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Modelling and Analysis of Dynamics Characteristics of Piston-slipper
Group of Axial Piston Pump

Hu Min Xu Bing Zhou Wanren Xia Shiqi
( State Key Lab of Fluid Power Transmission and Conirol, Zhejiang University, Hangzhou 310027, China)

Abstract; The pump performance is directly affected by the dynamics performance of piston-slipper
group. Since the time-varying direction and magnitude of centrifugal force of piston-slipper group, friction
force of slipper swash plate pair, and the interaction force between piston and bush, etc., the
conventional dynamics parameters analysis of piston-slipper group is merely limited to either at a certain
fixed position or with some simplification assumptions, which are unbeneficial to the optimization design
of pump and the prospective evaluation of pump performance. In order to dynamically evaluate the
dynamics performance of piston-slipper group over the whole operating period, a novel simplified
mathematic model neglecting the action of centrifugal force of piston-slipper group and friction force of
slipper swash plate pair, and a novel elaborated mathematic model considering the effect of all the forces
acting on the piston-slipper group were put forward, which both accord with the actual condition of line
contact force between piston and cylinder bore, and further take the continuous variation of force acting
position between piston and cylinder bore with the change of working conditions of pump into account.
The novel mathematic models were verified by the experimental results and the simulated results by
distribution parameter method based on commercial softwares. The application practice indicates that the
proposed models can be used to dynamically evaluate the dynamics parameters of piston-slipper group
over the whole operating period, and serve the dynamic optimization design of pump.
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Fig.2 Mechanics analysis of piston-slipper group in discharge side of pump for simplified mathematic model
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Fig.3 Mechanics analysis of piston-slipper group in discharge side of pump for elaborated mathematic model

FER 101 77 18], BBE y Rl R BT )y Bl Y S A
6 o
TER A AL bR 28 0"« y" 2" Fp X A 26 3 it 20 1F 2t
1732 71538, 1 3b BT 7 Dy A 2E i ik A 1 7R HE ol X
RS2 AR 0, 5HTR R (5) L (6) [F B, AT 4 57
FI=FL (21)
I, +1,=1, (22)
TEAE ZE 8l ) 77 16) B 2" 77 1) bl )P ¢ & Rl A
F.cosy —f,F, ~f,F, —mwdluv /h, -
F,-F -F,=0 (23)
T H 5 1], By b5 1) by )P G R AT A
F siny — F cosf + F.cosf + F cosp +

F sing - F_ =0 (24)
EFI F =fF (l)’ITR 2 2
S /s—f.s 11+MT(ro_ri) (25)

A S bR b 2 AR P 5 R
by —— T i ) o
T eV T B SRR AR RN R AR
AE 2 Bl 1) P50 A T A
Fsing + F sing — F sinf - F cosp =0 (26)
TEAEARZR O'x'y's' B HEJEBR Sk e h 2 %
A P R A
Foeos(o-0)l, +F (1, -1/3) =F, (I, -1,+1,/73) +
fF,d/2 ~fF.d/2 -F1cos=0 (27)
TE W3 DI o A 2 i B AL )P A DG 2R L7 25 1]
LG

ToNT;

F cosy + [, F, +fF, + wdluv,/h, —
F,-F -F, =0 (28)
y D5 A 5 1) g 7 R 50(24) L (26) —
B, IR

Foeos(0 @)l +F (1, ~1./3) =F, (L, =1, +1,/3) -
fF,d/2 +fF,d/2 - F l,cosd =0 (29)

HaC(1) ~ (1) &ea(21) ~ (29) , & Al HfE T

BN —A LA Lo B B R s AR LM 5 R o
e=f(1) (30)

K(30) 1y & BN HREL, H e =0 W FEIE
T i 2 A 2 B 52 4 g A R H R R A
1.4 HMEEFEFHRTHEANTE

2 T i AL 45 A i R 5 B A A T AN AT 4
JI 78 BAAE: 26 SRS B, M 2 RO JE R R 45 T A AT 28
55 5 e fuh 2 T

a

(=) ]

| b

o

\

i

v

P4 Mg T HAL P BT ) T R T

Fig.4 Diagram for the derivation of stress of piston neck

A 2E U A R BRK L d AL E AR T ZIE RS o
By o TR

F cosy - F
_ Ficosy - F, (31)

(o
S (D =d)

(F'ﬂdtcosgcz)2 + (Fﬁdxsingo + F”alxsiny)2
wD’ d, )
32 [1 - ( D ) ]

(a<sd, <a+b) (32)
FEZEFHS d AL E KIS [ o 1R

r_
0' =

ol = 5T =0) 4 (000 (0, -0

(33)



%3 0 A 65 BT R SRR S AL P 30 ) 25 4 e R 5 S b 377
H = !
A TiEore (34) BABH B H S e
og,=0;=0 (35) +
S5 AL 11 0 5 1 () 22 16 B ol B B oy, % ——{ smnsmREmS, )
I = v

1 1

F, P P2
-l -
E TR

(36)

O,

T
F,

P
37
T (37)

1
_pz
1 -
E. TR
K p, o, —FHESWE R MR 12
o — 1 FE 54 B BRI A L
E, E,——HF:FE 5 &b R0 s 5
1.5 HEITERE
HAERAG AR, T Sk = A = A
S TR R R, B HE T A5 H AT, H AT
D3 3o B5(E i 0 AR A Tl RS R R A R, TR
WUR I S B, A b SR b e = 1 x
107",

® V;' [l J ot e

R ; Bl

: L

L Zg# -:a’-dv'_‘ & bot

R Yl e} T

myn ="
»—»j .—-'!‘;
o ‘ L
A F G “p g R R G .

1%3%@% L

LiligtAl; ( ﬁﬁ@%ﬁﬁﬁ@%ﬁs)

N
Y
( fRAERATE )

ERMESRE

F5 BE R AR A

Fig.5 Flow chart of numerical calculation

2 AUHHhFEHEEBEET

HERENT G2 Ry Tl b AR AR T3z I P A 5 78 Al i) A
FES  HA FBL RN 6 T, BRI S SUAE R I T
=, I HT G A AR R G2, 25 B AN 3l ) 2
PR S A 13l i s 7, 2 7 2 B Ry e AL R UL KK
Bl ABLBRE , I8 1 3y 2 AL 5 AR R e R A
IETJE/J%LHT%%AVFFH bS] "f{Jll,{Z':/%/ﬁﬂu'iﬂ{ﬁlrﬁbo

AR AR

6 T AMESim 5 ADAMS B{f %l i) £ 28 SR Bk (17 FOBE 2
Fig. 6 Co-simulation model of axial piston pump constructed by AMESim and ADAMS softwares

Qs T RN R FE T A 5 e ks el A L
M BER A E B — D RGEH  BREC A A
AR ) S A JE T A A b IR

F =k(Ax, +d,) (38)
A E—— AN

BN

3 18] 1) AH X 7
BRECS [l B 45 2o 3k 5 Rl i e A — e, Il A 2
5T ik ) R — A G R L A ) F TR
F, =& +CV (39)
A MR 1Y Hertz £ foh Wi B
S—HEfih P 1 1) 5 TR
RN

C—HJE A%
V45 i s 1) 35 1) A X i 2

5

B 7 HEZEN AR S AR L
Fig.7 Piston-slipper groups and return mechanism

LWL 2. Bl 3. BkEC 4. R SRR



378 & A Bl B ¥ i

2016 4

T V0 AR AR G TR T A A B A IR ) 3
5, Hh e 2200 Y SRR F Bk B RO A
W SCHEETT F LR

3 EEWIE
BT R B FAA H TR SNk 1

- _mn-n (40) 718, rb R ZE R R X AR B AL TR AT IR A
oo £=f,=0.02, £, =0.01",
i ] A2 4 5 BR ) 1 A X 2 3 B0 47 45 R
_3muw,, r4_r4_(’2 r?)z] (41) I 8a BRI 8D BN Ay SR A S K o 7 A B
Cooan Lt B AT E 2 3 S 20 S5 85 R, F e T O 5
i R R — B0, R 1 7 BB R 8 L UE ) M A5 4L
AT o, ——RHHBERR PR NIRRT
x1 ARAFBRHWELFERITESH
Tab.1 Simulation and calculation parameters of research object
ZH HE SR BE 2R BE
BE HEJ1 p,/MPa 34.3 BR Sk A0 5 O HEE [ /mm 24.99 o 2 ) R KB S 0.02
38 n/(remin =) 2000 26 1 B4 AR B m/ g 269. 65 FEZER BHARA L w 0.3
WEMEJE ) p 0/ MPa 39.2 HEM AL ER d,/mm 3 £ BRI A L 0.33
M H A d/mm 24 M FER B G B i B /MPa 210000 | Wi F S po/MPa 0
TR ) EE 4 B S, 0.01 il 1 L PERS EE E, /MPa 100 000 BHEM v/ (°) 16.2
HZEKE [, /mm 69 M ZE 43 A [/ 42 R/mm 47.5 M ZE B B AR D/mm 11.4
5.0 WA

1
[

|
o]
[

2377 MRS A7 Eb, /mm
o

|
2
&

20 15 11 8
175 AR BB b,
() FHLR (b) SEhFAER

8 [l %5 ER B X iB B B Xt e
Fig.8 Relative motion locus between ball guide and retainer

P9 X L 1 R 17 A T A 240 A5 3 50 45 2
(AR ZE SN, S 25 3%, ol T TRl AL R T 220 T B0
L2t i ) A4S 0 TR 0 e [ 9 AT AL T e R A
BT IAT B Y 45 R R T 3l o A A A B A 3
A 45 5, I 3 (E AR T AL ZE 40 R IR R, HLB A 4K
VLA AT A A BT HE I B e T % A BT Y I
PR 2, X WA —E R ERE T A R

500
— REER
400 F ---- AR E
g 300
S
R 200
{;\[
100 F
0 -
720 81l0 960 950 10I80
EHE Ao/
(a) B14AH

P10 f R ol o 0 B3 T 40 i S 80k 2
FE €S 15 ) o0 A 2 B, B KABL A 473.25 MPa, &
O rhit 45 S Kl 466. 50 MPa A 453k, H#K
T R AT ZE R 5 ISR o A0 T A TR A/ e 25 1
B R B AR A S — o A AR B S T i 41 B
J1 2R AE 11 B A8 AR 1) A5 D T AR TR AS AN A
il R BN R 2E T AL 1 1 B ) 2R A, S e TR
2R A 25 58 T 5 o8 9T A R 2 T S 4 0 10 3 5 [
45 5 R & A 10 AR L TR) B B A A 0 1R L TR G Al
1505 FLEE SR K TR R R T B4

W B TR 1 R B R A A AR ) B s Ak ik
Theb oAb (45 22 &1 0K 5T it 72 IR 55 20 T/ T
8.75% Him T AW T 2% B Lh, &1 11 J s o AE 40
S HE B O R A % R R i R B e
RERIKF] 88.82% , M T %A HA R T AR B

— R
---- R

N Fjo/MPa
wn

%oo 9;15 950 10‘35 10.80
EHE A o/(°)
(b) FEHCK

B9 Brsa B0 45 B A4 R 28 S0 N )

Fig.9 Piston-neck stress derived from mathematic models



%3 1

B A . il R ZE R ZE N AL Bl g o R A S T A 379

Von Mises Stress/MPa
473.25
439.58
385.9
344.23
298.55
254.88
211.2
167.52
123.85
80.17
36.5

10 3T 0y FOARE R4S 2 ) A 2E BRI ) = &

Fig. 10  Piston-neck stress derived from simulation model

100

[ O—p
—
B —pe o
951 O— o

O—,
—A—A—— A5

W
/g/ T

A

90

0
o
T

MR /%
o]
o

—a—liE

75 Y
70 —o—)é'p@'l%
65
60 L L L L L L |

5 10 15 20 25 30 35

FE F1p/MPa
P LD 0 B st i 00 T A5 ) R R0 i

Fig. 11  Tested efficiency of pump at rated speed and

full displacement

AT DL T A sh A Ak i .

A b0 B 22 B, T ST 0 A 2E 1 Sk AL 0 B g o
0 A5 R R T R P 1 D BT LA A g 1 ]
155 B FIERA JEE o

4 REERGEAETE

i — 25 2 5 Ty 3 S5 b el A SR A R R Y
KRG RBIR D SR R IBUE TR R
HEHEERE N EETRZ— R m#Eikr
] & JE B SE T I 1 ] A0t 2 A SE T M AL B
Sln L, S U, BE TR IR B RO A, R e N
2000 r/min 45 %] 8 000 r/min J5 , 73 B H A 2E ¥ i
YL G Bl T 2 S B0 AR AL R

e, BT 0 EAL R 2 B & 3,8 000 x/min B K
WEHFEFEH 2 000 r/min B 0 MPa 3 & &
5 MPa, D)k G W 25 LG 1 R A, RAEFRE IE 5 I CHE
IR, A 12 frs o [R)E, S Ok 8 kA & A i it 3
G AT /NI RE R 163 N HEK %2 2 109 N,

P13 FHED 14 430 hy 308 2o K 40 4507 A 8 5 1k
BF R A AR 5 (19 8 000 r/min B A 2E 55 5B (1) 1
73 B K FE RIS A 2% T8 A 2 b i 3

B9 ~ 14 W] RS &, B0 T B el g
52 7 6] A 2 BRI 3R 10 B2 s B R ) B R, A ZE R R A
AR R 42 fih EE A 58 7 L A TR A B A
A, DRI T A 5 A5 R AN 3 P T A 2 T A A A 0
JIHCAE N BIVA: ZE T A 1 O b A /N B e T L
AR T AR T 2R B0 g LB R, I 2R

~---5MPa
300
— 0 MPa
200 | .
HEH X

io

o

(=

(=]
T

y—

FEE TR HEHTE By i /(L-mingl)
|

g X
300 F
—400 ' . .
0 90 180 270 360
EHFE A0/

B 12 ASFEW0E S8 000 r/min TAL T FH WM RE ik
Fig. 12 Comparison of self-suction capacity at speed of

8 000 r/min with different suction pressure levels

700 — YRR
s00f o EE
500}
> 400
Raoof

=
200 F
100 b
0,
720 765 810 855 900 945 990 1035 1080
EHF A 0/()

P13 8000 r/min "I A% 28 S R 7 il 28
Fig. 13 Stress of piston neck at speed of 8 000 r/min

i T

& YR
40t

i 301

&

2K

= 20

g “ i

ool T T :

w10 .

#

0 L | ) \ | L L2y
720 765 810 855 900 945 990 1035 1080
EHE A0/

14 8000 r/min T30 T FE 2 Rl 2 T 45 i 558 1 il 2
Fig. 14  Surface contact strength of piston cylinder

pair at speed of 8 000 r/min

FIRG A e BRI, L2 SR B B0 Ty (0 it ) 4
T30 M 2 S 5 B, I I X A B I 3% T 4 S 5
A RE I o 5 T R b B0 1) 07 L B AR LB, B
BERY T 5 T S B A ZE WA A 1 R 2 A BT S
W, T 475 FAR R A 25 S8 A 2 it 201 7F % W0 HE il 4
AE T HA L

5 #i

(1) 24 26 15 T AL 1] A9 79F 45 52 b 19 26 2 Al 1
W18 I3 547 D, 3 2k — 2 25 18 B 4% ok 7 4 A2 8
Wit 1 0 52 I 2l 258 1 1 S B I D0, A SR B A 26 1
B2 0 T B T ik G T 2 B 0 BE A D s S
O3 B SL T R 2 T B AL Bl ) R AT S Bl
A0 5T 7 A0 B B TR RS A B T o
P B A5 SR e 45 e i, (HLO0E T T 25 A 0 3



380

Kok HLOB ¥ R

2016 4

EAE T, R ZE N B2 B R0y B R 4 )
A RL/INE SR VR 220 AN T DO I A4 T A R
T L 2 o PR (A2 4 T 100 g) HLA% JE LE
B (HEA7 Q178 T 2 000 «/min ) IRF, JU) 17 48 2 R RS
MBCARE R AEAT I, A% BB 8 0 ) 55 X0 20 1 45

L A HE Tl P BB L BE SR ARURE T 55 B Y A A9 4 4
JE R AR AEAT: 28 18 28 01 2 (AR i 75 ) /)N [T R )
S5 EL PR D E M 2R T B AL 1 AR RE I S A A s e
SN KA T 00T B AT St s 2500 A, AR
HEZEW BRI AS 2 Bl S T BARIR, Rl T

Hey 568 B K L EAPERES BRI o

TR AL IT R S LS A B ST .
(2) FETF A 2 AL A BT, n] DL FE 26 3 i

IVANTYSYN J, IVANTYSYNOVA M. Hydrostatic pumps and motors [ M]. New Delhi: Akademia Books International, 2001.
IVANTYSYNOVA M. The piston cylinder assembly in piston machines — a long journey of discovery [ C] // Proceedings of 8th IFK

MANRING N D. Friction forces within the cylinder bores of swash plate type axial piston pumps and motors [ J]. ASME Journal of
HEON SUL J, HYUNG EUI K. On the instantaneous and average piston friction of swash plate type hydraulic axial piston machines
HEON SUL J. A novel performance model given by the physical dimensions of hydraulic axial piston motors: model derivation [ J].

HEON SUL J, HYUNG EUI K. A novel performance model given by the physical dimensions of hydraulic axial piston motors:

AT, LA, XL T 5. m R AR R R RN R R A [T]. Ol BUB R, 2009, 40(4) : 221 -226.

HU Renxi, YUAN Shihua, LIU Hongning, et al. Analysis on the leaking flow field of the piston sector considering the high press
and high velocity [ J]. Transactions of the Chinese Society for Agricultural Machinery, 2009, 40(4): 221 —226. (in Chinese)
ZHANG Bin, XU Bing, XIA Chunlin, et al. Modeling and simulation on axial piston pump based on virtual prototype technology

Howt, this, HRE, & TR MAEPLEOR 8T AU ZE R R R AT ST [T ] WL R 2244, 2010, 44(1): 1 -7.
ZHANG Bin, XU Bing, YANG Huayong, et al. Study on control performance of digital piston pump based on virtual prototype

A RE B R 22 4 AR B E R, 2012, 40(3) ¢ 108 — 112.

Journal of
WK, FAHE, 4k, 8. LT RBFEHLE R MR A R S AR AT [T, MU TR 24, 2013, 49(2): 174 -
TONG Shuiguang, WANG Xiangbing, ZHONG Wei, et al. Dynamic characteristics analysis on axial piston pump based on virtual

LIN Shuo, HU Jibin. Tribo-dynamic model of slipper bearings [ J]. Applied Mathematical Modelling, 2015, 39(2) : 548 - 558.
IVANTYSYNOVA M. Innovations in pump design-what are future directions [ C] // Proceedings of the 7th JFPS International

Aachen: RWTH Aachen

2 £ X
1
2
International Conference on Fluid Power, 2012, 3. 307 - 332.
3
Dynamic Systems, Measurement and Control, 1999, 121(3) . 531 —537.
4
[J]. KSME International Journal, 2004, 18(10): 1700 —1711.
5
Journal of Mechanical Science and Technology, 2007, 21(1) . 83 -97.
6
experimental analysis [ J]. Journal of Mechanical Science and Technology, 2007, 21(4) : 630 - 641.
7
8
[J]. Chinese Journal of Mechanical Engineering, 2009, 22(1) . 84 -90.
9
technology[ J]. Journal of Zhejiang University, 2010, 44(1): 1 -=7. (in Chinese)
10 YL, JASE. KA dm m AT 282 1 i URE AL B R B S [T].
ZHAT Jiang, ZHOU Hua. Virtual prototype technology for axial piston pumps used in seawater desalination [ J].
Huazhong University of Science and Technology : Natural Science Edition, 2012, 40(3): 108 - 112. (in Chinese)
11
182.
prototype technology [ J]. Journal of Mechanical Engineering, 2013, 49(2); 174 —182. (in Chinese)
12
13
Symposium on Fluid Power, 2008 ;59 - 64.
14 ENEKES C. Ausgewihlte maBnahmen zur effizienzsteigerung von axialkolbenmaschinen [ D ].
University, 2012.
15

HEINRICH T, STEFAN G, HUBERTUS M. Reducing energy losses in hydraulic pumps [ C] // The 8th International Conference

on Fluid Power Transmission and Control, 2013.



