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Research of ultra-local mode-free adaptive control for gas piston pressure gauge

Pang Guibing' , Wang Siyao',Gao Teng', Yang Yuanchao®, Yuan Hao'

(1. College of Mechanical Engineering and Automation, Dalian Polytechnic University, Dalian 116034, China;
2. National Institute of Metrology, Beijing 100029, China)

Abstract: The piston pressure gauge is a critical instrument for pressure traceability and measurement, with the piston system being its
core component. Accurate positioning and rapid stabilization of the piston present significant challenges due to the properties of gas
media. To address these challenges, a novel ultra-local mode-free adaptive control (ULMFAC) method is proposed, which analyzes the
nonlinear characteristics of the piston system in gas piston pressure gauges. This method combines super-twisting nonsingular terminal
sliding mode control (STNTSMC) with a finite-time disturbance observer, effectively preventing the chattering phenomenon typical of
sliding mode control and greatly enhancing the system’ s dynamic response. To account for parameter variations such as the effective
piston area, temperature, and medium leakage, an improved second-order dynamics model is developed using an ultra-local model-free
approach, eliminating the need for a precise system model, as required in model-based control methods. A nonsingular terminal sliding
mode surface is designed to overcome singularity issues in terminal sliding mode control, while an adaptive super-twisting algorithm is
applied to mitigate chattering and enhance system dynamics. A disturbance observer is used to estimate lumped uncertainties, ensuring
finite-time stability. The stability and convergence of the proposed control scheme are confirmed through Lyapunov analysis. Simulations
and experimental results demonstrate that the ULMFAC method significantly improves the robustness, piston positioning accuracy, and
dynamic response speed under varying working conditions (0.5, 3 and 6 MPa). This method holds considerable theoretical importance
and practical value for achieving high-precision and high—efficiency pressure measurements.
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Fig. 1  Simplified schematic of a piston system

AR A R e A AT E AR g 2 U
Wi 1) iz sl IE 7 1, 454 1 v 3 TR Y Bl
T REA

F,-G-F,-F, +F =mh
Zm,RT
F =PA, = A,
! mv,
G=m,g(1 —&)
Py
: (D)
Fy=ch
8nLQ,
Fq - rt
m
e
pA,

X F, SRR ) s POTR ZEGLIN RS0 A, i 2841 AL

s Z TR AR R m, i AT ZE LN AT
RN REE IR T HG T AT AR s M SR EE IR
[k V) i 2Eis ) A E AL B I SN BRI 6 &
INEL ST ym, AR B s g N I p, AR
JEip, NS SR F O SO R4 77 A B0 K i PR 45 BEL D
¢ AR BT IR BE S F | R SO TG 9 451 2R T 5 m
AR i 2B L OB R s r A IRIE AR Q, R



308 f# £ ¥

a6t

it 5 R SR R BRI AR B B T 50 S SRS
TR sk N0 2B h i S B b R by
1) Ay 1 ) S R RN

A (1) AT 3G 2E R4 HA BRI RS, 78 55FR
T R I R G0 5 52 B AR s 1% ZE AT %0 AR R T
JEE SR AR SR M E LA ST I A AR R | 25 I s
7 AR R AN, SRyl AR R 2 o e i M R Y
ANFISZ A, I 2R 40 0 A i B, R R Ak T
RIPE TR, RGMERIFRIR N

¥y (1) = @x(t) + D(t) (2)
. () MEEHIE AR ;v (1) AR Ry Ry (1)
HIBTIR s R 8 B 255D (1) MAEZAE Lipschitz 47 5 bR
IR ARG ERI S,

MRPE (1) BB G TR ERI AR u(t) = m,,
h(e) Rttt m T % 2870 S 0 B Ak Y 5 BE AR Ak
FOR TR AR R, K R (1) SRR SR BB AL A

T D] 22 8 O et — Bl R Ak sl 2 AR N

h(t) =pu(t) +oh(t) + D(t) (3)
2w A e Fon il s

AE T I S i 2T B R G, BN A B Bh
D (o) ffH AR

B% . D (1) AL TR AL, I HH—B S50 7
B,

1D(t) <€ (4)
K €D [H ES

2 BiEMEHREIEIT

WA 2 s ULMFAC JEFEHER . Hrh STNTSMC
FHT 45 5 2R 40 1 R M e R 65 R 1 i, A B B[] 2 3l W
D25 AT LhER A T 130 6 R g8 0y 4 B 3, & = 7E A TR
7 BRI v T FEAE A A B

BRBME L | h

2 ULMFAC JE#!
Fig.2  Principle of ULMFAC

2.1 STNTSMC iZit

E XN B R IRE N

e(t)=h,(1) = h(t) (5)
Kb, ANMNEBERENSEmMA, T (5)RK M S,
HHE5(3) ,15:

e(t) =h,(t) —pu(t) —vh(t) - D(1) (6)

B AR AT IR, $E S IR BIGHE R  BEnAy S, 3R
RN

s(1) = e(1) +Biﬁ<t> (7)

K. B N IEH AL, 2 R GOR A I 12 8 BT I, SRR
B B A B T AR R AU S A p Tl g IEATEL, B
JE 1<p/q<2,p/q B, AR IE 2R GRS 22 AT BRI ] P9 Y
WSkt

X(7) KT IREEEH(6) 15

$(t) =e(t) + Bie% - 1(t)e(t) =

é(1) +Biﬁ“<t>m,<t> —pu(t) - vh() - D(1)] (8)

A 5(1) =0, W SMC Z3ss il Fm h .
u,, (1) =i[ﬂ PG+ (1) - oh(0) —i><z>]
2 q
(9)

K. D) WEERRBR TR

MR GAEAEA T B AT B B, 3 R A
7 AT A3 SR A e RSOk 0, WIS RS
SRS AT VR I 6, <1 i 0 42 ) A DRt g e St % 7|
EAEHEIG: R A SMC b bl A



55 4 1] P i 45 AU 28U 03 Jm i AL TC AR 1 4% o BT 5 309

u, (1) =
L) [ 1500 Fsen(s(r)) - o sgn(s(r) ) ar]
7 0
(10)
S o RIEREC R, (1) J TR R 2 TN |
kz)‘ —sgn( | s() \*tr)( ‘s(t) ‘+ ye ['s() \)
h()=1 -sen([s()|-a), k() >0
kAT ClLsCo) [+ e 0N 0 k() =0
(11)

S by AN T 25, T 4 SR IR Al R Y
VEHUAS I &, fEANEE /N A (ELRS, BhAsm i B (RS
B EHRIR BN W,y WIEH A, YR GRS
IS T VA 1A RS, ) PR o o R G R SRR R M K
y WA, o ATRARRMIE, (1) BTERRES Y o B /)N
B, () BT K, (2) o WIZBARTTRE | (1) FmN .

k(1) =k, () — k(1) (12)
K k(1) <0,

FRAER(9) ~ (10) ,STNTSMC HyFE I .

w(t) =u,() +u, ()= {BLET(0) -
R
B(OLIs() Psgn(s(0)) - af sus(r)dr] +

h (1) = oh(0) —[)(z)} (13)

X STNTSMC #f 47 %2 %€ ¥ 43 #r, £ #% Lyapunov i
B

Ly g

v, =5 (t) + 5 kzkl(t) (14)

S (14) kRS IR (1D IRA LTS

vV, o=s(1)i(t) +kikl(z)icl(t> <
S P ) () s 17 =D (1) ] s |+

B q

Lh k(1) (15)

K. D (1) =D(1) - D(1) FREBRBIOMHRLE

AT, D (1) — 0, WiEL(15) AT,
v, <- Bi%ﬁ"(z)klu) (o) +%7c]<t)isl(z)
(16)

a1 AT, Y [s(e) [= o B,
v, <- LLé%_l(z)/lsl(t) [s(t) \% +
B q

E () (ls(o) [+ye ") <0 (17)

ik, v, > 0 HV, < 0, STNTSMC f4 M 3 58 & 1
FHIIE
2.2 BIRE BN ES %I

S SCRABAS R %, =h (1) ,x, =D (1) , WSk sh 5
SRR AT S R

% =pu(t) +ox, + o,

(18)

%, =D(1)
SERR AL TR 6 R S0 4R BB B, T B
£ RoIp RIS

X, =pu(t) +ox, +x, - %,g,(e,)

(19)

X, == 9,8,(e,)

K &, &, 2000 ), BRI 59, 9, BIEHEE e, =
X, —x, Femox, BIIHR2Z 2, (e,) g (e,) JEREMB IR
B, 2N

2
{gl<el) = ‘el ‘3sgn(e]) + Se,

2
g2(61>:5g‘el ‘3Sgn(e|) +2‘e|

|sgn(e,) + 3s’,
(20)
A s NEBhIG R
FETk, 2 A P Sl WL I 2 7 S P A BR B TR]
A30(19) 5 (18) I, 15
e, =ve, +e, - g (e)
{éz == 9,8,(e,) ~D(1)
s e, =x, — x, FTm x, B RZE
F ARG R S I g 5 A S B i 2 Rk, AR TR
SR, 59, R
g, >3
19? + (49, - 12)¢° (22)
9,(49, - 12)
JFH FETEITEE pREL V, T A2
V,<-y,V, -vy,V (23)
Xd.y, >0;9, >0;0 <7 < 1, MLV EA R
0 ST e o = I 1 A
1 1 ')’1V17g(0) +7,

(21)

4, >

T, = n (24)
71(1 - g) Y2

FRHEZC(21) EFE Lyapunov BRECH

V,=60"Po (25)

1120 B P O I SRR 40 AR K
0" =g () o
169, +9 -9, (26)
A ]



310 %A X

a6t

st (25) BT, V, b eI A4 1 JE 5 IE 2 A, (L
fie, =0 A RATHE, FIE, % |é, | = sign(e,), Xt 65k
5 8,

0=h(e,) (A0 +Bp,) (27)
A
h(e,)ZZ‘e,‘%+3g20 (28)
4, 1
-— = 0
A=| 3 3 ,B=[J (29)
{ﬂz O}
bl: ‘gl<el)‘ ID(K) (30)

(2 + 3s]e, \%)m +sle |?)
TV, R5 15,
V,=6"PO +0"'PO =
[h(e,)(AO + Bp,) |"PO + 0"'P[h(e,)(AO +Bp,) ] =
h(e,)[0"(A"P + PA)O +p,(0'PB)" + 0"PBp, | <
h(e,)[0"(A"P + PA)® + 0'PBB"PO + p ] (31)
B (30) 1T H, pf < |g(e) |’ D*(1) <
(g (e)) 7€, B Cc=[10], M (31) AT ik —
G S
V,<h(e )[0"(A"P + PA + PBB'P + (*C"C)0] =
h(e)[0'(-Q)0] (32)
A"P + PA + PBB'P + £°C"C =-Q (33)
T UL R AR M Y v, S e R R RE -
Q HTEMH M, WM Q Fmh .

1 1 1 1
R A L T

1 1
P B

-1
(34)
FRPE Sylvester & #, (NS A Q R X FRHAEFE, ] Q

—E RIEE R, I BT £ 7046 52 . FIred, 24

9, 59, R (22) BV, <0, Fritay4tsh i

TEREN
BTk UE BRI % 0 A BRI R R v, B (24)

ALAL AR ) JC A IR PRV, T AR
At PHIONS <V, <A {PI]O]] (35)

K, A P IR P IR/ NEIE(E A [P o P I

RAFHESE; (| 01| TR R

4
HaHiz ‘gl(el) ‘2 + ‘62‘2: ‘81‘3

5
+ 29‘61 ‘3 +
s’el + e (36)
3V, Sk IEEAR (1)
V, <-h(e)0'Q0 <-h(e)A,, (QL 0] (37)
A (28) 15

lllll

-2le, |72, 1Q) -3sA,,10} 0] (38)
=8 (35) 4.
B v
‘el‘z<”0”2s T (39>
AP

K2 (39) LA (38) ,75 .
<-2le [*A,, 101 -3sA,,101 0] <

v,

Anl QF L A 1 Q1 s
€1 v A {P}VZ :_plvz_pzvzz
)\‘2. {PE min

;T:k:':F‘ Py = 2/\min%Q}/\;\iln/2{P}V;/2 > 0; P, =~
A, QAL PV, > 0, mia(40) 775,

-2

(40)

1
- 24V
1

Py sz t D,

1
_Cdv,-viy,
pVyt Vs pVio+p,

PO = w20 e

1
T wry = 2dV} -2 L Y2(Tp
f dzsf _Z =[1n(p1V§ +P2):|

. ,

(41)

V,(0) Plvzj +p, 1 V,(0)
(42)
R B 15
s
2 V(o) +
T, < SRR (43)
P P2

P, S Sl R % 9 B e AT BRI T SAPEARHE
3 RGEHESH

MRYERTIRBIS 4341, I Matlab/Simulink 52F X 2
il RGEHEA T AT, AR 1 s 045 BB AL ZE P
BFEI N B EE T B4R 5 58 e 75 MR T S5 bR 4
XEGEIAT Sy, LASS TF 68 Je) 38 Ak TS 70 42 ol 7 vk 1 5 e
FERERME, LA H 4 A 4706 B9 PRZD-06 BY S {4 €
XIE S g, KR B HN, Z=0.292 MPa™',
R=296.8J/(kg-K),T=294 K,A,=5x10" m*, V, =
1.4x107 m*,p=1.25 kg/m’ , k=0.33,m, =32 kg, M =
28.959 g/mol,

Gyt 3 RO 4 ) i A T EA ELA AT

1)C1——SMC J7¥k, it sMC &E#l# N u=pn"" -
[h(1) —oh(1) +é +asgn(s/P) ], Hrb #2580k
R .uw =3200,0=— 120,a = 6,® =0.001 5,

2) C2——STNTSMC J5ik, g+ (13) Mz ik
e, a0 . B=16,p=21,¢=15,1 =2,
=3,k =5,k=20, o =0.000 02,

3)C3 ULMFAC J5:, RURT it i il o7 i, 78




541

P 45 AU 28U 0 SR i AR JORE R P

IVEZT IS 311

C2 MBI I &5 5 (19) , WO &5 Z 80538
¥, =25,9,=80,s=1.6,{ =20,

T EASE T, BB IEESH A E h=2 mm, 8
0.5 MPa [R5 T RGN IR, FRGERER T

5520 s Hhn 5 N BrERIR SIS, 45 A 3 R,
=
& ?Ig\ -1
g
i 3| . : : Pt :
B o0 5 10 15 20 25 30
= I
=20
o L5h -2
25
I 0b . : e r ;
= 0 5 10 15 20 25 30
g B 8]/s
£ 20 N —C3
1ol
5K 0.5 —
‘E{E’ oF m— s ,‘ﬂm‘* e e
=0 5 10 15 20 25 30

it /s
(a) BREFIRZE MLk

(a) Curve of tracking error

2 20,

< 'gw

;‘5:_;—10-

20 5 10 3 20 25 30

o FF 17)/s

2 i -2

o\

=10

205 3 10 s 20 25 30

" i E)/s
20¢

< of e

€ 0 |/ T— e i

=-10F

#7205 5 10 s 20 25 30

i R)/s
(b) T4 Hh 2R
(b) Curve of control input
6.0
— A
| | ‘

2 Pl i
40— . . . .
20 21 22 23 24 25 26 27 28 29 30

FA)/s
(c) Phahfl it gk
(c) Curve of disturbance estimation
K3 0.5 MPa JESRAME N A FLE5 R

Fig.3 Simulation results under the pressure of 0. 5 MPa

W 3 (a) Frzw, 3 Figes il 7 ik i) sh 245 o7 3 8 5 4,
TGFEAELY 10 s BF AR B %A E 1w xRl — bRt sh 4
FRBE, C1 7= AR B KRR 1R 25 0 0. 55 mm, SRR 12 25 /Y
FrAfEZE R 0. 09 mm , WA RS [A] R 1.9 s, FH] SMC J5 ik
SO SR TA ™ AE T RHIRILG ; C2 7= A i e KR
ERIRZEHR 0. 51 mm, FREFIR2ZZMIFRHEZE A 0. 08 mm , Wi Jif

IFAIA 1.8 s, F W] STNTSMC J5 B/ 2k 1 55 7 $HE 9
S B WSO ] 5T R A 005 5 C3 B4a il ROR B b, Hodw
KEREEIRZ R 0.36 mm, BREFIRZAUARHEZE M 0. 06 mm),
Wi 2 B B) R 1. 07 s, B8 E T 3% 45 i 7 3k mT LA S84 il A1
T sh, St A ERE I B AR T, UL ULMFAC

TR AR S B PR B A S, o0 TR G R R
B 3(b) @ T 3 il ik g il A ih 48, 75t oh
WG, SMC 7 2 i FE il A B K, 297 2,93 ~
6.92 kg, UM R AME S HIME 51 T IRER 2 104}
P30 C3 MERA AT, FERR AR B B 45 il iy A Rl 4%
IN 2 4.03~5.63 kg, P P A 55 4 () 2 0 B - I
9RHR. B 3(c) 4t THER MG S m T P sh it
M2k , A PR (R B2 3l LI 5 7T LA 4 A o B 4 A T B BR
ES MGG EIH 4. 35~5.56 N, R4k 3h (4 vl k2 28
FE LA RS ARG  RBT B RSEE S5 SRR BT iRt
P 7 T LAAT R T 3R G0 R o R e | BRI
G B

4 REXWHH

SCEF- 5 4 B, R EXE I AL
AL R R S5 2 A

K4 sisrf

Fig. 4 Experimental platform

El5 JB/RT 3 MPa JEGR AT, 3 iR [R5 %
FSEEREE R, I S (a) BEL, i F R i 32 71, 52 bris
Wil RGEHA R AR LR, SR E S BRI tE
FEAE AR BN A e B RN A A e | T ZE Y B 25 0 7
[F] B 5 e 5 ) T e T A BT A, BRI, C1 A C2 1Y
W J37 FSF 1) -390 2 13,97 F1 13. 34 s 11 €3 F4) 0 17 Fif i) 5%
PR 12,75 s G FER FP MRS, RIIZ BT LA
ﬂﬂﬁ?ﬂlfﬁﬂﬂi GBSO, LR R IR

MRS, 7F 25~30 s AR B, C1 BRI S 380 ]
i, HAREZE N 0. 056 mm; i C3 AYHRER RS #2628 bl
BRI/, bR ifE 22 24 49 0. 036 mm, 26 B 7E 52 b JE 58 42 T
HITEBLT , T s s i T AT e A 2009 55 -, $2 i s

FEMENRET . B 5(b) AT By ek £, ol LA



312 % # L %

TS ZE R B R B I N SE PR R R ARk, 5
& 5(a) XFELATAT, C1 B EMR LG fe B 8, e s AR ki
il B K, 290 2. 995 6~3. 004 MPa; C2 fIREE IR 22204k,
Jw RN, H RS AR B LR 2. 997 4 ~3.002 7 MPa, %
RS B T T 5 C3 1 i s R0 d -, s i il 26 A8 b
FilE/IN, 294 2.998 2 ~3.001 8 MPa, SCIags R EW] F
F ULMFAC Al AR S8 e 1, TG R 50
I RE  SE TR T R T RS

20
g 2.
STsr —Cl
oK 0.57 e los aldzh i
gg 0 C 1 1 1 1 B AL L oadd i ]
= 0 5 10 15 20 25 30
- B 1] /s
£ 2.0
S LT -C2
e Lof\\\\NKN“wuﬁwmﬂwb
5 03[ et
i*& ot . A h s vy A
= 0 5 10 15 20 25 30
50 i 1] /s
£ 2.0p
oy 1o -G
WIor e
% 0 (5) [ . ‘mmrw«w‘m‘“r‘""'“’"‘ it i gy
= 0 5 10 15 20 25 30

I ] /s

(a) BREFIRZEMLL

(a) Curve of tracking error

26 27 R 28 29 30
I a] /s
§ 3.0051
§ 3.000 PV o\,
2.995 . . . !
26 7 28 29 30
B 18] /s
&£ 3.0051 -C3
& 3.000 PV A~ AN A AN N AN s /N
= -
2.995 . . - . .
26 27 28 29 30
I8 /s
(b) HE5d 2k

(b) Curve of pressure

&2 4 H46%

g

s

1ot

% 05F

B

£20

E 150

Hof

0.5

*® o

B 5 10 15 20 25 30
I [A]/s

£20

75 MWM

ﬁ;ﬁ 1,0: '}M'MWM

it 0.(5) i | -I ‘AW"‘WM‘?'/'W‘“MW""‘?WT’W"?W“‘,“""W”""W{vﬁ%

B 5 10 15 20 25 30
5 8]/s

(a) BREFIRZE LR
(a) Curve of tracking error
§ 6017 ol
= 600
3995 26 27 28 29 30
I [ /s
6.01F

o]
% 6.00 1\ w"\,ﬂﬁ\f‘ﬁf' WA A i W w‘wf \ﬁﬂm‘uwv\'qﬂm A '
14

L L 1 1 |

25

f A X
6.00 P/ AW VA A AN,

26 27 28 29 30
B [8]/s

5

0.167
0.14}
0.12}
Eol0f
% 0.08
28 0.06
0.04F
0.02}

26 27 28 29 30
B} ] /s
(b) 3 2%

(b) Curve of pressure

C1 C2 C3

(o) TS B BRER IR Z SCIRHR 2T

(c) Experimental data analysis of tracking error in the steady-state stage

K6 6 MPa RIRAAT T HSLERAT R

Fig. 6 Experimental results under 6 MPa pressure

(c) Experimental data analysis of tracking error in the steady-state stage
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Fig. 5 Experimental results under 3 MPa pressure
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