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Linear active disturbance rejection control of wrist tremor suppression
system based on functional electrical stimulation

LIU Yan-hong”, TAO Chang—chunl, ZHANG Zan?, WUZhen—longl, CHUBing2

(1. School of Electrical Engineering, Zhengzhou University, Zhengzhou 450001, China; 2. Department of Electronics
and Computer Science, University of Southampton, Southampton SO17 1BJ, U.K.)

Abstract: Functional electrical stimulation is one of effective and important means of pathological tremor suppression.
However, due to the complex physiological and structural characteristics of the wrist musculoskeletal system, it is
difficult to develop its accurate model, which greatly limits the performance of tremor suppression. In this paper, we
first establish a Hammerstein model of wrist musculoskeletal system and propose a parameter identification procedure.
Then, a feed-forward linearization controller is designed to cancel the nonlinear muscle recruitment characteristics. An
active disturbance rejection control is proposed to estimate and compensate the model errors and external disturbances.
The bandwidth method and stability margin analysis are used to complete the parameter tuning of the active disturbance
rejection controller, and the tracking performance and disturbance rejection property are verified by simulation. Finally,
based on the tremor suppression platform, comparative experiments with the PID controller are carried out to verify the
effectiveness of the proposed control method.

Keywords: wrist tremor suppression; functional electrical stimulation; wrist musculoskeletal system; linear active
disturbance rejection control; experimental verification

0 51 & 0051 g 08 5 W 1) — b A 2ok B, L Al o R 4
o B4 7R BRI IR A AR R I A ok 1 &5 B il R G0 AR T Y ) FR KPS 5 IO SR A6 4

i R v AL A B E BN, #5480t 60 % DL AEE P S R EE B AH KB A, AT Ik 4] 7= B B

HhTps BEAAE R B R ZE 400N 9 %l S R s Bl

s H H AR AR AT B, B R S AR TS . 1) BE XTI T FES P i 58 72 B0 ) 28 45 1) 42 1) o 7

fe 14 HE ¥ (functional electrical stimulation, FES) J& Tk 18 £5041 0] B Matlab 2 57 i 2= 5 LB & 45 1 Hill-

Wis BHA: 2021-11-01; FFAHEHA: 2022-04-15.

ESTH: BHEME SHRKTRITE (2020YFB1313701);  E 2K H AR E 4T H (62103376, 52106030, 62003309);
WEE 51K (GZS2019008); i M4 BHE BRI H (212102311052).

RERZE: 7 FH4

TAIA/ES . E-mail: liuyh@zzu.edu.cn.



1870 # % 5

*x R %38%

type 155 28, >R I PID 4 il 9 749 it Jn 76 w7 B LA B
ISk (A Padilha 5507 ¥ 1F T PLES il 2%, @i
FES B8 547 BET A LA 72 8. 152, T AL
B RGHAEAG AR 2 (AR S M 2 A SRR L ST S
PID # ill I R 32 IR O T BRARAR R AN s P R 4t
PEBE IR 2, B SO v 1 2 X 2 4 il 8, FH DA
Perm T FES 156 30 5% Bl R 40 H & M A% I §E 71, (22
Y GR 22 ) 2 75 BOR S A A B, FEFER E B A
$& =5 il &R 40 1) SE 14, Verstappen 25U SR F #82 4
F 1) Hammerstein 152 21 25 14 0 LA 53R4T S A5, 2K FH
Il 5+ — B BHJE 5 G2 R AL B 8% sh & Re 1k, K H & B
G TR T T FES ¥4 1) 58 90500 i 350 7= Bidh A7 417
#l; Freeman 55 £ BRI 5T 2EAIL b 42 H— M &
Bt A AL 55 B A2 4 | 1) 2 B 1) 75 7, X FES R4t
HEAT # 1fill; Copur 2 {8 | Hammerstein X i 5 L A
AT AR, M0 e B A FH NI B ) 2458, 6 FES &
Grist vl 1 TR BE AN ZAS TR 30 I B s O R 5
JSO0T T 0 7= B A 2 R B R B A
Z Fp B L 4), Zhang 2510 3 T Hammerstein /L
B RGAL, K 22 8] 1 B AT 4 ) ST 22 Bl
R EE T A, e TR ENEIACR. T
RO MRk, HAREFENE REE S s
REUE S Y EA AR, it B RIFEA 2
B AT AR A 1 ) B ) 4 o) R G kA i
— A,

H Pr s i g iR 22 AAMS TN REEM
LB, I B TE B I S X AT A, o S
AN 38 R AR 0 G A AR G5 e AR Y AT 45 1, ]
[F B2 =1 R A I ERERVERE NPT RE 0, Bt 881
THfE E 2L S R Dy B T ) R g UB f i
TARED . LA ANz hils) S5 22 G, i 58 Bl
il Ao b AEHI ] SN SRS Y [R] B SE X B 32
13l R B PR B R, 8Tl AR SO R T Dh Rt
SRR gt 8 7 B ) R i A Y — PP M B P s
(linear active disturbance rejection control, LADRC) /5
%%, BT BB L E R 481 Hammerstein 15 4 Jf:
SE S HUOHER; SR, B UL R SR 1 T 2R 1AL
3 i 25 S VU B AL I B 1AL, FE BT ERME B B
1] 25 S I g 00 7R B, AR A S E IR A A R AR e
e B o 48 1 #4828 i, 8 RN S8 56 i i
e th Az il 7 S HA R
1 BiFALE R

AR B 50 1) PN 406 41 R 32 2 3 2 H A0 s i UL
(flexor capri radialis, FCR) F1 452 fisi {# AL (extensor

carpi radialis, ECR) JX 5} 5% B 5¢ Ji, H 1 FCR 4 317 3¢
JC st 35 (1) JE it 32 3, ECR 4t 5% 32 C o 350 1 {1 Jig iz
BT i 55 LB 5 G0 158 B A, 955 UL PR AR 2R R B B A
Y. Hammerstein 1 PRI A o A 26 14 50 25 WL IR FE 554
AR e M B R e L o, A R 8 ) T S, L RE 8 AL
Hi A IR LA R G RE VRN, R AR SR H Hammeerstein
BRI AT i AL 5 G0 8, FARSS /e an 18 1 s,
Horb wge () FH weer (£) 73 AN AE T FCRVECR ) HL
BB T, froe(Uger) B foor (veer) AIWLAHR ZERFVE, U, (2)
A e, () AINUPRFH SN 77 A AR S TIHE, Grer(5) AN
Gleer(8) NN ZE A% BTS20 77 7 K5 1% (linear activation
dynamics, LAD), 7(t) = Tg(t) — Teer(t) NVEFH THRH
L RSAHRE, d(¢) R ER I R BUE S, Graep(s) SMIES
TR BB S 5,y () 9l iis Sl i) A R

LA P
el e a0
) QO e— %X(t)
RBD +

U (1)

— i fer (e PG ()

Teol?)

1 Hammerstein fJlB R G EE
2 8 B 75 [R)— i 20 SR — L, S BRI 1Y
HERFNE G R G R B, B uper (8) 5 veer(t) B FF N
—NHBIBEANE T ut), 7

Ufer 1) = {U(t) +Ufcr207 U(t) > O7 (1)
0, u(t) <0.
0, u(t) = 0;

uccr(t) = { o
_ U,(t) + Uecrzos U(t) < 0.

Fo T Upergo 1 Ueerso ATH T3 11 HE 26 B FE X AEL, AR SCAR
P S IEEHE 7 A g0 = Ueerzo = DO .
2w (t) B IS e I, TH Z2 R VR i 20 N LA IX,
HEFEAWARN T 2B, AR un =
300 ps. 2 u(t) A TFEX 5 A X 2 (8 i, LA 48 55
R HH 2R Frer (her) I foor (Ueer) I FE B2 BT 38 BRI AL, 7T
5HN
Jrer(u(t) 4 Ugerzo)

Flu(t)) = u(t) € [0, Umax — Uterzo]; 3
— fear(tteerzo = u(?)),
u(t) € [Ueerzo — Umax, 0.
KU RSN
f(w) = mo+miu+mou® + ...+ myuP. (4

2 (4) 75 2 a0 T R I 2%



78 A L0 S BT o b R A SR ST ) R KA B LA 1871
GO o Fmput . tmprt >0, (5)  EREN6032% AL SRR f (u) L5 L
N :

Horp p B IR mo, ma, .., my, R S 8L
FH SCHR[18] AT, p = 3 I AR LA B UL 65 SR,
F T SR LA FCR 5 ECR B AT AR BL 2
WA I FHRAENL A G (5) > Gear(5) = Gan(s). 1
LAY B 2 At 38505 30 7 2 R A Gan(s) 5 B B B2
Grap(s) £ I T 73 3 [ 5 10 25 2 26 1k JUL B AL 22
G(s) = Grap(s)Grep(s). HRAESCHR [17], 553 LA AL
B RN A
G(s)

b
$" 4 Gp18" L+ apy_os" 2 ...+ a5+ ap’
Hr oM a,_1,an_2,...,a1, a0 NFFHERSHL
ASCARYE A LI R B L R AR A S
B, HoA AR 2 P FE BRI f (w) SR FH VAR vt vl 7 9
HEAT IR, B I A S A N F RS 5 5 UL A
WEEAEL [ (1 B 00 2R, A B A R A 7 ik AT S 50k
T 2N B G (s) 80K H B/ — ik di AT 3%
WL AR SCR AN 100G BEFR AR RAEA AL 40L& RO

pr = (1~ Iy = gsinllz ys_im”2> x100%.  (7)
ly — 4l

Horbrey R, yem AL g D9 50005 LR )
1.
BT 5 VA2 5L 0 2, T 15 B R LR PEHE
SR PR S5 R 2R ML A Y, R
f(u) =2.6267 x 107* — 6.6848 x 10~ "u—

9.5845 x 107 %% — 1.4905 x 107 1%3, (8)

3.438
G(s) = . 9
(8) = 5310945 + 39.86 ©)
EAFE B EmAGES T, RGN
Hammerstein 5 % %y H A0S Fr 0 & 4y 4 B 2 o,

(6)

SEF AL, DAL i A TR 0 s e S R AL R B

(B AR

30t

20

10 I

~ 0 O

Hg} -10 I

fg ~201)
_30 L

— — - kbR
AL Aty

NS deg

30 40 50 60
t/s

B2 HEERRMNES T SERRE S AR A

2 BRI R AR

AT E S L B v ) R A LA 4
SRR TE f(u) WTT St iz il 28 DLSC BN R G
Y 2 P4, T A AR 1) 2 05 B AHTH R G ruEs
AR BN A, B HAR AR LM B A TSN T HE N
SALBN, K F B A il AT AN AT B, AT gD
H PPty il 28 5ot A2 HOR 8 B 7. 85| R g5
PRHE 2 40 18] 3 FiT . 3 LADRC A2k 1 B fi 4%
Hil 28w () AL BN Rm S S, K54
PEAEE G £ (') 3 A 7 A B R N5 5 w(t);
u(t) ANLAITE RIS SAE AR B8 0, 2
VEF T35 30 B At W A8 b ) PN 0 N B, A e el
B AHZHT (@) flu) =1L Aual)=a ({t);rt) N
ZERNG T n(t) HIERE . LADRCHZE G #3 A45
e MY IR ZS W 2% (linear extended state observer,
LESO) FZE MR 7 157 72 I 15 1 1543 (linear state error
feedback regulation rate, LSEFRR). H #1: LESO SZ i
SHRAS RSP S B TF, LSEFRR H TR 25 5\

5 5 LESO WLIN{E 5 8] (¥ 1R 22 SE B B ).

20

N A =S 2 1
LADRC Ltk JilIR= gzt
d()
r(®) RIRS IRZE () + 1/b 17(1‘); 2R AL u(?) Fu(t)) u(t) G(s) i+ J@,
S A A 0 il T
Y Y . n(t)
S @ ()
X,
Y| gk
o, | AR

B3 BEbREMEIES RGBS

2.1 ZMBHESIRERT

AR SN AL A e A R S BT B 2Rk
B PUP TR ] 25 S LR B B 5, K S A L
B G(s) EEH

(10)

é\f: —CLly — agy + d + (b - bo)ﬂy‘j/%é}iéx*jtf‘j],
AFERARZE . R ZEFEBE 5%, AR —K
Ve B f ST, f A

= —a1y — apy + d + bu.



1872 # % 5

xR ¥38%

i = f+ bou, (11)
HORE S IR A
{i:Ax+Bu+Em

Yo (12)

Hto=[z, z x3]T=[y v fIPAT KRS, A=
010

001]|,B=[0 by 0]",C=[10 0,E.=[0 0 f]".
000
BT SRR W 25

&= Ai+ Bu+ L(y — C%). (13)

H & = [, B0, )T T HARE HORE I, L = [y, o,
1] T AN 22 7 80 25 R

Bk S
u= 0T (14)
bo
Hor AT A
Ug :kp(r—fcl) *k‘d.’i'g, (15)

T kg Ak R 22 T 19 25 R 3G 28

H I C A KB SCIRAAS [ iy BEXT B it il &
Gt R I 2R AT B8 20 M, BAE AN E TR IR B
BT DL R A7 AE AR ZE P S AR ST X 1) i 7
B 2 Gt 52 B RO ASIH 2 PETIUR A AR, B T 8
PENA TR T 4 IR R G RIAR 2 1. R,
AT E% 1R 22 RG] Rom N

é= A+ E,, (16)
—1; 10
HA,=A-LC=| -1, 01].
—1300
BRA, RS 1O M R IR RGN
§ =23 — f+ky(r — 1) — kao. (17)

Le=r — y NIREFRE, WA 2
&= —é3 — kpe — kpéy — kaé — kaéo + 7 + kg (18)
L X = [e, 6, 61,60, 63" ABRE MM RE RS
FRER IR ZE RAM BN RGIRE LT, W REHIRE
EFRIR A

o 1 0 0 0] 0
—ky —kg —ky —kg —1 P+ kgt
X=|0 0 -l 1 0|X+
0 0 —l, 0 1
0 0 -3 0 0 | ]
(19)

HRRETAT AR by = w2, ke = 2w,, W35

R R 3 1 =3 w,, b = 3w2, Is = w3, | RGE IS
(EATEWS|

Dx(A) =

do\® 4+ di At 4+ do X3 + dsA? +dy ) +ds.  (20)
H:dg =1,dy =3w, + 2w, dy = 3w? + 6w,w, +
w2, ds =w3 + 6w3w, + 3wiw,, dy =2ww? + 3wiw?,
ds =w3w?. Qo) HE—H 5N

Dx(A) = (A4 we)2(\ + w,)®. 1)

TEEREFHE | P S H NG 5 S S8CE R
Hw. > 0,w, > 0, f A7, A RZEBIBOFaE.
22 ZMBEMIRIEHRNSREE

H Pl S0 e ik e R e N T
BV S AR 2 1 ESO S Hike e v 4502 N T8 kv
A5 AEZE M ESO 2 308 e v 1 BT X R 26 % H bt
Prya il 4k 00 S BOR e, T B8 V2 2 1 1 PP a4
SRR 8 A R 1. 71 58 72 B Gaol® 1 KR Y, %
J7 R I G E BOP A I LR I e A o R
TR, KRk T 75 8w S5 B, B H = U
W, (T TRERCH. 0T gkt B Pidhda i a8, 5 %
5E 12 B35 2 I 18 25 b 328 1) B BE .. AU
BT TE wo. AN SCR A 98 V30 AT o 3 7R B ) R 5t
LADRC [ Z 08 i€ . AR SCHR [24], %5 T S br LA &R
G, bo HUAEL IS K T4 43 5 GO B e 4 bl i N )38 25,
75 M 2536 B R G AR, (B I K ) bo 22 £ 15 R G0
JS7 A 1, DR I AR SC 3% 6 b B K T HE RS B B 2
Hb, B by & 1.02 b= 3.5; #& Hill #3717 9 w,. AT AR IR R
50 1) 30 2 ) ISR A 5 , AN SO I w,e & 10 /87, FoHpr £
N ISR A S B S Ta). B 3h 5 R sh R R I
0] 29249 0.3 1251, 25 18 B34 58 N [ B g F1 B A%, 2 45 1
HI =058, w, = 20. WM T w, — AR w,
BEAT . BT v Mo 50 5 A A A ) R TR
PR SEG, N ARAIE 2R 1) % A RN 9% 57, 5 22
TR Yl /N F o) R R LRI 2R IR A B U e
Tt o I T B I A W7 % S B AR ) M RE
LM, 4R 3E F T M 0 7R A A 10 B PR 2 S
B AT B R SCR R AR B 00 8 A7 52 K R
WU NN ME 9 0. 77 22 50.001 H & e s
R S — AR VA A AT SHCR A R G PERE A .

e, PR RE w. B, 53T w, AR 2R G P RE
s, 15 B2 R 4 Fros. BB 4(a) 7T L, BEE w, 11
0, 22 Gunt B ERAS 5 A mE S R I, BT w, N

T, LI 58 22 WA SR FEE B PR, AT FE 0 B R e ST B



%7 #1 XL S K T ohab b R A AR E S H A A A SRR H 1873

Xt SUBN AL TR, S v AR S i N E . (ELRE HT 1 5(a) AT I, we AR 0BR /N 2 B2 A1 2R 496 6D i 2 T
% wo MM R, M0 RGERIREM MR, 2 SBEZH] B, 1IN w ASREI A N ARSI S5 B3 2 1 75 5K B
P ERIZUAA, W 4(b) Fron. BEAR, SRR A oo (RO K, 47 1 45 ) W 23k R R AR B, (L 9 o)
WAE 5 A2 WE ATEIF T ENART. 5d BRI, W 5(b) fror, & 2 il A 1 ANE.

7 18 F G0 LT AN 4E S IR A, 1 B w, = 20. B2, S AR S HO6 R S fa e TR /e 1 52 .
100
m
= s50f
o i | ' ‘
1.251.301.35 E \
- . ' ' : -100 - : : :
0 2 4 6 8 10 10" 10 10' 10° 10°
t/'s B/ (rad/s)
(a) MHERGESRBRERE ,=10(Gm: ©) @,=60(Gm:-16.4)
-— — ©,=20(Gm : o0) »,=80(Gm:-21.5)
100§ ——- ©,=10 _ .
n il (a) WAL 1
gsor ] 43
o B
0 2 4 6 8 10 0 5 10 S -90
£ .
& -135¢
g -180 .
= N
-225 = — — \
10 10 10 10 10
B/ (rad/s)
by BHRE ,=10(Pm=284.7) ©,=60(Pm=-19.3)
Spp— . ,  ,=20(Pm=85.1) w,=80(Pm=-29.2)
Flwo TARGHIMIRLEHR (e = 20) (b) AFSEUARI I 2
N — NYZIN AN SPZIN S 423 ) N N
I, R w, = 20 2, 73 B o HY AN AR 2 1 6 TElw, TRGHTHS L . = 20)

BB, D 2045 A S “

0

{H#3F Gm/ dB
|
i
[e]

= -100
-150 ! . : :
10" 10° 10’ 10° 10° 10*
y S/ (rad/s)
S
! o ®,=5(Gm: ) ®,=20(Gm: o)
(a) WBrERfESRImRERSE ©,=10(Gm: ) ®,=30(Gm: )
100 (a) WEAT N 2k
,90.
50 o “\\
o .
0 = \
0 5 10 E '
s i -135¢
Siig
! — — w,=30 =
200t } =
£ 100} -180 . P
I ——— 10" 10" 100 100 10 10°
0 5 10 S/ (rad/s)
gs ©.=5(Pm=67.7) ©,=20(Pm=35.1)

---------- ©,=10(Pm=43.4) ©,=30(Pm=38.1)
(b) HEATI S 2%

7 ARwe TRGERISUBFEFIEHLZE (0o = 20)

(b) =il
5 Z:IEJWC —F/%%E,‘JHMEE2£(WD = 20)



1874 ECa |

%38%

XFTAE ) wo we 73l 73BT R G R EAR L, SRR
PR 6 FIEL 7 Fis. B 6 7] W, w, 1o KIS, T 4B 4%
FEFIRARLAG FE A7, R GATRIE; 45 G 7% ) S i
55 P il 81 K/, £ LADRC 3% B w, = 20. e4h, i
B 700, w, = 20 B R Gika e, BARAALI B b w, =
10 Fllw, = 30 B A8 /IS, (0 256 25 e o) J87 T8 P82 0428 o i
N, IEH w, = 20.

E1 — A% E LADRC ZH0H % B w, > we,
DA S 36T S B 30 R PO Al o AR I R w, 22 {15 R
G0 0k e 75 UK, 1 kS 4 ) = L PR 3 . X T 5
2 B 1] 4% 1) 2R G, TR B AE H0 ) T PR 0 [
R B8R A A ) S 1) S AL, % A o B8 5 S D UL PR 9
55 Rk, A SOl i % RATEAS A ADRC S50 T 47
KEN BN AELEEH BT A HIPERE . BRERE 6
P BB N3 i) e S5 R 3 T R ity b 5 0 % il
#5418 SR NG U6 BT #E 5 ¥ ADRC S UMY g
i T J A TP R SR T L BB ek /N 4% o = R
3 IEMELIIE
3.1 EEHNHIMRAESR

R T SRR BT R H 4 ) 20 T o R B A 11 1 R
TS E I 7 B L PID R 5 i) 2k SR AT 5 L. AR
PE A 2 KL, B LADRC I B3040 T w, = 20,
we = 20, by = 3.5. PIDFEMHIER I S HEE T 2 Hbridif
SR AT B, AR SO B A4 R ZE B4 8 R (integral
absolute error, IAE){E NS FR FIPEREFR A%, K H 1%
FRPR LT B 45 1) 25 B % B AT 1 24 1) BELJE A R 1) B
25 3V BE 5 B oK R U (maximum sensitivity, MS)
TRl N R R LURIE PID 454 2 i B i . 4%
TR PID IR S HON kp = 7.263 7,k =
50.158 3, kp =0.262 98.

1) BRERMEREA FL L5,

OB RS 2 i N B ER R RE.

2 [ 3 R BUE 5 TR AR A (B 7 THI S 55, 72405
R RGINNIEAE 0.3, S N2 Hz (K IE 5215 5
B R E(E 5, 5540, IMNFME N 0. 75 228 0.001 ¥ 5
g P AL A R B R 7, R ERS B RIANE 5
AR R B SR 4N 1) 8 .

QX IE54 S NG5 IR BV RE.

T 32 3 2R R B0 AR SR /N T 2 H2PO 8
SEFINAG 5 HENIEE N 1. %N 0.1 Hz 1 1E 5%
155, A S A AR, 7 45 R 9 Frw.

MR 017 B2 485 5, 7 i H 428 o) 2 6 4 4[] 1) 2%
~,LADRC Lt PID #% il 45 55 /)N (1) BRI % 22, HL A,
TE IR R BRAS 5 A1 1E 545 5 I PID %l 484 H T 1)
¥ 75 MR % Z (root mean square error, RMSE) 43l A

t/'s

I8

gl

i

P&

t/'s

(b) F=HE
E 8 MERESHIREMEHHESSELSR

0.6
04} 0. 103;J ot

B021e D003 30 ki

Y W’%
-0.2 bl
-0.4}
-0.6

0

t/'s

i

1l

I

Bl

jb\

t/'s
(b) Fiil&=

B9 IE%ESHREREHIHESSEER

0.1000 #10.107 1, i LADRC ) RMSE 43 1] 4 0.076 3
F10.074 3,7 B LADRC %5 PID % 1] (1) R 5 14 B 52 47

2) BfEtERE.

AR 5B UL FR G A7 AE B AN E M, HAS A
AR AT S HOAN [, Oy B0 0 4% 1) S0k 1) 8 1
FEA SR P ) 38 B0 26 1 T, B b 45 0 AR 2t
BB K m, (p = 0, 1,2, 3) FIZE L WL H A 5
(a1, ag, b) TEARFRIE £50 % [ 75 B 4 3% 30, [ i 78



%78

XL S AT Rt AR A A E AP H] R AL B ik 4 1875

50 s B 34 I 5 BA A S 5 R AE — S B BRI B, AT
400 VR S5 R I S50, S50 45 i 10 Ao, 10+,
RMSE te A~ [A] 2 ] #5 BR &7 ¥ § 1 RMSE 45 #r,
RMSE_ad A [A] 2 il #% Bt #8204 B 1) RMSE 18 7.
1 & 10 7] I, B4 ) LADRC ) RMSE _te #1 RMSE
ad 73 A7 5242 T LY [ B /N, 3% B s ) 4 Re g A
SHANE B T, 4510 5 G [27] R T B P
il 48 0 S E 0 B B PE R R A A e R — 2

= LADRC
- PID

RMSE ad/10°

5I5 6IO 6I5 7I0 7I5 8IO 8I5 9I0
RMSE te/ 10°
E 10 FEFFEXLBRER
3.2 SKIGIGIE

1) L5 5.

AR TSR P o 08 7 B ) o) S 567 5 1)
1R % FEaS 1 EEIBKEE, B/ EFA
FE 1% B A )R WA D9 5243 g 0 7 B4 o 42 i)
SEUG. I B EALIE R P AR L, 28 0 B 2R B
U BY S I2 B, 24 523803 16 T 3O e AR Hp i, g 36
Al B — 8 R IR B, R a8 b2 R gm it 4s, DL
SREUSZ AR 1 30 of 2 FSL 4 32 30 1) 7 P55 50, R
dSPACE 1202 #F 47 4 Ab P AR 95 425 ) B0 A 4%
HME S FEHE Sl EE B R Rs 7 A FES 5 5
PER T2 R Bt LA L, FES 15 5 5 B () iR 5 il i

ik i A ) 5 AR 5
= SRR

B RSB TAE

2) AR AGE AT

157 3 40 32 ol JEAT 0 P o BT o 42 1) S B, 32
U Y TE 5 e B R B EL X SR

SEUE 1 2R YA B AR AL I F) R B o S
56, DASGIE 52 bR AR TC I AT B 42 3l i B 7 41
PRI R G RIERE. BRSO © £ RE L H
EVERE AR I ST D REE AR R, 85 A A
R @ 20 J5 1R 2R FH AN G 2 AT, it N 2 ag

P FL R

U2 ZIAE B B s s 5 E 0 R B
T S5, PLEGUE 323 72 B i B 3-ia47 = R it
= BN R ERE. BARSLRP IR N: © TURert
PR TR 1) B, 7 155 32 AR I 38 7 A R B 2% 1F T
A3 52 60 1 IR TR e AT i i2 3)); @ 20 s JE 7E
5 RS2 T 0 7 A R B ) [ B e o e e SRR,
18145 32 1 IR A P HEAT i 832 5.

E S50 A2 5 0 i B2 2 He, TR 4B
790.3; 2ot B P45 & B A PID 4% il #% (1) 2 #L
5475 BT AR R, F) F RMSE F1 5 B4 1) % (tremor
suppression rate, TSR) f 44 73 H1 A~ [F] 4% il S92 0 14 g
TSR i+ 52 30
Poft — Pon

off

ForR: o 9T ) B F IV Y 2% A4 T 0 AR B
Bon NI EEL I P P £

AR SO0 T SR S e 1 A S 2 43 i AT 3
RSEIG, b 323 16 g2 1M S 56 2 Y — IR SR B
ERANPE 12 M 13 BT, B SEE S5 1m0, 7252
THEBHFKMT5H BT BE&N T, A
i) 2 00 H RIS 5 9 B2 KB [R], {H LADRC B

TSR = x 100 %. (22)

—_
(=]

|
—_
(=]

Fiizzh %/ deg
[

300
200}
10

S

IAE 5 Ik 98/ s

0

FHUEE 1/ deg

0 10 20 30 40

55 kT s

RS

(b) PID fEEHIHIZCR
B 12 FZBEFEFHETHERREHIHISLIER



1876 # % 5

xR ¥38%

N/ deg

Gy

Fhiiz

RIAE S kB8 / ps

0
0 10 20 30 40
t/'s

(a) LADRC EBHHHIPR

W
S

X5
— — WS

|
W
(=]

FHiizzh A/ deg
)

=

{?g 300 ECR FCR

oy

= ol i
® \” ‘
= 0 10 20 30 40

t/'s
(b) PID fE B &R

13 ABREFEHERFM THIRIHIH LEER

F1 W PAAHESIE A T REHIHI SRR

RMSE/(°) TSR /%
index
Zik#E 1 ZE2 ZRE3 ZRAE 1 2ikE2 ZRHE3
24942 24139 25442 69.54 70.69 70.71
PID 24506 25601 24999  70.07 68.91 70.65
2.5442 3.0397 2.5506 68.93 63.09 70.05
0.8503 0.8629 0.8136  90.13 89.91 90.50
LADRC 0.8273 0.8881 0.8629  90.40 89.62 89.93
0.8590 0.8136 0.8651  90.03 90.49 89.90
F2 LW PEIEHIG AT RENHI LR R
RMSE/(°) TSR /%
index
ZiRHE 1 ZiE2 ZRE3 ZR-E 1 ZikE2 ZHE3
3.5435 4.6360 4.0965 63.84 57.37 60.83
PID 3.8024 44731 43269 61.20 58.87 58.63
3.0287 4.4131 4.1193  69.09 59.42 60.61
1.3319 15927 1.2683  86.41 85.36 87.87
LADRC 13038 1.5432 0.8521 86.69 85.81 91.85
1.3416 17256 1.2069  86.31 84.13 88.46

PID ¥ il 2 A 5 4 1 RE B 88 N E A =
PR, ARG T 2R AR S5 44
SO 25 B, gk 1 AR 2 Fros. B 1) L, 7E 52561
Hh %23 £ LADRC #5117 ) RMSE /M T-0.888 1°,
EENHR AT T 89 % LA _E, 1 PID #% | N RMSE

It 2.413 9°, 5 BT Z AT 71 %. HER 2 7] I,
SEYG 2 B £ Bh 18 2 BB R, LADRC #% ] i
RMSE /N 1.725 6°, iZ Bl 22 3518 31 | 84.13 % LA
-, 1fii PID £l ' RMSE i 3.028 7°, 7& Bl il %6 35
KT 69.09 %, L3 H, AN g ik E A L EshiEsh =
J&, LADRC #% il ff BR 57 -5 7 B4 1) 285 SR 350 B R AL T
PID .
4 4 @

AR ST 35 T 3 B o R ) 9 A S 7
E NSRS e s R ey CE2 X S K11 e kil W = oW <
ST MR AVE R G RL I T T I S S S O
W ARG, TEXT R G B EAT LR A 1 B ity B it T
T ERME AU SE, A H T IR SRR E T
IRIFRAT T E S B0IE; B i, 78 5 52l 1 T
REINE RGF & RHHT TSI I0AIE. Seat gk Bk
A, LADRC ¥ il /¥y #R 7 5 7% B4 1) 14 s 32 48 T PID
P, TGS UE T 4@ H 3 il 7 22 1A RIhE.

2 Hk (References)

[1] Shanker V. Essential tremor: Diagnosis and
management[J]. BMJ: Clinical Research Ed, 2019,
366: 14485.

[2] Bhidayasiri R. Differential diagnosis of common tremor

syndromes[J]. Postgraduate Medical Journal, 2005,
81(962): 756-762.

[3] Pascual-Valdunciel A, Hoo G W, Avrillon S, et al.
Peripheral electrical stimulation to reduce pathological
tremor: A review[J]. Journal of Neuroengineering and
Rehabilitation, 2021, 18(1): 33.

(4] WM, 5K [, o 00 g F s 20 R B ) D RE Ik
HLR R S 11 B 5 S5 0], Hh AR R o TR
i, 2014, 33(3): 379-384.

(Yao P, Zhang D G, Liu J R. Suppressing pathological
tremor on wrist joint using functional -electrical

Simulation and experiment[J]. Chinese

2014, 33(3):

stimulation:
Journal of Biomedical Engineering,
379-384.)

[5] Padilha Lanari B6 A, Azevedo-Coste C, Poignet P, et al.
On the use of FES to attenuate tremor by modulating joint
impedance[C]. The 50th IEEE Conference on Decision
and Control and European Control Conference. Orlando,
2011: 6498-6503.

(6] W, R, AT, % DR RIS iz sh i B
T A R BB TE (7], o AR B 2 TR AR, 2008,
27(6): 877-881.

(Cao L, Li R, Tang Q Y, et al. Adaptive neural network
control of FES in wrist movements[J]. Chinese Journal of
Biomedical Engineering, 2008, 27(6): 877-881.)

[7] Verstappen R J L M, Freeman C T, Rogers E, et al.
Robust higher order repetitive control applied to human
tremor suppression[C]. IEEE International Symposium



%74 XL S T oAb R B30 E ST A R A& A R 1877
on Intelligent Control. Dubrovnik, 2012: 1214-1219. musculoskeletal parameters of wrist flexors and

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Freeman C T, Sampson P, Burridge J H, et al. Repetitive
control of functional electrical stimulation for induced
tremor suppression[J]. Mechatronics, 2015, 32: 79-87.
Copur E H, Freeman C T, Chu B, et al. Repetitive control
of electrical stimulation for tremor suppression[J]. IEEE
Transactions on Control Systems Technology, 2019,
27(2): 540-552.

Zhang Z, Chu B, Liu Y H, et al. Multiperiodic repetitive
control for functional electrical stimulation-based wrist
tremor suppression[J]. IEEE Transactions on Control
Systems Technology, 2022, 30(4): 1494-1509.

PR, TR, W0 S A | PRS2 8 by
PR K 2 B E A (D). B 5 B3R, 2015, 30(9):
1691-1695.

(Liang Q, Wang C B, Pan J W, et al. Parameter
identification of by and parameter tuning law in linear
active disturbance rejection control[J]. Control and
Decision, 2015, 30(9): 1691-1695.)

e bH, ROCHE, mEE. mB AN E AR RS E
Utz [J]. ) 5 PR, 2020, 35(2): 483-491.

(Gao Y, Wu W H, Gao L. Linear active disturbance
rejection control for high-order nonlinear systems with
uncertainty[J]. Control and Decision, 2020, 35(2):
483-491.)

Wu Z L, He T, Li D H, et al. Superheated steam
temperature control based on modified active disturbance
rejection control[J]. Control Engineering Practice, 2019,
83: 83-97.

Li Y F, Zhang C H, Song J Q, et al. An active disturbance
rejection control strategy for a three-phase isolated
matrix rectifier[J]. IEEE Transactions on Transportation
Electrification, 2022, 8(1): 820-829.

WRE NI, Brivesi, 2570, SLI7THLE N 8§14 )
FiE[I]. #H1 5 Yk, 2019, 34(6): 1203-1210.

(Chen Z G, Ruan X G, Li Y. Dynamic modeling of
a cubical robot balancing on its corner[J]. Control and
Decision, 2019, 34(6): 1203-1210.)

Bo A P L, Poignet P, Zhang D G, et al. FES-controlled
co-contraction strategies for pathological tremor
compensation[C]. IEEE/RSJ International Conference
on Intelligent Robots and Systems. Louis, 2009:
1633-1638.

Liu Y H, Qin Y H, Huo B Y, et al. Functional
electrical stimulation based bicep force control via active
disturbance rejection control[C]. The 5th International
Conference on Advanced Robotics and Mechatronics.
Shenzhen, 2020: 306-311.

Alibeji N, Kirsch N, Farrokhi S, et al. Further results
on predictor-based control of neuromuscular electrical
stimulation[J]. IEEE Transactions on Neural Systems and
Rehabilitation Engineering: A Publication of the IEEE
Engineering in Medicine and Biology Society, 2015,
23(6): 1095-1105.

Colacino F M, Emiliano R, Mace B R. Subject-specific

extensors estimated by an EMG-driven musculoskeletal
model[J]. Medical Engineering & Physics, 2012, 34(5):
531-540.

Xue W C, Chen S, Zhao C, et al. On integrating
uncertainty estimator into PI control for a class of

(20]

nonlinear uncertain systems[J]. IEEE Transactions on
Automatic Control, 2021, 66(7): 3409-3416.

Patelski R, Dutkiewicz P. On the stability of ADRC
for manipulators with modelling uncertainties[J]. ISA
Transactions, 2020, 102: 295-303.

BN, IR, AL & B IIER: TR R A S
R[] fH B 5 R, 2017, 34(3): 281-295.

(Li J, Qi X H, Wan H, et al. Active disturbance
rejection control: Theoretical results summary and future

(21]

(22]

researches[J]. Control Theory & Applications, 2017,
34(3): 281-295.)
[23] Gao Z Q. Scaling and bandwidth-parameterization
based controller tuning[C]. Proceedings of the American
Control Conference. Denver, 2003: 4989-4996.
Tatsumi J, Gao Z Q. On the enhanced ADRC design with
a low observer bandwidth[C]. Proceedings of the 32nd
Chinese Control Conference. Xi’an, 2013: 297-302.
B, RN RBRIZE) A B RSB B I HRHE [J].
RE 2T, 2017, 24(6): 61-66.
(LiZ W, Wu Y G. Characteristics of football player’s self
control ability[J]. Journal of Physical Education, 2017,
24(6): 61-66.)
Taheri B, Case D, Richer E. Robust controller for tremor

[24]

[25]

[26]
suppression at musculoskeletal level in human wrist[J].
IEEE Transactions on Neural Systems and Rehabilitation
Engineering: A Publication of the IEEE Engineering in
Medicine and Biology Society, 2014, 22(2): 379-388.

Xue W C, Huang Y. Performance analysis of 2-DOF
tracking control for a class of nonlinear uncertain

(27]

systems with discontinuous disturbances[J]. International
Journal of Robust and Nonlinear Control, 2018, 28(4):
1456-1473.

EEEN

KIHELL (1970—), Lo, 0%, WA T IW, NHREEEST
PLES NS B AN B JELePE R s i S0
4, E-mail: liuyh@zzu.edu.cn;

WK (1997—), 5, witA, NFREHLAE A HI
P IR 7T, E-mail: 1322881726@qq.com;

Tk (1980-), Z, HHIW, A4, NFHEFEH. A
Puas i AL AW 5 AR AR EALEE N rh 1 B S84 2,
E-mail: zanzan@zzu.edu.cn;

FARI (1992—), T, YHIm, 1+, ik PID #4iL H
BUHLAE AN 3 H i 425 1] 2 2 B L8 AT REVR 2R 48 1) 8
FHE5H 5T, E-mail: wuzhenlong2020@zzu.edu.cn;

$UK (1983-), 5, ML, WL, WHES SRS
P S HAENL R N oL TR B AR R G () S H 4%
5%, E-mail: b.chu@soton.ac.uk.



