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Abstract

This thesis presents a study on “Nonsingular Fast Terminal Sliding Mode
Control for Lower-Limb Exoskeleton Robot on Hemiplegia Rehabilitation.” A
wearable exoskeleton robot is developed to actively drive the hip and knee joints,
aiming to assist individuals with hemiplegia caused by stroke or neurological
disorders to achieve symmetrical gait by following the movement trajectory of the
healthy limb so that the impaired limb is improved accordingly.

The hardware system is designed based on human lower limb proportions,
employing brushless DC motors, encoders, and multi-axis motor drivers for dual-
joint actuation. The control unit communicates with actuators is via RS-232 to
ensure real-time data transmission. To estimate unknown disturbances, a model-
free framework is adopted and enhanced with a Linear Extended State Observer
(LESO) to estimate total disturbances in real time. Moreover, integrated with
Nonsingular Fast Terminal Sliding Mode Control (NFTSM) and Super-Twisting
Control (STC), the system is improved for tracking accuracy and disturbance
rejection. Furthermore, an impedance control strategy is introduced to model the
biomechanical interaction between the human and the exoskeleton, enabling
compensation for interaction forces and improving motion compliance and safety.

Experiments, including slow walking and variable step length walking, were
conducted to evaluate and compare the performance of three control strategies:
PID, NFTSM-ST, and LESO-NFTSM-ST with/without impedance control. The
results demonstrate that the proposed LESO-assisted NFTSM controller
significantly outperforms traditional methods in terms of stability, convergence

speed, and tracking accuracy. The integration of impedance modeling further



enhances the naturalness of gait assistance, confirming the practical feasibility and

application potentials of the proposed system on hemiplegia rehabilitation.

Keywords: Exoskeleton, lower limb rehabilitation, model-free control, Linear
Extended State Observer (LESO), Nonsingular Fast Terminal Sliding Mode

Control (NFTSM), Super-Twisting Control (STC), impedance control.
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Top causes of cardiovascular disease deaths, 1990 and 2021t
1990 2021 % change in # of deaths, 1990-2021

Ischemic heart disease 1‘53%

Stroke

Hypertensive heart disease

275,988 402,038 N 49,

373,345,119
|

T
2m 4m 6m 8m 10m

Cardiomyopathy and myocarditis*

418,363 Rheumatic heart disease**

1 I
10m 8m em 4m 2m 0 *ranked #5 in 1990; **ranked #4 in 1990 0

*For more information about cardiovascular diseases modeled in the Global Burden of Disease study, please visit healthdata.org/research-analysis/diseases-injuries/factsheets.
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Control, FTSMC )» #  #om 3K 3H 5% & 2L 8 3800 > @ i R8P j "UpF

£ TR E R AL e CERE PR

B T Yu 3 A[16]4 2 it

A

Fphdear 2@ d+ R BER AT o

Gt F s FTSMC 7 B ™ 04 3 5 ~ 2 ob il £ 4l min

AL SR T i A ) I
e ek B % 4 4o @) 1-10 #7510 2 FTSMC 2

24 B8 > A H - REBE T XM o 4o

Hernandez % 4 [17]

FIBL o B 3 fyR AL E T sk BF R PID - & SMC X

5L

wbl ©

Bl 1-9 Hernandez % A 2k 3+en™ sLob 4§ %2 % SvF 2R [17]
AZ = #7 4] (Super-Twisting Control, STC) % — f&= Fg i icdy ] $L it
ERRCN £ RET R o | éj VR R4 o d Levant & 2003 #3400 H g
VA S@F Al FLEIA R R F R 6 BT BRI
B33 Ei o STC v &

A

c""r

B R B ERa  Y R IF[18] - AAB AR
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Yo aclt 4] K% o Chenetal. [19]% % B &
W TR Sk

NFTSM .

‘3\\-

BERMB TR

E R o STC #pdI B 7 B > ¥4

HARTEEE G T a4 BBy B o
ulr N
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'3 )
I '|III .". &
! | \
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4 ) -.." I.I / '-II
I LA} i
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i A\ f
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0 *ad 5 .-'I. X
i e / | &b
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B 1-10 Levant ¢ * Az4= di 3 41 3¢

S

& e+ CADRC) =
PR TGP AT e AR AR B ER s TR TR

W AP B HS

W2 g it R 5 B[18]

is #Lip| B (Linear Extended State Observer, LESO) & i #%:\ 4§
‘3’ &’F%‘ NN m‘E’ I;L 7 X A d Hanﬁ [20] t' ' 'ﬂ
B i A A 5 R I4E U o LESO sk 3+

Bk BB EE BRI RN RS .

v | Transient
—= Profile
Generator

B 1-11 Han 3% 4} e

Weighted
2 Sum

"w{ Nonlinear | u

Flant

Extended
State
Observer

F b Frilizdl (ADRC) 3

#1942 B1[20]




Wang % 4 3K3-2 § R RT Sqp b eh F 42 (MHLRR) [21] ¥ $H%
B o & b A B RT ARG R R R T A R RIH N
kS B TR R e Aol 1412 1T o RS Y § A e ] ey
AR K R Y A ES S 5 SR R
FHHET FIUR PRl SR Efs ot R A F VB

B psenind > RERFENFN BHB

ARG REEI R E R g - > Z RS RSB TR
1 i B e v ¥

%E_%_ (XSCHSMVNLlnk) h&%lj{ﬁ; , —‘p' ‘ J /ﬁt/[é&/ﬁ; - BP
PRRREEZEaBEEH SR 221 T ERERY it G

A H - > FERLEFET MHLRR &% 238 > ¢ 285 2
Fa - PEE A E R e RSV R BT EH IR L

FRED S T L AE R R R HE S

= ®)
_Headband Motion Tracker
Suit Body Pack
Battery Pack S T
— Access Point
Gloves
Foot Pads Computer

B 1-12 MHLRR & 3] 54
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LESO i & & *+ 4R ik /h h4e 2 T A iR & JsL 0 7 TprgLpl i % & 5k
WF QR HER o bbb B3R - R F s FARF A0
Yk > FiE LESO VAT igdpiv 2 £ 8 > % { "9y - Chang & 4 [22]#-
LESO Jis % >t R & T i eb 82> F I 1 A2bT h g T g fE T e 4
Ll

TR AL R R LT SN .
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fmi
e

R
4o ﬁ/ﬁr‘,ﬁ/ R il ”hiuximfﬁ, Feo Z?Eéi ﬁ*ﬁi‘]&#d NN
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s
=
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2
i
o

SRRE N ¢ ZHMEBR BB R R~ 2D
TP AR B AR i R s 5

S T A 47 RIE3E MATLAB & (7 o

FPoREHENC 2EREREEEFEE

Free Control ) ~ 424 #& 47 #] (Super-twitsting Control ) ~ 2t £ % =4 #4741

g

& & #3241 (Model-

(NFTSM) 1 % &3 8 4 5 BLp) B (LESO)» #efs #-97F gl 28 & 117
+E R

w R RO RGN BT F o B B B SR e i i
AP B A TR R R AR A R
EEAIERE SR E o Tl IS

LRSS E T2 TN S EAE 4 SR & AE e s A

3
«k
[}
‘;_\‘\
3
e
e
[
1=
..s,.|_.
ev
Fi
Wt
~mi
Sk
H N
\v
!

12



S F AR ERBE AR
21 F RSB A A

Aphe B BA - R D TR R RE A A

&
=

(‘2&:

A

wA o Bl R A RIREE RETIIALS R G B ARM T Pt poRer]
vk BB e 2 enFAF o dof) 2-10 3T % A R b b e

ke

SR 2 B enEL OB 2-2 5 bR R R o
SRR SR IGE R R S SR Bia SERUCE SR L R S o
AR PHE e R AR O 280 1T 0 P DI AR 2 ok o
LOb o RRAS EBA AN e B EEA N o e o TR TR
SBHEM E BB A LA EBEABRRF E Y M EERM SR B
OBESELFE PR R RT PSR > ERT S ERBER
ST HRIB ST AR AL AR T SRS R o AR R

A FE Y65 0T o
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Bt
BiEsEH %

T 4 45 &5 4%

B 2-2 R B A 27 MR

14



AREREM & R B EF‘F'?{E’ =B pd B (DOF) #7= » 4@ 2-3 #777 >
PUORRBEE S B AR R E Y Sy dhe ok # B (flexion/extension) ~ X
#he (o) Jz *t B (adduction / abduction ) % z #h aap #& ¢t # (internal
fexternal ) o HAFT Y ¥ FlA B4 R G AR 0 oW 244> 2 BFH I A
BRME LTI P G Dy e T Y ¥ B E AN R W E T

FHD 2 b RiGFRY o

Z axis

X axis

|
B 2-3% M &z Bikdhlydh-Ad BB s x ph-p gt B s z dhop i

- Stance Phase > Swing Phase >

ﬁ *
4]

, ¢ e
k‘(@ﬁ
: L L4

Heel strike Loading Mid-stance Terminal stance Pre-swing Toe-off Mid-swing Terminal swing
response

~

o Double

Double "
e > I WA I
= - Single support >

support

-

—p | 4 Single support

Bl 2-4 A AR & B
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4oB 2-5 T 0 A R Rk AL T#:? ZRAERE S BERPE
(Copley )~ #i{hE & 5 i (Harmonic )~ "4 M &5 ¥ (Maxon ) Bk % -
B3 4258 4 Visual studio code k#E B 5 @ % RS-232 hid T 5 i
Comport £ 5 iE5pd Bik (7 > 2 TA RIZAA R * Matlab 3§
BI2EE o2 R BFHT R F iz b i (7RI 2o b e Bl S O i
FlIEEA B 2 4 S dl e L @ﬁs?]ﬁ@ BiE gt B USRE S L KA R R

FE TR E R ko

f

=== Encoder line
== Hall sensor line
RS-232 communication line

Power Supply

=)
T~ 47 -
J'!

Hip Joint Dual Motor Driver

Knee Joint Motor Driver | | Knee Joint Motor | | Knee Joint Motor | I Knee Joint Motor Driver |

Bl 2-5 ¢ He s B 4 % 2 LR
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2.2 REM § 33+

Yol 2-6 FT7R 0 BRI ¥ IR AP RAF SAEM & S E
FRE LM S S E RS B2 5RO 90 BRI TSR R
A G RFRVE S 0 AoB 270 Mt RS E R BACE A R
Fldz 4k A ERTEEL G LB LY -

Bl 2-6 BLH &40 48 F 54 B

A PR 4

B 2-7HEM &5 LR S AL
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M & 5 £ * Harmonic ® Ji & &5 i (FLA-14A-50FB-H-48 ) i i
* Copley ¢ BE2-090-06 5 5% B > 4r@ 2-8° ki&{7- $=- 05 5%
i T]&(ISO) 48V FETTRT

%> > Harmonic 5 & fe "4 i3
b7 112Nm g 3 @E 7 100 pm; ¥ ¢ 4EM & 5 2
AR 2 G 4 r 4IRS phRo R0 § i F B R R X e
A5 208 2 % U

SEgwE RO RP Y 2 %hS E (RMK4-AM4096) *ipl& > o
WERI O HAERER CH T RBEEB IR AR ST RERE

o A E Ak 2-1 -

Bl 2-8 BE2-090-06 — ¥+- 5 i 5 %
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3 2-1 BILSRE BRR 2

A5
RMK4-AM4096
£E 3g
iy B # £ 3
B TR R 5.5V
ﬁx‘]‘ﬁ;*]" - 100mA
BV O g 60000rpm
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2.3 %M &

R AR MR BRG] o s Rt g W
o RBAPRF T UG TR > R R F RS [ A BEE AR MWL R
LR A R A T o doB] 2-9 TR K b RRuk g ] vk RRREIRA
G RRH SNE RET RS A T LR g g ]
WE R GEAE  RMEBHERY P22 FFE 5 100 AT 20 &
BN PRS0 Ao B 2-10 0 gt KBS ] A
@&@?Néiiﬁ’ﬁﬁﬁ?ﬁﬁﬁ%ﬁiﬁﬁiﬁo

" R XE

B 2-9 AR oA 189 1B
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A PR 1 4k

B 2-10 AR & 5 £ 2K 35 AR B
W E 52 % * Maxon k|5 E (ECIS2052mm, 60W ) ¥ & *
Copley 7 IEL-060-15 5 & Zpd- Hi& 758> & E ey — Bk 84 (1:46)>
doB] 2-11 57 AEME S E o BmE § e AR o F 4 x TR B
Ko MR B E F A M S R RS L R 24V 2R
TRRT R BT TSSNMEBIREE: S EAL T HBE B TR
3] IEL-060-15 5 £ 5%d B> L £5:8 ¥ 5 E 5%H B 217 7 %8 B ok frdie

BFERBRBERTREFTE TR EIEREERE -HERS

EA A AR 22 AL RS SRS B A e d 230 TR BRI A e
%24

B 2-11 "2 B & 5 £ 7 2R
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SAPEY i E R T RN R

A5
FLA-14A-50FB-H-48 ECI52 @ 52mm, 60W

2 720 g 168 g
TS S 16 W 60 W
FETLR 48V 24V
e Al 100 rpm 3930 rpm
(R T 60 rpm 3310 rpm
FFEd A 2.6 N-m 164 mN-m
FJEER 1.5A 2. 74 A
Bt fz 4 11.2 N-m 1920 mN-m
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# 23AEM a2 M E S IR AR A

M & BB a
A5
BE2-090-06 IEL-060-15
£ % £ 450g X 45¢g

146 mm x 127 mm

60 x 62 x 22.78 mm

x 36 mm
1 T3 B Vee 24-72'V 14-60 V
IR 24-72V 14-60 V
i’a?l 7 on Icont/Imax 6A/18A 7.5A/15A
ESEE LS £ 400W 450 W
B~ @i IR 250000rpm 150000rpm
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% 24T REREREE

»

A5

T R s E MW LRS-350-48

SR AXTEEXE R)

215 x 115 x 30 mm

ek
ks

840 g

B~ R

AC 85-264V ; DC 120-373V

gigj a3 R 48V DC
ﬁi%l A 73 A

ﬁx_r‘@;—lqvﬁ:;« 3504 W
»x 90.5%
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SR PR R HER
3.1 ¢ F B8 B L 2 & #5334 (Model-Free Control )

KRR E A (MFC) 7 5 g et adl Kok 2 - o 2o g

ey
%
S

DA GS BRES R BALE T e R Y e R A
e & RBEAOYT T R MRS A Y R BE G ity Rl = el i
Bl £ L G AT B AL B 8 4 e (g b B0 e f

o b @R H T FER T AR L Y EREHEE T L &

FOEERA A RN T TR R R G B L A~ e
PO A A R A R A ] S e 2 o m WA
P g BRAeAR FRen k Sl L - B @ 1 e0dg & 38407 (Ultra-Local Model )
Bt AN AT 4T [13]

y(t) = F(t) + au(t) (3.1)
ol 3-1 407 o y(®) 5 ks u(®) 5 Al s o as FE bR @
FOR| &4 k5?15 Adrahzb i b i 82 b 30dgde2 6 - B s> 2

TGRSR PR G S Ll B 3]

u(t)|
Desired Model-Free Control Irs » Exoskeleton
, y(t)
State observer
B 3-1 & #-3 A ANPEAL
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Fle s Ak AR B EM)-F S 4 (O-2 4 (GOFF 2T %G
R BAL K IR
M(6)0+C(0,0)0+GO) =1, +T14 (3.2)

O -
wEE2¢ o) T s s £ R P )5 g g

knee Tknee

2, Th—h v 27 3 Y 2 N v L) 4 L 12
e Th:[Th—knl:e] PAMATE 2 A Bt M H AR L b Reenh 3n s

# 0 M(0) 5 i et - €(0,0) 5 < 4 L - G(O) 5 £ 4 B -
BN (G2 R R A

6=m"(r,—C(6,6)0-6(6))+ M, 3.3)

06=M"1 (th—C(B,B)G—G(H)) + M~'u— byu + byu (. 4)

TR -EAHG RN R AB LS D f=M—1(rh—c(e,(9)9—

&

G(e)) + M lu—bgu - #H S w N3 AT @8 AN D

0 =f+byu (3.5)

b 0
H g — 01
S N

RS S DS A RS L NS S

]%Kﬂ%ﬂ?ﬂiﬁi$&°

u=hby ' (—f +0) (3. 6)
~ Z

wr@E6) o F=0 Fif mlE OREAIEL BN AL o B3 (3.6)
fw 3.5 T E

O6=f-f+o (3.7)
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WG 0 Ed BLBIRE D nfiTiy fo B AT (A R

b~o 3.8)
d o R R R A AR Ao 32 4

T
a8, u(#)
"—+-®_~ Controller 1/b, + Exoskeleton
8.6
State Observer

Bl 3-2 ¢ R HOA 4 F 2 o A2 B
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3.2 ik 3% B B R (Linear Extended State Observer, LESO)

AAM R R M ]k seY > R R LR B (State Observer ) =# 5 £_39
47%313?]% ﬁ’ﬁs?J LR AT

£
< 5k

P B R AR ERITVR R AR R R E
(ESO) i&- H#H % 7 R chst § - #- ki 5d #5 A e nde

AR URARLRAE |
B LA - BEIER o - ARG ATREREE T R AoB 3-3 AT o

d
Disturbance l
Compensation
i K, —>()— - »  Plant
State = Ym
Feedback 4
:L'
h 4
Extended
State «
Observer
B 3-3 % A LR B2 A2 B[21]
HY AR Bl G2 hAkil di R B hiE oy s BRIT

A‘-‘? Kf"r‘%ﬁ;f]jll ° Kx’de% ’\;{;J‘ﬁjﬁai%@- °

AFTY G r SR 4B Bl B (LESO) & ESO - faf it mA
U B K MU A T AT AT o R AR BRI S &
2

(IR PlA IR E 228 W) > o B4 S S TR AL R

o
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B3l &P ERET IABE AN BFAPSEERES L AT
T AR L

(X1 =0;=Y;

Xj3 = fj

3 Xj1 = Xj2 v j=hr k- 3.9
J'Cjz =Xj3 +b0]uj

L X =y

He Xy=x,=0 f=x3  f=n h%7 :R& k& 5BMH&E -
Xia = 5 # k2 B > F R B R RS
{56 =Ax+ Bu+ En (3. 10)
y=Cx
C . ) ) ) . g
X=[kp1 Xpz Xns Xk Xkz Xx3]' o

X=[Xp Xnz Xnz X1 Xkz X3]T >

01000 0 "0 0
001000 b, 0
000000 0 0 100 0 0 0
A=100o0010/ B5l0 o ’C‘[ooo 100]
000001 0 b,
0 00 00 O L0 0
0 0
0 0 ;
1 0 h
E=lo of m7/ f'J
0 0
_01_
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b3tk ALenk B 2 AR P R R nom 2 T RBIE 0 FI G 10) Y T

- BLRLE Ak i 2 AR5

{Z=Az+Bu+L(y—?) (3.11)
y=Cz
Zh17 Br1 07
Zh2 Brz O
— Zh3 v ' E';? > B & =] , — ﬁh:‘; 0 Y ) Ev'g 3 Ki
VA Ziq aﬁ/?]wlﬂg%}{,rﬁ’g L 0 ﬁk ﬁﬁ/?]wiﬁ_\x‘?ﬁ
1
Zk2 0 P
L Z 3 L 0 s

(3. 1) A8
z=Az+Bu+L(y—Cz) =[A—LClz+ Bu+ Ly (3. 12)
FHRABBIEORED BB ELSZAN AT 0 T RE RS

Zjy = Zjp + Bjn (V; — Jj)
Zj, = Zjz + boju; + B2 (¥; — Jj)
Z}'3 - ﬁj3(J’j By }A’j)
Yi =Gz = %1 (3.13)

BEFRREPIE LN FELLY 0f; S8t 3 58 (303) % 7 B pl e

’j=h’k

# o £d £G10)2 G D RT FHERREL

{e:x‘z (3.14)
e=x—1z
£d G141~ 5830 10)2 @ 1) 7 E T
é=(Ax+Bu+En)— Az+ Bu+L(y—%) (3.15)
=A.,e+ En
—fBr1 1 0 0 0 0
—Br, 01 0 00
= 0 00
H e = — — ﬁh3 00
A =19 00-Bu10 (3.16)
0 00 —-fr201
0 0 0 _,Bk3 0 0-
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BFL @Y EEEE SRER —0p R~y T RS RS R A

v

B o TN E 5 B E S S b AT T B iR

’ﬁg&ggﬁ‘ﬁﬁﬁi°Aeﬁﬂ#3ﬁtiiﬁi‘éx4j(/\j)= A, — /11-1| I
AL )=(X 3= ) 3 3 2
h( h)_( h+w") = A, + Bn1 .

+hady P (3.17)

3 3 2
Ak(kk)=(kk+a)m) = Ak +:Bkllk

Fhia kb (3.18)

B3 (3.17)% 54 (3.18) R

fﬁhl = 3(1)n
Bra = 3wn2
Bh3 = wn3

< Bri = 3w, (3.19)
Bz = 3wy*

\ ﬁk3 = wm3
#e3(3.19) A w BIP F 2 H F BLLE X(3.13) 0 T @

r 3w, 07
3w,2 0
w,® 0
0 3wp
0 3wy’

L0 w,’ ]

(3.20)

( Zhl = Zp2 + 3(1)n_’yh — 3wnzh1
Zny = Zpz + bopUy + 3w, %Y — 3w, %2z
Zng = @n’Yp — W Zp (3.21)
Zkl = Zy> + meyk — mezkl .
Zyy = Zz + borx + 302V — 3w 2 Zkq

. g ;
\ Ziz = W Yk — Wm™ Zg
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. -~ Z ,
B G2 R v Bl g f = [Zzz] T

Zns = (0 2yn — w3z AL
(3.22)

Zz = (W >V — W *Zp1 )AL

-~ Z % S 2 78 7 T > YA i3 4%
f= [ZZ:]:% LESO *ffe & £F2 *H3f » 2 #izpt f v (3.0)REF &4y

RN T
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33 AW EARMEHE BRI B2 23 B P ¥ 2 o E wird

( MF-LESO-NFTSM-STC)

431 §8 3289 A PR T F kL B & AP i 2 4258 4o LESO
gut ¥ oo & ORI FR[23JRF - B4 F - P ARG Pl foae > d i 4
e RS L R
Flpt AR R 2ES B PeiE ¥R 4] (Nonsingular Fast Terminal
Sliding Mode Control, NFTSMC ) > 4p #i# st #4741 (SMC) » NFTSM f# 4
RO X AeacE R GRS g o d R AR B R
B > TPt A 4o ~ g2 #44] (Super-Twisting Control, STC) % "% i3 &5 31

Fooo T HIEF U JTar 0 Ao Bl 3-4 o o

dZ

B 3-4 MF-LESO-NFTSM-STC 2_ ;= 42 [8]
¥k S R RS
s=é+Kye+ K,5(e) (3.23)
HY v e=0,—0 3 & 5LEEFL Ky v Ky, % Sdrd] el o
8(e) & *7 Bedr 4198 » A5

6(3) _ { Sig(éi)ai, §i =0 V §i F* 0, |éll = Ai (324)
by + vaisig(8)? §#0, & <4

HY 35 =6 + K6+ Kysig(é)%, a; € (0.5,1), 4;,>0, i =1~n>
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A | BEEF HK o sig(x)” = [xVsgn(y) > F8 vy o vy K

Vi = (2—a)4,

Vai = (a; — 14572
% N(3.25)% e NFTSM & £ 2 g4 B ohehe 50 - HEP
B NP NGRS 0 7]

6(@) _{ ailéi §l=0 \/ §i:;t0, |él| ZAl
VAL R AL §#0, || <4

|ai—1éil

(3.26)
4oV (3.26) 40 - FIE A TMe G AR I 0 G P BB AL A )R
Ao R E €| i) B A RET q|é]|%T el?ﬁi’!ﬁlﬁj%aﬁ—"fgé

R % 6] meksando ] & A &P F > k¥ ¥ - & NFISM £

(=

BoRFE e P A BEMAET T AR o B NFTSM 6 9 7 1
R E SEA

R EFE 0 6 H i NFTSM(3.23) - (3.25) » ¥ 1§ »cd JE 18 -
Efcacied MR 0 @ GIEFRFR BB T STC &9 R 245 Sl ibil - STC
S

§=—pysig()"* +o
(3.27)
G = —prsgn(s)

oo fdie Py e Py FRAFM T E Vi E AT

) —H if P1i 2 P1max i
pri = Gisgnlsil =m0, if prmin 5 < Pri < P1max (3.28)
H if Pri < P1min i

1
2i = Efpiﬁu’ (3.29)

Mis Gy My A5 & BB SR D W B dic o
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& & 235 e NFTSM(3.23)- (3.25)4r STC(3.27)-(3.29) » 34 i 4% 813 1 ®
NETSM-STC #74]~ % :
u=by'(-f+0) (3.30)

oc=0,+K,e+K,b6(e)+p,sig(s)t/?
t (3.31)
+’p‘2j sgn(s)dt
0

Rl PR E S AR AR L 2 CLESORBI RS S > A BRR 2R
Aeio gz 2 )k o IR 0 NFTSM-STC 24 B iy 11 6 £ AEM & wy

YR R

1 o 3
Up = bop, [—(@n®On — 0n®zp1 )AL + Oy + Kinép + Kzn0(en)
0
t
+p1psig(s)/? + ﬁznf sgn(s)dt]
0
1 . N
U = b_k [—(0n Ok — W Zk )AL + Oy + Kiiéy + Kpi5(er)
0

t

+P1,Sig(s)V/? + ﬁ2kf sgn(s)dt]

0
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3.4 LESO-NFTSM-STC & T & #FF

4 B3 AT AT H e NFTSM-STC #7417 2 2 fE 3 » & &

\\\?{r
<l
q

RRL24] 7k = % > X4 E f 0 & (I-DOF) fig i3 ff i 247 2384
& o

BRI g 5 UpF 4% T4 (Practical Finite-Time Stability, PFS )
YK o F - BRI X =f(u) c FHRHELASRE x 0 F R
- Brfica>0 E2 - B UFERF T(a,x) <o BEEFHF t=ty+T
I x(®) 1<a Bl s Sfls 7 3 UL (PFS)
g~ prd - RIS B b- BRFEDZREZA I V() 204
LD S E

V(x) < —aV?(x)+c¢, a>0, 0<b<1 0<c<w (3.32)

Al s 3bs PFS» ¥ R AUkl #fg "R PR LT3 A H/EP

C
b(x) < (3.33
1Lr?0xe(v (x)_(l—S)a)'O<6°<1 )
MoE SR EE N PR R ERER S
re V(o) (3.34)
ady(1 —b)

BEF R EQG27)E ~ R i g i 2357 v F
$; = —puisig(s)* + g
6; = —Pasgn(sy) + & (3.35)

He g =fi—fi 7 LESO il B354 -
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BB ERE T J B AR(335) L F B @ hE g A ko5
- Barehe B oz = [Z2u 2" = [sig(s)YV? o]T 0 RIF(B35)F L ERTE

iZ i
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LESO-NFTSM-STC |  1.9643 1.5685 1.6961 1.3529
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Impedence model
Tyu=T, — (M, 0+C,.0 4+ G,)
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AR R RS RA 2 B ehT B4 T4 RRBEFER YR T T I
2 AR AL FI AT RN BRI T TR A Ty
Tym = To — (M,0 + C,0 +G,) (5.1)
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AR A AT
H,1(0) Hy(0) Hi3(0)
Mr(9)= H,1(0) H,,(0) Hy3(0) (5.2)
H3,(0) Hs,(0) Hs3(0)

€,1(0,0) C,(0,0) Cy15(6,0)

C-(6.8) =|C1(0,0) C,,(0,0) C3(8,6) (5.3)
C31(6,0) C,(8,6) C33(6,6)

G1(0)
G, (0) =|G,(0) (5.4)
G5(0)
6,
0 = [92‘ (5.5)
63

Hi1(0) = I + Ly + mgLgs® + meLg® + meLe” + mypL® + my, L,
+mypLeup” + 2m L Lg cos(0,) + 2my, L, Lg cos(6,)
+2my,pLoypLe cos(03) + 2my,p Ly, Ls cos(0, + 053)

Hi3(8) = Ip + Lup + MeLge” + Muple” + MupLouy” + 2MupLoupLe c0s(63)

+mypL; c0s(0;) + miLgeLs cos(8;) + My, LypLs cos(0; + 63)
H13(0) = I, + MypLoup” + MupLgupLe €05(83) + Muyp LoupLs c0s (68 + 63)
Hz1(0) = I + Ly + MeLge” + MypLgyy” + MypLe” + meLgeLg cos(6;)
+my, LsL; cos(6,) + 2myy Ly Ly cos(63)
+my,p Ly Ls cos(0, + 053)

Hp2(8) = Iy + Lup + MupLe” +meLe” + MupLoup”
+2my, Loy Le cos(63)
Hy3(0) = Ly, + MypLeyy” + MypLeypLe cos(63)
H31(8) = Ly + MypLguy” + Myp LoupLe c05(65)
+my,p Ly Ls cos(0, + 053)
H32(8) = Ly + MypLguy” + Myp LoupLe c05(65)
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H33(0) = Ly, + MypLeyy”

C11(6,0) = —2myp LgypLiO5sin(03) — 2my,, LgL, 0, sin(8,)
—2mypLoypLsB, sin(0, + 05) — 2myLgLs.0, sin(6,)
C12(0,0) = —myLgyp L0, sin(0, + 03) — my, LL, 0, sin(6,)
—m;LgLg0, sin(0,) — 2my, Leyp LsO3sin(0, + 65)
C13(0,0) = —myLeypLs03sin(0, + 03) — mypLeypL 035in(6s)
—2Myp Lgup LB, sin(63) — 2myp Loy, L6, sin(6, + 63)
C;1(0,0) = my,LL,6; sin(8;) + myyLgy,Ls0; sin(d, + 65)
+m,LL.6, sin(6,)
sz(e» 9) = —2Myp LoupLeB35in(63)

C53(0,0) = —mypLeupLeBssin(6s) — 2myp Loy L6y sin(6;)
C31(0,0) = myyLyuyLsb; sin(8; + 05) + my, Ly, L0y sin(d;)
C32(0,8) = my,LeyuyL:0; sin(83) + 2myy Ly L6, sin(65)
C33(0,8) =0
G1(0) = —myLsg sin(0;) — my, L. g sin(6; + 0;)
—MypLgupg Sin(0, + 6, + 05) —m;Lyg sin(6;)
—mLg. g sin(6;, + 6,) — mgLgg sin(6,)

G,(0) = —my,Lgypg sin(0, + 6, + 05) — m;Lg. g sin(6, + 6,)
—myLeg sin(6; + 6,)

G3(0) = —mubLGubg Sin(91 + 92 + 83)
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RN S - SR C T LI o Il I

Hs5(0) Hs6(0) Hs7(6)
Mr(9)= Hes(0) Hee(0) Hgy(0)
H;5(0) H6(0) Hy7(0)

Cs5(0,0) Cs6(6,0) Cs7(6,6)

C(6,0) = [Co5(0,0) Co6(0,0) Cs7(6,6)
C,5(0,8) C,5(0,0) C,,(8,0)

Gs(0)
G,(6) = |Gs(0)
G,(0)

Os

0= 94

6,

Hes = Js + 2X,L.cos(0g) — 2X,Lssin(6,) — 2X,L.sin(6, + 6,)
Hsg = J¢ + XgLicos(0g) — 2X,Lssin(6,) — X, L, sin(6, + 6)
He, = J, — X,L.sin(0,) — X,L, sin(6 + 6,)

Hgs = J¢ + XgLicos(0g) — 2X,Lssin(6,) — X, L, sin(6, + 6)
Hgo = Jo — 2X,Lgsin(6,)

Hg; = J; — X7Lssin(6;)

H,s =], — X,L,sin(0,) — X,L; sin(6, + 6,)

Hy¢ = J; — X7Lssin(6;)

Hy7 =y
Css = —2[Xssin(0g) — X,c05(05 + 6,)]L,0
Cse = —[Xgsin(6g) — X,c05(Bg + 65)]L .0
Cs; = —X,[L.cos(Bg + 0,) + Lycos(8,)](205 — 0, — 265)
Ces = [Xgsin(6g) + X,cos(84 + 0,)] L6
Ces = 2X,L;0,cos(6,)

Co7 = —X, (2605 — 6;)Lscos(6;)
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Css = —X,[L,cos(8 + 0,) + Lycos(6,)]0s
Cre = 2X,L;05c05(6,) + X,L 05c0s(6,)
C,, =0
Gs = [Xesin(0s + 0g) + Xgsin(6s) + X,cos(6s + 6, + 6,)]g
G = [Xesin(Os + 0,) + X,cos(6s + 65 + 65)]g
G; = X,c0s(0s + 05 + 6,)g
B2 oI5, Je )7, Xs X, X7 2 ] 5
Js =Jo+ It + my(L, — LGt)2 + msLt2 + metZ
Jo =17 + Is + my(Ls — Lgs)* + myLy”
J; =meLge? + 1
Xs = my(Ly — L) + msLy + meLy
Xe = ms(Ls — Lgs) + myLg

X7 — meGf
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B 5-4 4B R A TL&R(31]

{Gub = 0~55%, Stance Phase
Oup = 55%~100%, Swing Phase

ad NG R Ty 80 R EET N RE RN A R A0
Tym = MAG + BAG + KAO = Z(s)A6 (5.10)
2P M~B~K i R s BlEd > #d %8m0 E -
B s A0 S 0, 4p R R 2 2 6,

9d=

D

. — A0 (5.11)
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£ 3K IR N My, = 32.6kg, Ly, = 200m, Ly, = 500m, Ley, = 25cm:
%K A el tm, = 7.5kg, I, = 0.035kg - m? L, = 46cm, L = 19.9cm,
hge = 26.1cm -

X @K L A T omg=34%g, Iy =0.014kg - m?, Ly = 43cm, Lgs =
18.6cm, hgg = 24.4cm o

R Y ey 0 omp=1.09g, Iy = 0.0034kg -m?*, Ly =27cm, Loy =

13.5¢m, hgp = 4cm »
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