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Variable Swash Plate-type Piston Pump by Varying the Pump Speed
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Abstract: This paper proposes a control scheme to reduce the power consumption of a variable displacement
swash-plate type piston pump supplying oil to a valve-controlled hydraulic cylinder at constant pressure.
Whenever flow rate demand was absent, the swash plate angle and the pump speed were changed to the
minimum values required to compensate for the internal leakage flow. In response to command signals, the
pump speed was changed in proportion to the absolute mean value of the speed component for position
commands. At the same time, a pressure regulator was activated to maintain constant system pressure by
precisely adjusting the pump speed with the swash plate angle fixed at the maximum. The conventional system
consisting of a pressure-compensated variable displacement type pump is driven at a constant speed of
1,800rpm. By comparison, computer simulation and experimental results showed that idling power at stand-by
status could be reduced by up to 70% by reducing the pump speed from 1,800rpm to 300rpm and the swash

plate angle to the minimum.

7|15 MH Q... * Accumulator Flow Rate, 1/min
P, : Gas Pre—charge Pressure, bar
,.;  Position Command Signal, mm V,  : Effective Gas Volume, m’
P,.; * Reference System Pressure, bar V,; : Oil Volume in the Accumulator, m’
P, Accumulator Pressure, bar v, . Volumetric Displacement, cc/rev
Qpum, - Pump Flow Rate, I/min A, : Cross Sectional Area of Cylinder, mm’
Q.; * Cylinder Flow Rate, I/min D . Pitch Circle Diameter of Barrel, mm
d . Piston Diameter, mm
* Corresponding author: yshong@kau.ac.kr 2 : Number of Pistons
s & i Eogtng Gt Mk 0 Sy Pt Ansle e
Korea 38 . Bulk Modulus of Oil, MPa
2 Aerospace & Mechanical Engineering, Korea Aerospace n : Pump Speed, rpm
University, Goyang-si, Gyeonggi-do 412-791, Korea " . Volumetric Efficiency
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Fig. 1 System configuration and efficiency of valve
controlled hydraulic cylinder with pressure-
compensated variable displace— ment pump
driven at a constant speed
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Table 1 Specifications of experiment system

*E 4t
974[mm>
( Ap) [mm™]
Adr 373 + 150[mm]
47 EHV,) 1[liter]
Eaivd
FALH(P,) 80bar]
Ha
) A2 v,) 10[cc/rev]
He Ho 3)A
;:—45 1800[rpm]

Fig. 72 A9 Ax9] 748 HoFEth 49 A
= 71%349_3 Fig. 20 239 ¢ =02 +4
HRom, 255 YAIA A= 784

%7‘717} ?4 a}?_]oﬂ F7F=| .

o]
4 AB(eloIEY BE) Fol JEs BT N2
7 AYE F(AHF BE) Al 532 Sk HA A (o}

ol
‘ s 1 0 T —
— -
=} | 3
—~Servo
valve
Pressure —
sensor

Accumulator

Solenoid

valve

Hydraulic

pump

i)

L
Torque -~

sensor

Fig. 7 Experimental apparatus
Reference input
80 4 —o— Measured control error
= A Computed control error
£ 604
E
-qc—; 40
£ 204
3
s 97
& 201
©
= 404
=]
B -60
o
-80 T T T T u 1
0 10_ . 15 20 25 30
Time (sec)
(a) Control errors
800 Measured pump speed ~-a-- Speed component 100
—0— Computed pump speed —4— Mean value 490
700
’E 600 1%
& AR ALANDN L e
_ [ [ 1R T 8 S
vsoo_ . b P i i . i
0 5 10 15 20 25 30
Time (sec)
(b) Pump speed
Q130 —— Measured accu. pressure —a— Measured swash plate angle ] gg
(@ 125 -~ Computed accu. pressure ---0-- Computed swash plate angle 30
Q
=
[
—
[0
6
4
2
80 T T T T T 0
0 5 10 15 20 25 30

Time (sec)

(c) Accu. pressure & swash plate angle

FSY AL A St = x| 2014. 12

cylinder

TLVDT

-Controller

Speed component (mm/s)

Swash plate angle (deg)

57



rE
ofo
2
ofll
&

o

40 Measured input torque
35 —o— Computed input torque
30
ST p——————
<
® 20
>
T 15
o
— 10-
5
0 T T T T T 1
0 5 10 15 20 25 30
Time (sec)
(d) Pump input torque
Fig. 8 Computed and measured results for

sinusoidal reference input (f=0.2Hz, peak
flow rate=25%)

800 122

—— Pump speed w/ feed-forward control o
—o— Pump speed w/o feed-forward control 4 120 ¢g
—— Accu.pressure w/ feed-forward control Q
41118~

Accu.pressure w/o feed-forward control Q
us

1116 5
1114 §
[}

1112 <
Q

110 «
-

108 ©
106 g

104 5
1102 8

-

o

o
L

(2}

o

o
L

Pump speed (rpm)

200 T T T T T
10 5 20 25

(sec)

Fig. 9 Effects of feed-forward element on pump
speed and accumulator pressure

1
Time

sk stath Bz Ho ¥ G218
Ipm)®] 25%¢°) 3P H A frFo] AU &5
HEE AT 94X g8 A5 MEy F71E 742t
+60mm, 0.2HzZ AA3IAS
Zom 1A Aoj7]9] Ao
@7 oE, BE FEs ETo|
o} Aiso] & IX|sh
Fig. 8(b)+= Fig. 39 =3 d
o] Al £= A&
forward )<}t 71&
Lo ato) wlF sl P
T feed-forward
9A W= AE M

HE

o 1o

]., 3 3

Al

o
H
=
==

Al

Ak Fig 99 2tk
Fe A% oA Aol
A eou}, WE IA &b
FeiAo] exfolut velste] 2P B Prel 54
Swoh Azg 4] R AR AFo OE 27he)
A Aok, vk e Ao @345 Fol7] SAsh ot A
4719 o152 B ZANAE Azd dHe] AFL

Feed—forward

T
—

Atz x| 2014. 12

% 2ol oF A% Aol &v 5 A
SO EAT HI I L5 IZ L ¢ FUleHA B
ot wgbr B =79 feed—forward 7% HE 3
A wo) A HRS F5AAN BT 97 &=
o} A28 Qrele] Q] FEL FAo Zol: &
g 2en
2000 + —o—Case 1
A1800—
£ 1700
e
= 800 Wﬁ
8 700 4 ? \_(
g T
) 600 »—o
o 4
5 ]
300 t+—a—n/
200 T T T T T 1
o] 5 10 15 20 25 30
Time (sec)
(a) Pump speed
130 40
Accu. pressure of Case 1 —®— Swash plate angle of Case 1
_____ Accu. pressure of Case 2 - Swash plate angle of Case 2| 36
.......... Accu. pressure of Case 3 —©— Swash plate angle of Case 3 —
120 12
= 282
i.g, 110 24 %’,
o 20 %
@ 100 162
7] «©
o 17a
o =
90 8 @
@
4 =
(%)
80 : . . : T 0
0 5 10_ 15 20 25 30
Time (sec)
(b) Accu. pressure & swash plate angle
304
254
£
%20—
S
o 15 4
L
+— 104
>
o
£ 5]
[o] T T T T T 1
o] 5 10 15 20 25 30
Time (sec)
(¢) Input torque
3.5+
53.07
o
=]
=
IS
>
[72)
<
Q
o
b}
=
o
o
0.0 T T T T T 1
[o] 5 10 15 20 25 30
Time (sec)
(d) Power consumption
Fig. 10 Influence of control methods on pump

speed, accu. pressure, swash plate angle,
torque and power consumption for
sinusoidal reference input (f=0.2Hz, peak
flow rate=25%)



A FaEHe o]l 2z A I35 FEF9
25%7F e 598 2 20 4T L7 3
A= 7k 8439 HEE AMES A9(Case 19}
PERA7I7E g 7P 83 Hxo] £55 A
013k Z-¢(Case 2), :La_ﬂ AE 3 ALT} vjA &
A& 25 Aosts H9(Case 3)E vlugt 2=

Fig. 103} 2t} 914 111019_ 2= 37HA] Case 25 A
o] a3 S T893 TastEE AL Apo)
7F {1} Fig. 10(a)ollA Case 12 FZ JH &%
7} 1800rpmell 1A= 11, ofo]Ed REEA| Case 2

+ 600rpm, Case 32 SOOrpmﬁE Lol At} A

ToA Case 3& 9 #HE Azo A £5 AR
T2 HR| e b Alo] eabol HgEte BE &=
7} Aoj@T) Case 2% 912 #HeE 2390 Af £5

AR 77 HdA ol HlFste PE &=rt 2
ARt 9k A7t A-EH A FUTE wEbA Case 2
9} Case 39 X &5 71E-o= FYS Fgo
2 Z7VHAIRE Case 32 &4 Aoj7]9] FaFS o}
Hx £59] wfF HE ZFo] § AA 1/}13}‘)":}

(U
o

Ak 7te)
ase 11T 71819
=3 ‘?_@01] Case 39 A$ A5 BI04 74/\}-‘“4 zr
E

%.5\_3}951‘3} Flg 100l Bz 5 Eds Al
4 o] YA A AAR ATt E45 SV
o Case 39 & EZ7l & F 74 7
SHTh FA Bk 284 Case 32 HZ 3 &=
7} 7V RO B E olo]EY R 4H] T
Fig. 10(d)ollA1 &} 2] Case 19] 30%, Case 29 60%
FEVA FAEE A0E YT

25 EEoA Case 39 aHl 3L Case 29 =}
o]7} 1oy} Case 19| oF 75% F&Eo2 743t
O]A Case 29} Case 39| ¢ 2o F4A %
EL7F AR =gRg SRP77F oAUAE A
, WESHHA AH] FEo] Hake 9 IA| 7t Wzl
Hol| Case 1914 F2 AR Z4=2] Wslo 9
I ke A7t o] FAA I F47]e] HTo] FAE

7] wEolth

o) JP

f

Of

T A
200 Ref. input
—=—Case 1
. 1601 - - Case?2
€ 120 --5--Case 3
£ 40l
5
3 40
£ 0 H—morscaow o
(]
O -40
[
g -80 1
45 1204
¥ 160
-200 . . ; . . s
o 5 10 15 20 25 30
Time (sec)
(a) Control errors
2200 - = Case 1
o - Case 2
2000 4 —a— Case 3
o 5 10 15 20 25 30
Time (sec)
(b) Pump speed
130 40
Accu. pressure of Case 1 =— Swash plate angle of Case 1
----- Accu. pressure of Case 2 £~ Swash plate angle of Case 2.{ 36
120 e Accu. pressure of Case 3 —©— Swash plate angle of Case 3 —_
132 P
=110 28 2
@ )
< 245
100 =
g 20 ®©
[¢]
8 90 16 ®
g J12a
B =
80 ls 5
s
24
70 &
T - 0
0 5 10 15 20 25 30
Time (sec)
(c) Accu. pressure & swash plate angle
30 4
25
1S5
£ 204
£
15
=)
e
+— 10
=
o
£ 5]
[0} T T T T T 1
o] 5 10 15 20 25 30
Time (sec)
(d) Input torque
5.0 4
4.5+
X 4.0
S 3.5
8. 3.0
§ 2.5
8 2.04
o
O 1.5
D 1.0]
% 0-5
S o1
0.0

0 5 10 15 20 25 30
Time (sec)

(e) Power consumption

Fig. 11 Influence of control methods on control errors,
pump speed, accu. pressure, swash plate

angle, torque and power consumption

for

sinusoidal reference input (f=0.2Hz, peak

flow rate=75%)

SIUAMT|A S| K| 2014. 12

59



W §HY Awa ¥ 2E Hze 4

Adro] FgEE 7ol Bz o F5
75%7F He 5o tig AlEe ol Aaol ¢
37}A Case 25 Ao} 2atol|lE= Fig. 11(a)9f 2o
ztolE VERA] eSkth Fig. 11(b)¢] H= 3|
5 ®H3loA Case 29 74%ol Al2=H OLQO] 100bar
oFtZ YolxH X LT E JAZ 1800rpmlE
o 5 &Y 29F 7Ee] F7HESY] wWEed H
I LR ZFo] gAA FUKE Zlo] Fig.
10(2)¢}F 2 Holoh” :LF/]_]_ Fig. 11(c)olA Case 1
T Case 29| 75 AdY & & {39 Fo] F
7retReng Az tEs FAIsH] s AARE

£

5t
1

Py g Lo

7z MEL o F7ksHl k. 53] Case 29 7
9 Hxo] JHELTT} Case 1HT Forvg HAg

el o) B F el gk Sl A Case

M v T

w
Ky
2
|
>
i
&
bt
it
k&
o 3
Hu
ok
o
ol |
Kl
e
I
L
1

SONH

Ao g FoEn A2H b o] 1% ‘3 @if&
olty, Hxol FF EIAE Fig. 11(d)eAet 7ol
Case 3°] 7F¢ AR, A-G] Fg5= 3¢ 3
z A FF FEFY Bt He A9lx Fig.
1(e)ell Yepd 4H] 582 Case 37F 7P At
o] dT=A 1=t

& EEANE fe A A Aokt A
Bopuo] 9% ghele] ede FEE $HS Ak
slab7] Qe Al B AE el wiAl 82 34

_‘r’rL
=
X
H-U :
R
o>J
r

2 HH ﬂi; Al £5 A& +4 %“E% °]-&

= 9] feed-forward 842 283}

AR~ T PN Pat= ) ==l

ARkS Alofetd 7]&e

2ol w3l ofo]Ed el &Rl FHES T0%7t
A A7 4 A

AATAA A (3]

AR o} 48 A9

References

1) H. E. Merritt, Hydraulic Control Systems, John
Wiley & Sons, pp.224-228, 1967.

2) D. N. C. Nam, J. I. Yoon and K. K. Ahn,
"Position Control of Electro Hydrostatic
Actuator(EHA) using a Modified Back Stepping
Controller”, J. of the Korean Society for Fluid
Power and Construction Equipments, Vol.9,
No.3, pp.16-22, 2012.

3) S. H. Park, "Characteristics of an Electro
Hydrostatic Actuator and Application Fields”, J.
of the Korean Society for Fluid Power and
Construction Equipments, Vol.6, No.1, pp.2-10, 2009.

4 D. H Kim Y. S. Hong and D. M. Kim,

Analysis of an  Electro

Hydrostatic Actuator”, J. of the Korean Society

"Performance

for Aeronautical and Space Sciences, Vol.35,
No.4, pp.316-322, 2007.

5) S. Habibi and A. Goldenberg, "Design of a
New High Performance Electro-Hydraulic
Actuator”, IEEE/ASME  Transactions on
Mechatronics, Vol.5, No.2, pp.227-232, 2000.

6) J. Willkomm, M. Wahler and J. Weber, "Model
Predictive Control of Speed-variable Variable
—-displacement Pumps to Optimize Energy
Efficiency”, 9th International Fluid Power
Conference, Aachen, Vol.1, pp.372-385, 2014.

7) Y. C. Kwon and Y. S. Hong, "Hybrid Control
of the Swash Plate-type Variable Displacement
Hydraulic Piston Pump for an EHA”, J. of the
Korean Society for Aeronautical and Space
Sciences, Vol4l, No.4, pp.291-298, 2013.

8) P. Kaliafetis and TH. Costopoulos, "Modelling
and Simulation of an Axial Piston Variable
Displacement Pump with Pressure Control”,
Mech. Mach. Theory, Vol.30, No4, pp.599-612, 19%.

9) W. Kemmetmueller, F. Fuchshumer and A.
Kugi, Control  of

Axial

"Nonlinear  Pressure

Self-supplied Variable Displacement

Piston Pumps”, Control Engineering Practice,
Vol.18, pp.84-93, 2010.
10) J. Grabbel and M. Ivantysynova, "An

Investigation of Swash Plate Control Concepts for
Displacement Controlled Actuators”, Int. Journal
of Fluid Power, Vol.6, No.2, pp.19-36, 2005.



