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Simulation and Experiment of Pressure Characteristics for

Pneumatic Shifting Actuator

Shen Wenchen'”  Hu Yuhui'?  Yu Tianxiao'® Xi Jungiang'> Chen Huiyan'
(1. School of Mechanical Engineering, Beijing Institute of Technology, Beijing 100081, China
2. Research Center of Intelligent Vehicle, Beijing Institute of Technology, Beijing 100081, China)

Abstract; It brings great difficulties to select structure and design for automated mechanical transmission
shifting actuator, because pneumatic shifting actuator has characteristics of highly-lag response and strong
nonlinearity, which leads to big errors when only adopting regular steady-state analysis. Focusing on the
features of pressure formed in the chamber of a pneumatic shifting actuator controlled by high-speed on/
off valves, a nonlinear mathematical model integrated electricity, magnetism, machinery and fluid power
theory was built, which was used to describe the dynamic coupling speciality of the pneumatic shifting
actuator. In order to evaluate the accuracy of the model, two indexes including average relative error and
maximum relative error were adopted. Compared simulated results with practical ones, the small errors
showed that the actuator model was reasonable enough to simulate the dynamic characteristics of
pneumatic actuator. Through simulation, several factors, such as volume of pressure chamber controlled
by electric valves, the effective areas of electric valve inlet and outlet, were analyzed and they had great
influence on the buildup of pressure in the chamber. Finally, the model can be directly used to optimize
the structural parameters of pneumatic actuator or to validate some complex control algorithms, which is a
good platform to solve shifting force control problem during pneumatic shifting process. However, the
nonlinear equations of the system are so complex that they will not be able to calculate on a real-time
platform unless they are simplified. The further work is to simplify the complex model into a simple one,
which will not reduce the dynamic characteristics sharply and can be run on a real-time platform such as
DSpace.
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Fig.3 Schematic picture of pneumatic shift actuator
N F G FE U o0, O FAE ZEAL RS s m, O PR ZE R
s, ABROIEFENIAL 5py wpy wpy 23N A2 3 ]
ANREARRBIET T, T, T, 05 o Ze i )
AIAESRBRE V, Vo Vs 300 Ze i ]
AN AEARRBETGA, A, A 00 o Ze i R
AR ER A R B p, AREE T 5p, AR
ETT 5Ty AFRETLE

3 R RS AT U a2 S AR 4 B
0L (DS3 IS4 56 S5 56, 4 ZE 1) 4732 3 Bl e K
fiE . @83 5¢.S4 JF .85 FFa ¢, T 1% # 1 iz 3h
/M E . @S3 JF . S4 K\ S5 JF, iR FE M £ 18
B PR E ., @S3 36 S4 56 S5 F, BRAV 1 ZE HE
Bl 45 ZE 0 fe 18 s B P A AL E

XL 1 S A B, A A R Rk i g
W RER, REEEA R R, Bl A, S
SN EEBOA PR ALk

1 ZE M HE Aok R i ) S o AR, B O, A
AR R BRI A
2.1 BEHHHF

BSRCE SIPIE R )

(m +m)x =p, Ay +F —-pA -f(x) (1)
A f(w) —— T 6 25 AL BE Z W) 1Y 12 3l BE 15
K1
F,—— 05 28 5 BRAC I 28 22 8] A4 45 o I

N oo BEL AT T oo BB
Pasto 24T
pS



340 S A 1 R =S 2016 4
W‘LL——ﬁz\'ﬁﬁiﬁ U:di(Cva) (8)
WL 8 S 1 8 1 7 BN t
i mode <A < F ful (@) BIRAAER C = R/(k —1) fL AL (8) o
oSG —REE S ez A 0
L) U= (o) =g (R =
IR 5 4l S 7 26 2 L 9 o Coay a1
et ) e -

k,Ax —cAx  (Ax=0)
F;{ (3)

0 (Ax <0)

Ho Av=x, -5, Ax=x,-x,
bk — 1 ZE il £ W
e ZE Al 42 FHLJE R &K

5 A A 3 2 5 IR A0 3 FE 2 (] Sy B AR RE 45
2.2 REEZHFEMHAZE
HL B B A0 T 4T R A I, U R R 0
V] A 0 1) 34 30 ) I TR, A A A R 5 R G R
T PRSI, M H 0 T 45 A 26 e 0 R )
AR ORGSR R TR/ R A
T2 e T TAERIE R 1484k . B it
eV O R P B R W NS EE L s RW
Hh B T ) R 1 ) A A o
AR B AR A AOR ZS Tr AR
p =pRT (4)
K p——ARLa X} £ )
p— M R—" R H %K
T——"S AR IRy 2
R T 45 A B O AR S R R A
2

= (o) (5)
b m—— SRR VSRR
X (5) WHEMT
m, —m,, =pV+pV (6)

Kb my, o, ——BEA LR A
AR SCHR (S ] 40 38, AT 78 0% A 1Y fE
IRA

i1
RS

Q. = Q. +kC, (i, T, —m, ) -W=U (7)
K 0,0, — MLk et

R 1 H AR

C—F KA

T, —— P NS AR IR

W& G 5 A A B 72 A 2R

U——S AR N g 251k

PN B B Ak N

(V) (9)
K (9) R W =pV fE AR (T) i

kop .
o AP T —m T) -
Q= Qo+ oy i T =, )

pV=raVp (10)

BR800 4 A 5 o R 5 R 1
BB T, = T) 2 (10) W i f
%;Hom—om>+i<mm—mm>—v=%ﬁ
(11)
ST 4 4 i A (B 3%, U R AR
S Q- Qu =0) ,F 4T LA BB I Ay B9 143

AL . 2
b= G, =) P =
B iy = i,) =k 2V (12)
SN S RO R 75
U=CmT (13)

Bl (13) A (9) Hr, BV AT 15 3 25 95 1 7 K
1A RE & 7 2
(Vp+pV) =(k=1)C,Tm=RT(m, —m,,)

(14)
H1 20 (14) SR g i
C_RT
p_ V(min uu[) VV (15)

PR (12) R (1S) AT, P 25 B o — DX 78
TAERIEEC k. I, 255 E
RT

b= Cam, —aym,,) —a -V (16)

B o, o, Ao IO R T2 2 i 7 P Y
P L, P P ARMEAR T EN T S0 {EH . (FE 3
W EENTEL T 1 A48k Z 6], X iz 3l
A RERA T (B AR A 5. SCRR[14 138 5t
R o, IWBUEAEE T &, AR R T 15
ERGE 3ol i QINPE g7l SU R D AW RE X & et
MBUEZ ST 1.2,
2.3 F/REHEAHFEE

L BT/ SR IR A 55 HL A 2R\ HLAR S # 1Y



%2 1

PESCRL 2% Bl e B3 T HUI TR D 4k 0 B 5 A8 341

WRHLEE DR E IR R B A A . P I
T £ B0 A TR T LA 43 o s (D T o Tl R B
F G 3 O R o O IL AR IR S AR S ) o, A R R
BH ) B 53 B bk R . DU AE W U ik 14 U 1A 32 3l
TiE.

2.3.1 @

LT R RN B DB JRONE £ PR RO AR
FLRE 3 VR T IES oy T R 2800 A A A A Y
FAAE , S BOT 5 i i 1 1) K A 10 HL A AR 58 Al 26
Pho PRI R SRR f X AR LM N R 2 s A3
PRI % i AT R A 2 SR R I A A R
Pl {5 5 FE Pz sh Y eR R, B AR I - f k2 B
HERESH R R TER LRI FoRE,
R E BB DL T T RIS Bl e R AR

FT R R R O A S A, A T R T Y R
E[”:

. d(Ne) . d(Li) _
U=r+ 7 =ri+ T
. di .dL
rL+LE+LE (17)
X N—— 28 8 [ 5 r 25 [B 1, FH.
i—— B LR LK
o—— 28 il

FL g% A O LU L IR T L RS E] 1 R
B BE P R TR AR I A R RO UL B 1 B
P HL R 3 DR R

L(x) =L, +B(x, —x) (18)
K Ly—— WS TR AL FE x, B
x (R AE

B— HE XMUA S
TER Tk e o

Ni)?
F, = (Q’IJ‘AL (19)
K A—— B R A AR
Moy BRI T ERE
2.3.2  [SHLEN T

W8S B R B R — B PR I R 4
T 5% v 1 1) 45 4y st B e R An 81 4 s o
W B A ARG T R BB s 7 #E
FM—F/:mﬁ'y+b,,j/+ks(y+yo) (20)
Kby W R
b,—— 8535 Sl Rk i BE 45 R ) R %L
yo— MRS AL T 5C P AV I 58 5 1 A
F 52 20 e 8
2.3.3 Wy
HL R IRAR 2 ) — D Sl 2 B R . X T

P4 AL =30 O O R W 4 g 1

Fig.4  Structure schematic of 3-way 2-position on/off

solenoid valve
LHRE A 2 MRk 3. B 4.8 5. T/ERT
6. 41T P

WP LR I, P O R R

m=AB (o) (21)
Hrp
2 e T (<o)
GD((T) - 2 (k+1)/(k-1)
k(k+l) (0<o<p,)
5 ik
Pe= (k +1 )
o =p,/p., (22)
Xrp m—=hiE o(o) Uit BRAL

B, — HL T 1R 85 T
A, — HL R IR T A S50 A T AR
T, —— A il
p. "R LW T
po—"UI PR
2.4 MESRERSKHIE
SERE 1) R G AL T DL B BB 4 O AL 2R
AHEMINT .
(1) KL G ST T 3G i 2
F,, —Ff:mﬁ'y] +by, +k (y, +v5) (23)

. P, P

My, =A,.Bm §D(7I) (24)

RT, \P;

. P P
M, =A,0B : ﬁo(io) (25)

RT, \ P
Biu = fraier (9’1 ) (26)
Boui =1 ~Biu (27)
b e ) —a P (28)
1 V) int M i outt M oun 1 V) 1

(2) PR S2 oGt F
FMz_F/:m1».)}2+b,;9"2+k<(y2+yzo) (29)

- P P
M = Am‘nzﬁmzi¢( 72) (30)

JRT, \p.



342 PSS A1 M | = O 14 2016 4
- P Uf(t,-) _)//\(ti)l
m,.n :A1:nur2BouzZi2¢(p70) (31> é:me = T N (47>
RT, \ P2 nois Imaxy (1) |
_ ly(t) —y(t) |
BinZ _fmblez(yz) (32) fu:max y( 1) y( ‘> (48)
B..=1-8., (33) a<i<n Imaxy(z) |
. RT, ‘ ' Py 2Vl LI B AE X 1R 22
Py = % (M iy = QM yn) = Q1 7‘/2 (34)
2 2

(3) FF LI S3 JF Gt 72
FM3_F/:mu%+b179’3+k;~(}’3+3’3o) (35)

. P P
My = A8 ® (73 ) (36)
/RT, P
. P P
My = A Bous : ¢ ( = ) (37)
/RT, Ps
Bis =franies (9’3 ) (38)
Bous =1 ~Bins (39)
p =RT3(01- m,..—o, .M, ) = png (40)
3 Vv, in3 M in3 ou3 M our3 3 Vv, 3
CORE SRoIPIES

(m, +me)'.x.; =p,A, +F,—p /A, _f‘(x‘) (41)
l.x.d =p;A; —p,A, - F, _,](‘(l(‘kd) (42)

FC:{kAx—cAic (Ax=0) (43)
0 (Ax <0)
(3)TAEAER GBI KR
Vi=V,+A4, (x, —x,) (44)
V, =V, +A4,x, (45)
V=V, +A5x, (46)
Kb« ER(E SFEoN A

ZEA (1) ~ (46) Ky B A e P P AT LA &
S5 1 W BRARERY A8 A] TR 45 SR 3R 7 2R 0T R DL &
NI A 2l Sy 270 7

3 REXHR

3.1 RESHHE
BT I I A R AL S IR 2 R G0 2
WESR B ERE SRS . I R PAT 52 b i 1Y

4 B ST R R X L S R b — S8 2R
L AR I 2EAT AR R R AR AR A F RS BT A

30 Ao S ] R T B 0 T KR G G e S
WG SRy L L B 3R 4 WA 04 I RN BEL . |
FEE R B 7 RS 1 B 428 L 7 45 A 2 2 B mT o 5 Sk
FRAF I 2 AT 1 22 06 {5 28 2 5000 1] 43 349 1
I S e T 3 e R T AR e B g A . L
ESH IR 1 iR,
3.2 HETENFE

ARG BEPE M FR A 2 A~ 2 1 KA R 52 2 i i
FARXFiR 2 R

y (t) — M B Al
y (o) — 5 E A e

R1 SHREFTNHAEREIESY

Tab.1 Model parameters of pneumatic shifting actuators

Py i
T35 ST m, kg 0.4
R 37 78 9 Kt m, /K 0-3
AR m, kg >0
T Rl BRI E £/ (Nem ") 2.0 x10’
i SRS o/ (Nosom ™) 8.7 x10°
S VLA R T A, /em? 46.5
S VL IBEIXZR B V g/ em® 50.0
S V2 AT BT AL A, /om? 503
S V2 BB BB Vyg/em® 50.0
I V3 AR R A,/ om? 50.3
V3 RIBEX AR Vyg/om® 30.0
J 0 SR T BE B ) AL S/ (Nosem ™) 300
B £37 37 98 B Pk B A L) R4,/ (Nosem ™) 300
LT ) 6 T A, /mm® 4.0
Hh R T LA,/ mm? 4.0
Tl 32 38 SR JE e/ (N ™) 5000
[l {32 31 5 ) 1 U Sy Fo/ N 30
2§ J 7 4 N 700
L /) 2
T 5 b T 0 37 8 B LK Ly /H 0.6
LA RS/ (Hom ™)) 12.6

4 HESKBEIE

B R AT AL A IS S A S B, A
5 3 B AR A 1 AL B8 AL B A R e 1
il a IR 3 A TF R A

iR R YR ] Vector 242 R ) CANoe R4
IAEHLA IR B CAN G 270 K a4 3C o 45 il i Az 4n
K6 s

LG T SR R v, o T I 2k Bl v e SR R A
T, S B i e A T AR LS, 2R B P Y R
18 EJH T R G ROT R AR R, Y ARG R
FL OIS B — 5 B, A RE )™ Az v G ) L g il s 4
(14 s 55 7, Ao IR0 1o A5 T O 09 ) B 85 () 3, R
TR SR P e R, 25 P 2 11 P 3L B 38— S EL
BRSO )ES e N 2 DD =R v I B N



%2 1

PESCRL 2% Bl e B3 T HUI TR D 4k 0 B 5 A8 343

Ks il Fa
Fig.5 Experiment platform
VAU ERES PU 2 UG IR P2 3. ARG R P34, 135
OS5 IFKMSS 6. JF K S4 T HFKM S3 8. fL R AL kAR
9. A

Bt sy )
/08 122 By

A T

S S EBEI a0 Bar 1955 C  GEE2EHE 1000 Bar .| ®
. 9 HEE2 976000 Bar 19 C BEGREGE © =

B

K6 LEMHLEERERS

Fig. 6 Data collection system of master computer
i WS S Db AL 2 BT RN 2 Lk s &S R A ]
HEHER BT IE OCHIREIR , B X 3 Fof 4 38 R 1 36 18114
I ZE R MR T Wi R A T 7 1 5 1
4.1 3 M A8 R ) M) B ] 3R
HL 2k VB R A L T U A R, S e LU T
i F
dL(x) dw
dx  di
1224 V B IsAE R (R 2 Q) A&
[Fi FeL JR 2R 0 £ el v R O R AR Y R M N T BT
HL T N, 2R OB, £ 8 b i o T R e Btg 1 T
(TR B R (Fe/Iy) WU BT A I [ A

U:r[+L(x)%+[ (49)

2r —[=0.06
——L=0.08
10F —— 1010
— =012
< 8F —1=0.14
e —1=0.16
® 6F
]
& 4r
2 -

5 T8 /s
T HRE RN FR BN 4 P L I A RS )
Fig.7 Influences of inductance coefficients on coil current
2 1) T R U A 72 A RS 8RB A T T LA R S Y
RLRE M AN & 8 Pl o £k Bl v i) L B R BOBOKR 1
Tl W 105 dz sl o o7 BT i, R S /5 AT I
PR ] A

s B 5 5 ) 0y T 0 Xk R RS O O R O A Y
AN I U N R VLS A ORI R R RE WA o
R, L T R 49 S O 7 ) 582 LR 5K P g . 1]
M o B, 00 TR ) r G Y T I
[Fa) e, L2 5 AT o 37 B [

251

0
04 05 06 07 08 09 10 1.1 12 13 14

fif &) /s
25¢
—1=0.06
——1=0.08
——I1=0.10
—L=0.12
— =014
—1=0.16
B L S S T S S
04 05 06 07 08 09 10 11 12 13 14
fif &) /s
25 ¢
20
z 15
£ 10 —1=0.06
S ——L=0.08
& 0 —1=0.10
& -5 — =012
B 10 — =014
&H-15 —1-016
-20
,25 J

L L L
05 06 07 08 09 10 1.1 12 13 14
fif &) /s

=
~

P8 v i SN R RO R ES 32 8l Y 2 T
Fig.8 Influences of inductance coefficients on

plunger movement

20
—F,=15N
—F,=20N
15f —F,=25N
—Fp=30N
—Fy=35N

ST R A 8 fmm
a5

0 1 1 1 1 ]
050 051 052 053 054 055
fif &) /s
207
&L
o —F,=15N
L —F,=20N
e —F,=25N
JiSy —F,=30N
#® —F,=35N
$05
5
0
1.02 1.04 1.06 1.08
fif 18] /s

9 WIhR TR N A R R 3z Sl Y
Fig.9 Influences of initial pressed forces on

plunger movement

4.2 REHE S3FRIE(EERR)

NG ZEW) G AL T ) A7 (e, =24 mm) | HL



344 & ol HLOM ¥ R

2016 4

W S3 T FF/ 3 W 2 #2 H J me iy iy £k 40 &) 10 fr 7
LG S3 AT IF, AU VI &b T E %A o2 e

BR—ERTT
AR N S e i B TR 19T s BT O
i 1 P9 0 I8 3 A (15 ms) 5 AT g O B B T 31096 ZE 0T
Rzl N 1 UCE A T U R, S AR R A R
SRR T8 A JE LA v I3 26 1) o BE 4 0, % 26 Ab T
i LA B 5 DT JE T 16 i 3 B3 %€ iz 2 B e/ S
WA AR, M B P O R A R R
U 7 1 T B 018 5 AT 2818 Bl B die /N B2
PRy BTV T 85 2 OE A R, it
SURLERITE 3 N o A N NA W ) A A B8 T o 2 R
VT MLREEI S3 Sk, UM VI 5 R, <
FHAEFEHT L WA 10b ol DIE B, F2 35 %
s gl fE T2 S4 A V2 HBUR R,
PR 7 A T T e sl o A&l 10e B, B A kR
e, O BT )5 SR ) R 25 A 5 0. 03 MPa,
P55 SN R 22 ARG AN 3% 2 T .

10 430
a0 —S3EHIES 12 &
P — EEMNEBHA £
= e — A E S 1o

I 119 &
&%.4 - 1
02t b
e PR IS NP | | P T )
0 05 10 15 20 25 30 35
fif 8 /s
(@
0.06 — R 018
S 004 — & B rorrmis
-t 1914
§§ 0.02 ] 0_14§
R 0 :
; Jozg
B 02 17" g
g::yj —0.04 oo 0.10 |~
g —0.06 S S S T S | 0.08
Y0 05 10 15 20 25 30 35
it 8] /s
®)
0.06 - —07
] - B
% 0.04 06
Ho0.02 05%
o 3 04 R
_ s C s
= 0.02 i .—J@%é% 02 &
i —IE
P — IR /73 H 01t
_0.06 P IR B IR S P T 0
0o 05 10 15 20 25 30 35
fif &) /s
©

10 EIGZERIARAL T rh (AL 5 S3 T/ i F s Jy i i
Fig. 10 Pressure response of S3 on/off with main piston
initially at middle position
£2 SB3A/XETRFESINREBE(ZXEFR)

Tab.2 Errors of simulation and practice with S3 on/off
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