT T-SHH
RS, VLT T SNINTI F2 il 28, I 7T 76 28 5 B SNN#%
HI RS EL. M T 0L BT SNN WA AUERE T T
SR R TR T B B IR AR T-S R R 4t
SR A BN SEIG IR T BT Sk A A, 1 B A

RO, A ST ) 35 T 00 B 5 A T-S AR &
é}EE*ﬁ*@i%MU%WW%E‘J%%T, Th e 2 RF B I T
RS, TR BT RS2t 45 R I, ATt
SNN-SPTS-GA it il 42 ffill 5 v SEELAS S Bh e Pk 5T
) e R P TR R g ], LA )8R T SR AR
PR A

LN

FERE L, B KT FUTO0I PR A P B v s 5 A B T
AL BE B U AR RGeSt SRTHZHI 25 TERE.

FER B, 2EH R T AL T3, B T3 RSl )
A BEALE N A, BT A i ROR .

SE30Hk:

(1]

(2]

(3]

(4]

(3]

[6]

(7]

(8]

[91

(10]

[11]

[12]

(13]

[14]

BELPAEME T, KENNEDY J, RAMACHANDRAN A, et al. Social
robots for education: a review. Science Robotics, 2018, 3(21).

DANESHMAND M, BILICI O, BOLOTNIKOVA A, et al. Medical
robots with potential applications in participatory and opportunistic
remote sensing: a review. Robotics and Autonomous Systems, 2017,
95: 160 — 180.

AGUIAR A S, DOS SANTOS F N, CUNHA J B, et al. Localization
and mapping for robots in agriculture and forestry: a survey. Robotics,
2020, 9(4): 97.

HUANG J, CAO Y, XIONG C, et al. An echo state Gaussian process-
based nonlinear model predictive control for pneumatic muscle ac-
tuators. IEEE Transactions on Automation Science and Engineering,
2018, 16(3): 1071 — 1084.

LI'Y, CHEN Y, RENT, et al. Precharged pneumatic soft actuators and
their applications to untethered soft robots. Soft Robotics, 2018, 5(5):
567 - 575.

THANANA, NUCHKRUA, et al. Fuzzy self-tuning pid control of
hydrogen-driven pneumatic artificial muscle actuator. Journal of
Bionic Engineering, 2013, 10(3): 329 — 340.

LILLY J H, YANG L. Sliding mode tracking for pneumatic muscle
actuators in opposing pair configuration. IEEE Transactions on Con-
trol Systems Technology, 2005, 13(4): 550 — 558.

WU J, HUANG J, WANG Y, et al. Nonlinear disturbance observer-
based dynamic surface control for trajectory tracking of pneumatic
muscle system. IEEE Transactions on Control Systems Technology,
2014, 22(2): 440 — 455.

X1Y, LI D, LIN S. Model predictive control-status and challenges.
Acta Automatica Sinica, 2013, 39(3): 222 — 236.

TANG X, DENG L, YU J, et al. Output feedback model predictive
control for interval type-2 T-S fuzzy networked control systems. Ac-
ta Automatica Sinica, 2019, 45(3): 604 — 616.

CHENG L, LIU W, HOU Z, et al. An adaptive takagi-sugeno fuzzy
model-based predictive controller for piezoelectric actuators. /[EEE
Transactions on Industrial Electronics, 2017, 64(4): 1 — 1.

HULLERMEIER E. From knowledge-based to data-driven fuzzy
modeling: development, criticism, and alternative directions.
Informatik-Spektrum, 2015, 38(6): 500 — 509.

PRATAMA M, ER M, LI X, et al. Data driven modeling based on dy-
namic parsimonious fuzzy neural network. Neurocomputing, 2013,
110: 18 —28.

REZAEE B, ZARANADI M. Data-driven fuzzy modeling for Takagi-
Sugeno-Kang fuzzy system. Information Sciences, 2010, 180(2): 241
—255.



642 B owo#H w5 N

39 %

[15] WU D, YUAN Y, HUANG J, et al. Optimize TSK fuzzy systems for
regression problems: minibatch gradient descent with regularization,
droprule, and adabound (MBGD-RDA). IEEE Transactions on Fuzzy
Systems, 2020, 28(5): 1003 — 1015.

[16] CUI'Y, WU D, HUANG J. Optimize TSK fuzzy systems for classi-
fication problems: mini-batch gradient descent with uniform regular-

ization and batch normalization. IEEE Transactions on Fuzzy System-
s, 2020, 28(12): 3065 — 3075.

[17] CHEN M, LINKENS D. Rule-base self-generation and simplification
for data-driven fuzzy models. Fuzzy Sets and Systems, 2004, 142(2):
243 - 265.

[18] XING K, HUANG J, HE J, et al. Sliding mode tracking for actuators
comprising pneumatic muscle and torsion spring. Transactions of the
Institute of Measurement and Control, 2010, 34(2/3): 255 - 2717.

[19] CHANG M K, LIOU J J, CHEN M L, et al. T-S fuzzy model-based
tracking control of a one-dimensional manipulator actuated by pneu-

matic artificial muscles. Control Engineering Practice, 2011, 19(12):
1442 — 1449.

e R

MR B ELRTFCA, HATRTFOT OO R St SME LA,
E-mail: hust_cheng @hust.edu.cn;

B8 #uR WA, AT B R EME
B W24k, E-mail: huang_jan @mail.hust.edu.cn;

x| & ORI, BT AR AT SRR )
A7 SR E R L TE AN RATHE ] 2 TE AN A, E-mail: liulei @hust.
edu.cn;

AR R, AR oL 1 LEss T BT

HHEERE 5, E-mail: drwu@hust.edu.cn.



