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Pressure Dependent Friction Model of Hydraulic Cylinder
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2. State Key Laboratory of Fluid Power and Mechatronic Systems, Zhejiang University, Hangzhou 310027, China)

Abstract; The friction force cannot be predicted accurately by using the classical friction model without
considering hydraulic fluid pressure effects. In order to solve this problem, the modified steady-state
friction model (P — Stribeck) and dynamic friction model (P — GMS) based on Stribeck and generalized
Maxwell slip model (GMS) were proposed by introducing pressure influence coefficient dynamic friction
time constant. To validate the effectiveness of those proposed friction models, a hydraulic cylinder test
platform was developed to study the friction characteristics of hydraulic cylinders. Therefore, the friction
behaviors of hydraulic cylinders for different seal types, different cylinder bores, different loads, different
velocity and frequencies were investigated. The intelligent genetic algorithm was adopted to identify the
friction parameters of the proposed steady friction model and dynamic friction model. The identification
and validation procedures of the developed friction models were conducted with the data of inlet and outlet
pressure, displacement/velocity, friction force and other data collected from the hydraulic cylinder test
bench. The experimental results were compared with that of predicted by the classic friction models and
proposed friction models. Also, an error analysis procedure of the proposed friction models was conducted
under different operation conditions. The results showed that the predicting accuracy of steady state
friction force of the P — Stribeck model was better than that of the Stribeck model; in addition, the
precision of friction estimation of the proposed P — GMS model was higher than that of the GMS model.
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Fig.3 Experiment sample of dynamic friction(f'=0.5 Hz)

[ 3

DR 4T A X w1 ) E S | R A R 7
X BESEAEPE 1 R W, R 3 B A R % BB 2 (U
JE 35 FERT FIE JEAL B O U B 25 T I < 36 ZE AT AL

Jy UIB TG 2 AL 20 & % 55 G B G ZER b
U B %5 Bf, 1% 28 40 g A% 3 Bl 5 B ) TR 6L 2 A7 55 4%
It H R 2% 1T W T G0 A58 R A 28R M 0 B 45 R 1 1Y
SER R BV LA R IR 1 R BT R R L AT
o~ 250 mm,

x1 RERME
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Tab.2 Identification result of steady state

28 F/N  F/N  o/(ms ) o, /(Nom ' -5)
1E [\ 292 98 0.004 1 2971
K [A] -332 117 0.0050 6135

e

i -100

-200

=300

|
-0.04 -0.02 0 0.02 0.04
R/ (m-s")

5 TRASEEIHRG

Fig.5 ldentification result of steady steady state friction
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Tab.3 Identification result of dynamic state

SRy i=1 i=2 i=3
k/(Nem™') 3.0x10° 8.7 x10° 9.3 x10°
a 0.105 8 0.2972 0.5970

4 EEEREMUNRERRE

4.1 REEFEHE
4. 1.1 ARG AR T 15 A R B
K3 AN [ G4 (40,80 100 mm ) | [A] 45 %

HRXTEE



422 Kok HLOB ¥ R

2020 4

FIE XM R 6L, 7647 € MR (15 mm/s) AH [R] 171 4%
(720.3 .1 440.6.2 160.9 N) & 1 1 & Jy 6 &
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Fig.6 Comparison results of friction identification at constant velocity with different diameters

(U-seal, velocity 15 mm/s, load 720.3 N)
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(3 & 15 mm/s, f1%f 720. 3 N)
Tab.4 Identification result of steady state ( velocity
15 mm/s, load 720.3 N)

GLAz/ v/ a,/
F/N F./N K, K,
mm (m-s™") (N-m™'-s)
40 1085 119 0. 006 2 4.0x10° 71 -101
80 1166 451 0.0117 9.3 x10° 334 -336
100 1200 11 0.0210 3.8 x10* 577 -492
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FEGL R 1 B R AT iR 25 a0 i & R, a5 69,

1450 1400

1400 1350
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1200 1200
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L0 TR 46T B 42 g 00 2 A 280 o

£S5 T EHRT Stribeck 71 P — Stribeck & &I EE 2 1

TR E LR (FEE 15 mm/s, 513 720. 3N)

Tab.5 Error analysis of friction prediction between

Stribeck model and P — Stribeck model

( velocity 15 mm/s, load 720.3 N) %
il 12/ mm
s
40 80 100
Stribeck 3.70 2.84 4. 05
P — Stribeck 2.80 1.55 0. 86

TEGLAE 100 mm 3 FE 15 mm/s L9045 1F T,
AN TR) 728 0 1 EE O S A5 R 7 w2
RO IRGE Rk 6 pron . MW T whon] AL, AR SC R
P R A B R AR R % SR B B AR T Stribeck

B
1300

ibeck &7
P—Sll'j])(}d\f’;‘[ i

/s i [E] /s
1440.6 N (e) 11#52160.9 N

R FE (BL42 100 mm , 3 & 15 mm/s)

Fig.7 Comparison results of friction identification at situation of constant velocity with different loads

(diameter 100 mm, velocity 15 mm/s)
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*6 ARABLTRESEZSHPHIALER (£ 100 mm,
#EE 15 mm/s)
Tab.6 Identification result of steady state

( diameter 100 mm, velocity 15 mm/s)

v,/ o,/
fig/N F/N - F/N Kon Ko
(m-s™") (N-m~'-s)
720.3 1200 11 0. 021 3.8 x10* 577 -492
1440.6 0.07 598 0.021 6.8 x10* 539 —-447
2160.9 1200 0.0038 0.022 2.9x10* 465 -405

% 7 k] NRMSE 32 22 53§77 125 X0 A [] 171 2%
(720.3.1440.6.2160.9 N) ¥ Ji¥ 15 mm/s Ll E
73 8.0 MPa T3¢ T ¥ 6T Sy HER IR TR 22 70 M 1 &5
45 W] P — Stribeck 55 7E 3 Fili 71 % (720. 3 .
1440.6.2 160.9 N) & 3 3 & 15 mm/s. §I #
100 mm T30, U T8 %5 53 i Hs i A2 28 8 482 07 1000 7y
NRMSE 4351 7 0.86% . 1.25% . 1.43% , % f 1 Jig
BRI T Stribeck #EAY, P — Stribeck 45 R
X P 2 T 00 T W Hs L R 48 A AL

1450 1950

1400

0 1

1200 e

1150 , el 1400

1100 1700+% 1350
3 () 0

2 3 4

KT AEHET Stribeck 71 P — Stribeck 4% & EE {82 5
MR Z 247 (£142 100 mm, 3E E 15 mm/s)
Tab.7 Error analysis of friction prediction between

Stribeck model and P — Stribeck model

( diameter 100 mm, velocity 15 mm/s) %
i #k/N
i
720. 3 1440.6 2160.9
Stribeck 4.05 3.81 4.2
P — Stribeck 0. 86 1.25 1.43
4.1.2 A EIZ AT MRS E SR

K A 3 BhAS ) %5 3T 28 A AL A% (100 mm) i)
JEGL, 7545 € ME (15 mm/s) AH[H] 712 (720. 3 N) |
M F71E 52 (8.0 MPa) T F b f7 525 .

W8 FrR , W45 AN () 2% 82X T 5% 90 4L
i 55 B TN AR B, SRR A R gk 8 By
TRo HFE 8 FIAR AR ST 4 M I e A R AR TR T
BOR W] Al F Stribeck 571

F 9 Kl NRMSE 1% 22 43 B 7 1 % 11 %

1700
1650

1600

H»J‘ﬁﬂ/g
(b) TIE (c) GIE
[ 8 e g B AN W) %5 358 2R BEAE T BEIR A5 R L (B4 100 mm, B 15 mm/s, 1 % 720. 3 N)

Fig.8 Comparison results of friction identification with different sealing types at constant velocity

(diameter 100 mm, velocity 15 mm/s, load 720.3 N)

®8 TRAEHEATESEZSHHAER
(£I2 100 mm , 3 & 15 mm/s, fa % 720. 3 N)
Tab.8 Identification result of steady state
( diameter 100 mm, velocity 15 mm/s, load 720.3 N)

g F/ F./ v,/ o,/ K, K,
JE N N (m-s™") (N.m~'-s)

U 1200 10.58 0.0210 3.8 x 10" 577 -492
T 312 73.46  0.0292 1.0 x10° 695 -551
GJE 28 851.40 0.0263 6.3 x 10* 698 -552

720.3 N GEJF 15 mm/s iyl JE 7 8. 0 MPa T30 T K
JE T EE 88 07 HR R HE AT 1R 25 A M I 45 AR, A5 R R,
P —Stribeck #EI7E 171 2% 720. 3 N iz sh#E BF 15 mm/s .,
Fr A2 100 mm T30~ 3 % 354 I8 X0 i Fe A5 B
P 7 W B9 NRMSE 4> %] 4 0.86% . 0.27% .
0.46% , iz A5% B BE 458 7 0 K £ =5 F Stribeck 45
B, P — Stribeck A5 B Xt F 0 % T 50 T PR (L EE 52
EE &

£9 AEFHFKXT Stribeck 1 P — Stribeck 12 B EEIE /]
TR £ 5 47 (142 100 mm , F1 % 720. 3 N, & E 15 mm/s)
Tab.9 Error analysis of friction prediction between
Stribeck model and P — Stribeck model ( diameter
100 mm, load 720.3 N, velocity 15 mm/s) %

A R
B :
U T G
Stribeck 4.05 2.61 3.87
P — Stribeck 0. 86 0.27 0. 46

4.2 EHEEEHHE

K A2 GLAE (80 mm) (U JE %5 311 R &1, 764
[l B B (2 4.6 mm/s”) JEHATE 22 (8 s) 5 513K
(720.3 N) ZZH 1 71 %€ (8.0 MPa) T4 F i 47
Ry, F 10 HEEES ORGSR, L 10,
11,12 .13 .14 .15 mm/s,

11 N ASFEINGEEE T GMS 1 P — GMS 7 it i
BT PR S R a5 R 9 T R
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Tab.10 Identification result of dynamic friction force

( diameter 80 mm )

ZHH) GMS Hl P — GMS 1 it J2E 45458 B 13 ) &5 2R 5
SRR XF LE A R oy B9 TR, AR SCHR Y AR
TP AR AL T GMS BERL T R

s oL em~'es M ST N Y >
2w P RN eslmeen) ou/(NmTe) %12 J % NRMSE 12 22 43 §r J7 i 0 6 8
4 N
ER316 130 0-0134 3510 720.3 N K[ i E (2.4.6 mm/s*) Ak JE
K 15) 790 59 0.0527 3.4 x 10" y i AR 3
" . 8.0 MPa T80 N i Hs il BE 45 3 B4 2R, 45 R R W
®U ZRAREXESEESEHAER
Tab.11 Identification result of friction with triangle wave signal

a/(mmes~2) k/(N-m™")  k/(N-m™") k/(N-m™") a a, a; C/(N-s™ ") K, K,, T

2 4.2 x10° 1.18 x 10° 1.32 x10° 0.37 0.53 0.10 0.50 10.7 -5.86 1.4

4 5.3 x10° 1.24 x10° 1.46 x 10° 0.22 0.43 0.35 0. 46 13.8 -5.01 0.9

6 5.3x10° 1.32 x10° 1.50 x 10° 0.19 0.26 0.55 0.22 12.5 -5.24 1.1

1500
1000 2000

500 1000

0

-1000}
\
~1500 ~2000

0 10 ) 30 40 0

1A/

(a) a=2 mm/s?

-1000

10 20

K9

2000

1000

-1000

-2000

-3000

30

H A /s

(b) a=4 mm/s*

(¢) a=6 mm/s?

S T S A TR N 45 2R 5 S B X b (U TR AR 80 mm, $7 4% 720. 3 N)

Fig.9 Comparison results between model prediction and friction measured at different accelerations

(U-seal, diameter 80 mm, load 720.3 N)

x12 AEMEET GMS il P- GMS #ERI EE
iR =
Tab.12 Error of friction prediction between GMS

model and P - GMS model %
. a/(mm-s~?)
iR
2 4 6
GMS 3.38 2.98 3.70
P—- GMS 3.34 2.89 3.23

P — GMS #AIZE T4 & 720. 3 N, 42100 mm , 7 [A]
I BE N U JE % B ST g 2 B ) B Y
NRMSE 43 5% 4 3.34% .2.89% .3.23% , 3 i I ks
FEML T GMS A iz B R X iz 100 T B 48 1 i A

K PR E AR (40 mm) (U JB %5 30 R 6L, 7E A

[FIA5 % (1.0.2. 0 Hz) K 7140 (720.3 N) i 0
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Tab.13 Identification result of dynamic state(load 720.3 N)
49138 /Hz E/(Nem™)  ky/(Nem™') k/(N-m™') @, a, a, C/(N-s7") K, K,, T
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Fig. 10  Comparison results between model prediction and friction measured under different frequencies

(U-seal, diameter 40 mm, load 720.3 N)
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