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Abstract : If hydraulic pump controlled by mechanical type regulator has more than one control function, the
construction of regulator will be very complicated and control performance falls drastically. It is difficult to have more
than one control function for hydraulic pump controlied by electronic type hydraulic valve due to the inconsistency of
controllers.

This paper proposes a multi-function control technique which controls continuously flow, pressure and power by using
EPPR(Electronic Proportional Pressure Reducing) valve in swash plate type axial piston pump. Nonlinear mathematical
model is developed from the continuity equation for the pressurized control volume and the torque balance for the
swash plate motion. To simplify the model we make the linear state equation by differentiating the nonlinear model. A
reaction spring is installed in servo cylinder to secure the stability of the control system. We analyze the stability and
disturbance by using the state variable model. Finally, we review the control performances of flow, pressure and power
by tests using PID controller.

Key words : Hydraulic pump(-5-$+3 ), Variable displacement(7}%# -8, Multi-function control(t}7]% A ¢]),
Flow control(§-=¥4]) ©]), Pressure control( %} 2 =) o]), Power control(%E & | o}), Regulator( 2l & 2 ©] &)

Nomenclature H, :input power of hydraulic
A, :control part area of servo cylinder H, :output power of hydraulic
A, : piston area of pump J,, :mass inertia of swash plate
A, :supply part area of servo cylinder K+ bulk modulus of elasticity
. K, :spri tant
Gy, - total leakage coefficient of pump s * Spring consial
. - K, :proportional gain of EPPR valve
D, : specific volumetric displacement ’
. . K, tilting fricti fficient
e  :vertical length between pump piston ball and g +Hiting friction coetiicien ‘
tilting center L :vertical length between servo cylinder ball and
tilting center
"Corresponding author, E-mail: eskang@cnu.ac kr L, :compressed distance of spring at '0' tilting angle
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m,, :mass of holding plate

m, :mass of pump piston

m, :mass of servo cylinder

n  :number of pump pistons

P, :control pressure of servo cylinder

: discharge pressure of pump

: average pressure acting on piston

: supply pressure of servo cylinder

: supply flow for hydraulic actuator

@, :discharge flow of pump

@, :theoretical flow of pump

R :pitch circle radius

R, :vertical length between acting point of piston
and tilting center of swash plate

7, :torque by differential pressure of servo cylinder

T, :torque by discharge pressure of piston

7, :torque by inertia mass of holding plate

T :torque by inertia mass of piston

T, :torque by spring force

T,, :torque by inertia mass of swash plate

w  :input signal of EPPR valve

V, :volume between pump and actuator

6  :rotation angle of cylinder block

o tilting angle of swash plate

o, :maximum tilting angle

w  :input rotation speed

4 :timing angle

&, :notch angle of groove in discharge pressure port

8, :notch angle of groove in suction pressure port

v :shape coefficient of groove
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Fig. 1 Physical model of the control system for the hydraulic
variable displacement pump

|
f

162 siaxisxiZsts|=22 M14A F65, 2006

M BALE = ARde] BAg Azt v g
FEg Aoz R ko] Fojd NEsked
2 fxst7) ¢5te] EPPR B &= Ry 2ol Py
Zaju o ofste] dAtEE THEE

8.0k Lol A] §-¢ E(hydraulic actuator)
744 7 AHA Z(control volume)S V, &2 A o)&A A
S g o] gdRek

Aol ojst Hie] FHAFES EEU(R)
_‘T;

off Auleslr] vl A7 ZAC) = 48

T2 YeRd Yok

222 AlER S0 Ojst E3TY

&g 23 yaEe] g, vty ~meo] g
Zo] 34 e u] ¥ 4~E 2 & FHholding plate) o] &
A ) a AolehE o DAl o MR-
o] 35L& Al Ea R 23t}

Armel AR AE e o] @k
Ty, = Iy @

B2 o) 2)8lo) 3 AEo] Al 2edl= B
AE FE317] 918t WA Fig. 2(a) 9t o] 2B
oA W AR A geh Y RERRE B
(P T8 —y+6 =0 < m—y olM= B
= o] Po]T;]_ AT A —y<h<— v+4, 9}
roy<f<movtaelNE AR Qe 24

e

—

Pdexp(—%)@r Pd{l‘exp(—%)}i xdd 5 9
o} gAA el vie 2F H(groove)] EAlel] 23}
o] 44} vh3-2 Fig. 2(b) 2} 2o] A1 ] 2851
= YaE e dert
B nd, P,
aF = 5" 3
Abe] Bl A] A7 A AR = o

3 2ol @



Multi-function Control of Hydraulic Variable

Rcosd

Cos ¢

opxato 2 Al ZgatE JFEAE 4 (3)

3 A E ol TAsh= A FdH ol skl AP
oz Tz

T=y+5, nAme (Rcosf+esina)
T,= / : o )

—y 27cos ‘o
2 5y Ao o3} 2.
(a, +a,+asina)

Ly=— 3 I ©®)
cos“a

R,= +etana 4

High Pressure
Distributior._.

Suction
Pont

(b) Piston force acting on the swash plate
Fig. 2 Geometric relation of the swash plate, piston shoe, and
valve plate ports

. w
nApR81n7exp(— 7)

™

nA,R{sin(y—6,) +sin(y—4,) }{1 —exp(— LUV—)}

27

Displacement Pump with EPPR Valve

nd [w+(52—51){1—

4= 2T

DA Q) T AE-L Fof 23 32T 7 ALt
3 YEREo 2 T EANRES 7HTh 4
Mol A 182 8 AeF 181 238 FEEEol
EREERED

nmpRQthana nmpR2(5z+2tanaa2)
7= g : ()
2cos“a 2cos”«

QWS F2EF VAR A @)l &5
$E4 98 EAAE 1387 AT AT E
233891 2948 744 31 gl

mhRZ(&+2tanao;2) my, R w*tana
7, = S T ®)
2cos’a 2cos ‘o
Fig. 300 9= A aeel Aol 34ahs 7

Aol ARG 7HzTh A (9l 182 THFAH
PEDEEIEEEERENES TSR
A 2y E) s B elol o) E g ol th

(AP —AP)L m,LYo+2tanan’)
R ©

Cco8 & Ccos 404

oj7)A4 A A ] 9]kl Alo)E = P,
FUY Pt ARFER QHAE u— 1y,

= ST
i o

Ltana

NN AN

\\\\\ N
NN \\\\\
\\\\\\\\\\ Ks - \ N
CIANANNNT g A

—

. Ac —
Ps >AS b - T Pe
\ o/
\\\\&\\ 1 N \\\
E
-
Tilting |
Center Y

Fig. 3 Geometric relation of the servo cylinder and swash
plate

Transactions of the Korean Society of Automotive Engineers, Vol. 14, No. 6, 2006 163



S - gl - Zoj4

HlEstn g o532 o] ZdH T
Pc:‘PsK;(u*umin) (10)

ARdel ESE ddste 222 F 7F £
ok P el e A WA 22

By FE3] A7) W ol cosa=1,
sina = o, I8 31 tana ~ ¢ B Fi X F7)R] AF
| Abe] EEL/‘J BEg 3hdshy 23} wjEupg s
3
=

2]
A AR 5G4 (12)7F dojxin) Ago
B A& Al %ﬂ_ A LFvHE AT K7t o] Ao 5
7+ T}
T 2(J, + 4+ J)aa = (J,+ J, Joba+ K=
(a1+a2+a3a)Pd+{AS—AKKv(u Ui }PL
+KL(L,~ La) (12)

_ nmpR2
S =Jpt It =T

mhR2 5
= Jy =mL
2
2.2.3 HIME AEfmE

A3 A (1)25Y =
Q.= 3749} gepaset 2700 A
SES A5 3709 FeinEag o] dojx)
ol o5 % 1717k vl g o 2 vepay,

P, x,=a, z,=q,

Uy =u, Uy =

. KD KC e
= p _— lp _——
z, 7 WL, 7 z, V) Uy (13a)
= 1, (13b)
2(J,+J, + J,)z, , (Lt ez,
Lg=— J, Ty J,

164 simxisxi@sts|=27 Mi4A X6, 2006

KI(L,—Lz,) K;
+ 1,
4 J;

ALP, ALPK
s s - ] _ i 3
Jz Jt (ul umm) (1 C)

2.3 MESHE AEfH

2 (13)2 mlito] 7hsalng = R-od oAl 13}
N &0 g AEste AR S A7) §lste] BAlztol
Hl(a,, )0l L EEGE o] 07 wlo] 212 HF
Z(equilibrium point) ©. %2 A olslr) 3 & A of A
Ty, =0, Ty, =, O] B2 2] (13) 0. 25 1} =] 4
Beg o™ A (14)7} €.

g, =0 (14a)

D (14b)
PN ZDS AR W [, ~ La, 2 FH

(J,+ ), A,
) (140)
we T ALPK, | AK,

A A (13)2 F@ oA HE sk ey
2o R FEFch

Uy, = U

0xq= ;0 + (02, +( du, (15a)
qu KDp A .
=——, (= w , ¢ =", fz,=0x
Cl V'd 2 I/d I/d 2 3
(15b)
dwy= &0z +&,00, + &0, +E,0u, (15¢)
£ = (¢, +ay+a,,) _ (L+ ) - KL
1 Jt Y Jt
K, ALK P,
€ =— - f, ==
3 Jt > U ‘]t

FH

A (15)E dHFE = s v 2ok

i 166 0] [0 [0 g,
dz,(=10 0 1|(dzy{+]0 0 [&Ll} (16)
8z §16&] [0z, (€, 0 ?

EEEE BEEEL EENcET Ech

5X= ASX+B5U (17a)



HXHZtues ojgst B

y=CsX (17b)

1714 £y 9 T f9S olv g, Fig
4= FE=2) 73 Z A o)(open loop control)ol A]
FRdo] BEX % (block diagram)E Ho]F

Fig. 4 Block diagram of the state variable model

3. ols Aof
FEHo!

Fig. 5 Block diagram of the flow control system

2
C;ls) :L—fﬂl& (18)
__ &Dw
Gi(s) = s (19)
&
M(s) =5 (20)
I(s)= M @n

7] u, 9} = 247t Fig. 401 4 Q3= 6u, 9} bz,
oltk. Z#) 31 Gyls)& du, oA s, 7HA] Akataeol
W BAVZS fRow Maslr] dsked Dwrt T

feE =l s Hof

A 3\t
Aol N zdo] Hal7) FalaE A (19)9]
&% &7F &5l okaﬂzﬂ(woai%agﬁf

901 Qe A S AN %

-
a=08} P, =004 Aolas
(12)278 th&3) o] xddE

A

8 3

AK T AKP,

we K 7h E83] =2
we) Ty Aol E N AT & ek
Gi(s) 9 SN L 2 et 59
2ol /)9 FHo] Akl & 7
ol ATk PI Ao} 7)) ALg-3hE MR A
2 Asol A Sxo] 4™ Ad p
PD Ao7) = o] 88t EA| S o] = A% 4TS 9]
| uk AT QA7) Akt vl g A ol
ANA A5 29 4 AT A (23)7 Zo] v
B o] HYAH up,, ol A7) i 3k
£ Zole = A7)

up = —— (L~ La)+u,, 22)

0 < ek, < g, (23)

714 e(t) &= 71ELE 3} F2e) oA Tol},
wpeb A (19)¢] PIDA|] 717k H 4ol m] Al
o 3 SHEA(AHIANL, BFE, A5A
)8 ZAEe] AP, LD AQJNES A3

PID AoJ7]& ARE-FF fgA| oA "ol A 7] &
Aol it g2 vhod ol AT

0, Dy — (kys” + ks + k)EDwQ,(s)
P (&t kg Dw)s’~ (& + kg Dw)s— kg Dyw

B AE"E Ns)ol @ Z |/6)7h O Gw)|el
vlske] F2-8] A7) W] 9 el G e A,

o] 2% 3Ktheoretical flow) @, WA EE-F3F

& Ao st Brhd 4 (25)% olg-5hy v,

Quls) = 24)

&= Qy— CZpP d (25)

Transactions of the Korean Society of Automotive Engineers, Vol. 14, No. 6, 2006 165



Dong-Soo Jung - Hyong-Fui Kim - E-Sok Kang

3.2 Y=o

Fig. 6 Block diagram of the pressure control system

O (s) = k,s+k, 26
p(s) = —— (26)
Gt
G (s)= 27
’ 83*((1+f3)52+(C1£37§2)5+(4152—<2€1) @7

(8> —&s—6)C
Dis)=——""F—""~ 28
CZEu ( )
&} 7] A w, & Fig. 4°] 213 EPPR = 9] Q]2 %
Suy o)tk (1 <0,6,>0,£ <0, <0 2P E <0
ol G (s)9] BE FHEC] It s-F e Hut
H-of] &4 }“E Alzdlo] et sl = Ae o F
Utk 23 BE FHE] -3 He) YA H
g "ol —"—D‘Ol w2 7] 7] Wil A dH 2
2k7F e PIA| o717 A st #H Aol mE
SEHEE a7lnE SHAAS dod|= niEE
2 AL & Ao Eoh Al ol ojgk S
TEAE A AEE P T AES ATt
Pl Ao 7] & AR-g B Ao A] 2 Eol M 7]+
Hoe ojgk 52 U217 Zo] mEdh
s 6T 891000, (5) = (ks HGERIR )
o TG HE)S GG 6P H(GE — G —GER s — GE
(29)

lD(]UJ) = Cu (UJ2 +§2) (53‘1)) (30)
G
k)24 K
1€, o)l wf ’ &)

166 simxisxtmsts|i=2%8 Hi4H H6S, 2006

Cubo
Gt

k;
< —olm o)

Fig. 72 2pFzzlel] wpet 33 ¢t Ao71&
AR 5 gl 2904 RES WolFu ek A
e Agae) A EPPR Wue] Q1rhs) = ek
srae] Aol msk M2 BUs ok gk o)} Bl
sho] Aol A 2ol BT 2 A Fle] 2AL
282 J} 34, 7hFe s Al d
o) ol o] Hof B}, BA, FHA0)7] = HEA o]
2 Apgatelof ek AA, FFANE 4H G o
o= au Aol f S Ao Fofol &
o QU 0% fehA A5G Aol sk FP L
Al e 20 & B F58h v

[ U
f ) SR .
W Cr
e, i,
1-W C
Fig. 7 Switch mode diagram of the flow control and pressure
control

EPPR " B0 217}5) 3= Alo] Al 5= U3} g},
u=ustu, (32)

A@rHe) A2l vhea 2ok AgdEd =
o] AR WAkl slof falels) B
oldf i ugolth AR L FREE W

7} <07o] Fo] gt Ao) 7} frh ol w2 32)7}F
Ak dFA A us A3 ] HFANNEE
o FAS) u<u, TBE u,<00] HH Wt
‘0172 A g o] FFAe 7 Ak

3.4 S=iH0f

FYEEe] 28592 e Zo] FHET
H; = P,Qy (332)
H,=P,Q, (33b)



Multi-function Control of Hydraulic Variable Displacement Pump with EPPR Valve

THA = 2] (33)& ol &3t EE¢Hol wpa} =0} 3DREP6A-20/45E<] EPPR 8 H 3= Bosch-
ZIEREE AT 5 Fig. 59 2ol F34& A ojs} Rexroth(F) 2] A& 24 18250 thate] Ao
A DD g g Aojstud Aok ol 2P UL MNPHOT FYITh AYel o 8F K%
(@& AAST 225 Acjshua sepd  Hzof shebu] el & Table 17} e,
ESRHQ)E Aojstd Aot T80 = 34
O E o] g3 E $-Fa] TEH S o 27 0 2 7)o} st Table 1 Parameters of the test pump used in simulation
% Qom Fig. 7% o] 8310 £} el x mever| Svecitication | U0 speciication
022 Aojgd 4= gk A, 1.13 x 107 % m? z, 2531072 m

A, 4.52 % 1074 m? my, 0.32 kg
4. jé'?:.{gil aj _T'_’._éa_l' A, 3.14 < 107* m? ™y, 0.28 kg
Cp |4.4 107 2m3 /s -+ Pa| ™, 0.86 kg

4.1 Jé'%n'pg'i| ?‘g D, 0.621 %< 10"t m® rad P, 4.3 < 10° Pa

Fig. 89 A9 4A = A48 gz, o= . 5.5 10~%m R 0.0475 m
AALEEE A o)sl= 400PSH DC AVIEH, B Ty | 2.89<107% kg-m? | Vu 6.28 > 10 “m3
dHE e A o] 3}= 40MPa H) ] 8 A o LRSI R 2 K 2.45 % 10° Pa o, 0.28 rad
X2 A|o]s= EPPR B, 94t S T3 K | 1.66%10° N-m-s| = 0.1 rad
20MPa #4AR], FEFHS 2461 §3FAA, K, 1.37 % 10° N/m s 0.3 rad
%‘Qi}@é}g_% =33 i]%jé}‘}_/ﬁl/ﬂ, %’--got}e_:il, K, 0.146 8, 0.15 rad
Aojds a8 EESYHE =A431= A MNe ¢ r 8.48 < 1072 m v 90 rad/s
HAM, el uade] wele £5e 2
3h= LVDT AlM g2 745 otk Asfie

.~ « i
(‘ EPPR Valve E
f |
® :
Hydraulic I
Source LvDT I

Reaction Spring Servo Cylinder

1
|

i

W%] % Photo. 12 288 F=7} AX | A Qg9 A}
- 2 wedZ 3 gk EPPR W H 2 b o) 4w
o AA 7] Yehe] ERHEEL o g} BLE
P peed —@J@q .2 LVDT$} kel 2= 3 (Reaction Spring)< 7
@\) s st itk PPN FEELS AL
W Conteol Vaive ok 313 0 2 v wEty) 9ste] QERe] BN
st S A3hg o v LVDTO) olshe] A4kel el 49
i %2 WS Aske] Bl FRANE 71e

Fig. 8 A schematic for the experimental device Atk

Transactions of the Korean Society of Automotive Engineers, Vol. 14, No. 6, 2006 167



s EER R DEE RS Rt
e EYS AN GO A2 RES T
2tk 3 Ao olel sk wstel £gEY ¢
#g Alojatel A9 o) g ERaT)

Fig 9 ~ Fig. 112 frlolo] el A @47

2A NFNEA W SHEAT D5 &

93

0.394, 0.009367} A1 &5 At} o] 3 A1 &L A
2HA) ko] H

Zoz A ) Fig. 99} Fig. 102 9} gha)
=

=

ol A9 S Fated emrE} A A
= o)

4w}

AASA FAFL 7| T E AG o

i
II Discharge Pressure : 5MPa

Reference
Flow [

100 i

120 4

80

[Input Speed : 1,500 RPM ]

| Discharge

80 4 Flow

Discharge flow [1/min]

40

20 4

0 T - T T T u
0 3 6 9 12
Time [sec]

Fig. 9 Flow transient response for the step input

160 ; : 30

60

Discharge
40 Pressure H
!

201 Input Speed : 1,500 RPM
Reference Flow : 100 I/min
0 T T T T 0
L] 3 8 ] 12 15
Time [sec]

i
|
H
|
|

Discharge flow [1/min]
3
1

Fig. 10 Flow control for the pulse pressure disturbance

168 smxisxizatal=2r M142A 65, 2006

Discharge pressure [MPal

Hides B Ak 7]

80 !/mino® 7pH=E u] Hg &

Tt E(maximum
overshoot)= <k 12%7} LA AAabde]o] =&
= A ZFA] 7i(settling time) S k32 AT A Q vt
“12] 3t EPPR H2o] ol3ho] frh 2l vy sk
AF5 Al ZHrise time)o] oF 250msec oW EA F-4H
oA QT8 300msec-& 2EA1 7L gt 92
AZ7F 20MPa A FHE o 2EWFES 9

30708

11} o] A8 7has & 9B B F A o]
9] BeE WA e BAY S ek

G A AT olEl7t i ate] BN

) 255 7] wgol] @il soel ek JIFT A
gt Fig. 129} Fig. 132 ke A|ojo] € A1@4
FEaA T F Rl VA= GFE BolF
i ok Aoj7]E PIZF A==l em P, 19] ARl
160 30
140
~ +426
g 20 N Discharge E
E ;/// \\\ Flo 100 E
= 100 ; v - ®
3 S N E]
2 LS AN 7
= 80~ o : \\. 415 ¢
:% 60 - // | ; ; \\ :
—g e \, q1e 2
2 a0] 7 ( oischaree i RN %
[=] _// Pressure H ~ k]
20 (Input Speed : 1,500 RPM } 1% =
Reference Flow : 100 {/min
0 T T ¥ T T ¥ U 0
] 5 10 18 20 25 30 35 40
Time [sec]

Fig. 11 Flow control for the increase/decrease pressure

disturbance
15 160
R - 140
. ;

~ i i ]
§ /é : { Simulation d120 B
= - - S ]
v 10 L v e e e FIGNPOw. B

= " -1 100
7] e Y
@ b o
e . o0 =
s \ Discharge 1780 o
® Flow =]
& \ " e &

]
= 5 .4 \\ o ‘§
% \ el =
5 \ "/" -40 QA
S -
{ Input Speed : 1,500 RPM 1%
| Object Pressure : 10MPa
o T ¥ T T ¢
i 3 [ 8 12 i5

Time [sec]

Fig. 12 Pressure control for the high flow disturbance



x| zetdes o|gst

N

30 180
. 4 160
25 e
§ AN Discharge | ] 140 g
~ Pressure 2
S Tag : 4120 <
a- Discharge AN S~ ';
2 Flow AN 4100 3
o 154 = YA <
o N\
; A 480 &
b | y :
5 10 Input Speed : 1,500 RPM S~oodeo £
] Object Pressure : 25MPa AN g
A ” J40
5
420
0 T T ~ T 7 o
0 [ 10 15 20 2 30
Time [sec]

Fig. 13 Pressure control for the decrease flow disturbance

40 - 160

140
Discharge
Pressure _

Input Speed : 1,500 RPM } i

@
13
1

w

-3
i
N
=3

N
o
Y
t
}
i
{
2
b
E
!
i
{
3
(=3

Reference Flow : 100 I/min
Object Pressure : 35MPa

[
o
Discharge flow [1/min]

Discharge pressure [MPal
8
:
1

Discharge \\\_
Flow N
15 4 e 60
L "
N
~

104 e i J40

/ Flow Pressure ht ey

Control Control AN

5 - i Ned 20
0 T ¥ l T M I 0

0 5 10 15 20 25 30

Time [sec]

Fig. 14 Continuous control of the flow and pressure

140 4 . Power Control

Input Speed : 1,000 RPM
Object Pressure : 25MPa
Object Power : 30HP )

N
R

Pressure Control ‘7

/
i

Discharge flow [1/min]
8

&

~
=]

Lol il oo

o ———
5 10 15 20 25 30
Discharge pressure [MPa]

Fig. 15 Continuous control of the power and pressure

(gain) B2 Z+7+ 2,09} 1.37} A& H Y T) o2 s Al
A=A EY oA HE S F3lo] HHA Aoz
A7 = Atk Fig. 123 10MPa2] A7 <taol A <)t
AZ7F SRS W AEEAE BT Qo ]

ey fetE=ol cols Hoj

> oy
ox >

>
{8 ol

2

£ A7z Al g ol A oo} 3t
[e]

VA FA T Yee B

o 2 o
HUr_&

3:0
SR
Kl
N
oL
o>“m{NI
= O
T Io
o= W
£
xR
o 35
o, T
O,
" o

C o 2
ﬁjﬂ
10%
o St
N
® o
L)

o F
ox %
9,
©
k)
T
R
X2
H
9,
rr
m
o
o
)
°
X
i
o

-

5
ki

1_,
i)
__).4_,‘
2
=
T

82 o orlr oAy L R
o offl
tilo
0 I
E
>,
N
xr N
do
i ok
s
Jo
o
2,

YA A
iy < 21 Qo o]
7] 4H PID7} A8-H Tk
d7g9te o] =2l bEle] Ao g e 1o
o}

5 4 2

=
AP R B W] sho] Aok 24413
#o] $-53t3 717 0] 4% ¢ EPPR
of )% Aloi7)5 i
& Fastah ZHgA Ao
Foll e =1
F8he 58 e
],

a

Ry

of

w o
2o ox
o
oo

P

o

z

2
)

1:2

ol
(K
2

& Jo
(o o
IS

o
1l o

o o,

b H g

lo
i
4
)
RN - A A A L

[

38 2

34
_}I_:_!_]j__ﬁﬂ

o
—_

Jo
k1
[k of S Ho
=

L o
a
)
2
>
b
st}
o
rO
X
oX.
o
z o o
e
oo
offl, ot
Joodg 2

-.~
it
flo o

J

&
3
I
tote
A
=2
X
bl

o

©
ol I
)
B
o
il
N
~
X
_?L

41
T
5
L
ng
i
>
Lo
N
N
i
to
BN
>
L
o & o
Jo
o

o
2
i

2 %

lo
)
2
s
Al
v

FESGEY( LT,

93
Hape] Alo}7)e] AAEL A
2k

o
>
o
>
>,
ofy
>
=
o K ot o rfp

J8 ol
QL
R
0
M
ich

L
o m
N oROC
iche okt
o m

Moz AT 5 gl W5 A

Epied

2

Transactions of the Korean Society of Automotive Engineers, Vol. 14, No. 6, 2006 169



Dong-Soo Jung - Hyong-Eui Kim - E-Sok Kang

ATWHES AF37] st Al Edol A 2
S st o gld A o3 2t -8
Aol AGdH e ek F=gHoA] ARA L
T AAEARE QW FRETL 12%, szl
250msec oW ZA] Ae] Y5 SHAATE B
S vk 2] A o el i = Akl ghe et
LHL Att Aol = FskE @ gl thte] W

Eo] 10%]u], Hg ATkl 12 o ZA e
OW-@}H AL Bk TYA NN FEFS
o] S7tete utel B HMEE FI A F353)
Ak Alo}7)17F AEE u) A 2Elo) o FA
LA A eFg-o] BRlE o o2 Q13le] 293

w9 493 Fa4e] dEHUh

References

1) N. D. Manring, “Valve Plate Design for an
Axial Piston Pump Operating at Low
Displacement,” ASME Journal of Mechanical
Design, Vol.116, pp.201-205, 1994,

2) S.J. Lin, A. Akers and G. Zeiger, “The Effect
of Oil Entrapment in an Axial Piston Pump,”
ASME Journal of Dynamic Systems, Mea-
surement, and Control, Vol.107, pp.246-251,
1983.

3) G. J. Schoenau, R. T. Burton and G. P.
Kavanagh, “Dynamic Analysis of a Variable
Displacement Pump,” ASME Journal of Dyna-
mic Systems, Measurement, and Control,
Vol.112, pp.122-132, 1990.

4) G. Edge and N. D. Vaughan, “Investigation of
the Effects of Swashplate Angle and Suction
Timing on the Noise Generation Potential of an
Axial Piston Pump,” Fluid Power Systems and
Technology, Vol.5, pp.77-81, 1988.

5) G. Zeiger and A. Akers, “Torque on the
Swashplate of an Axial Piston Pump,” ASME
Journal of Dynamic Systems, Measurement,
and Control, Vol.107, pp.220-226, 1985.

170 sizxisxizstsl=27 M142 H6s, 2006

6) A. Akers and S. J. Lin, “Optimal Control
Theory Applied to a Pump with Single-Stage
Electrohydraulic Servovalve,” ASME Journal of
Dynamic Systems, Measurement, and Control,
Vol.110, pp.120-125, 1988.

7) A. Yamaguchi and T. Ishikawa, “Characteristics
of Displacement Control Mechanisms in Axial
Piston Pumps,” Bulletin of the JISME, Vol.22,
No.165, pp.356-361, 1979.

8) H. Du and N. D. Manring, “A Single Actuator
Control Design for Hydraulic Variable Dis-
placement Pumps,” Proceedings of American
Control Conference, pp.4484-4489, 2001.

9) S. N. Yun, B. S. Kang, B. J. Sung and H. E.
Kim, “A Study on Characteristics of Nozzle/
Flapper Type Flow Control Servo Valve,”
Transactions of KSAE, Vol.§, No.1, pp.54-62,
2000.

10) A. G. Alleyne and R. Liu, “Schematic Control
of a Class of Nonlinear Systems with Appli-
cation to Electrohydraulic Cylinder Pressure
Control,” IEEE Transactions on Control System
Technology, Vol.8, No.4, pp.623-634, 2000.

11) X. Zhang, J. Cho , S. S. Nair and N. D.
Manring, “New Swash Plate Damping Model
for Hydraulic Axial-Piston Pump,” ASME
Journal of Dynamic Systems, Measurement,
and Control, Vol.123, pp.463-470, 2001.

12) N. D. Manring and F. A. Damtew, “The
Control Torque on the Swash Plate of an Axial
Piston Pump Utilizing Piston-Bore Springs,”
ASME Journal of Dynamic Systems, Measure-
ment, and Control, Vol.123, pp.471-478, 2001.

13) 0. Gad, M. G. Rabie and R. M. El-Taher,
“Prediction and Improvement of Steady-State
Performance of a Power Controlled Axial
Piston Pump,” ASME Journal of Dynamic
Systems, Measurement, and Control, Vol.124,
pp-443-451, 2002,



