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A Novel Performance Model Given by the Physical Dimensions of
Hydraulic Axial Piston Motors: Model Derivation

Heon-Sul Jeong*
Professor, School of Mechanical Engineering, Kunsan National University,
Kunsan, Chonbuk 573-701, Korea

Since Wilson (1948) had firstly developed steady-state flow rate and moment loss model for

hydraulic piston machines, several authors tried to make precise performance models. However,

Huhtala (1997) discussed the strength and weakness of some existing models comparing with

measurement data and concluded unfortunately that any model is not accurate enough for wide

operating ranges. For a hydraulic axial piston motor of swash plate design with rotating cylin-

der, new performance formula is derived in this paper through theoretical study on leakages and

friction losses of three facing gaps and other non-negligible losses. And efficiency surface of an

example motor is estimated and extension of the formula for hydraulic pumps is discussed. A

novel feature of the derived model is that all coefficients are given by the physical dimensions

of a motor, hence allowing calculation and analysis of the performance of a motor in mind.

Key Words : Leak Flow Loss, Hydro-Mechanical loss, Volumetric,

Mechanical and Overall Efficiency, Performance Coefficient Model,

Hydraulic Axial Piston Motor

Nomenclature

Ao . Opening area of a piston port

ar . Piston acceleration w?Rp tan @ cos 6

Ap  : Cross-section area of a piston, xd3 /4

Avx  Opening area of the valve port notch

Asp . Side view area of a slipper and piston
outside of cylinder block

bv1,bpz . Inner, outer breadth of the valve plate
sealing ring

C . Performance coefficient related with leak-
age

Cq . Discharge coefficient of an orifice

cv . Breadth of the valve delivery/return port

Cw»  : Drag coefficient of a cylindrical bar

ds . Diameter of a piston bore

dsr . Diameter of the support bearing
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. Diameter of a piston
. Breadth of the piston port edge
. Force acting on several parts of a ma-

chine

. Friction coefficient
. Friction coefficient and gap height be-

tween a piston and cylinder hole

. Gap height between slipper and swash

plate

. Gap height between valve plate and cyl-

inder

. Performance coefficient related with mo-

ment loss

. Length of several parts

. Length of a piston bore

. Length of the cylinder block

. Length of piston guide, lr, or [ro+2p

. Length of a piston guide or bushing at

ODP
Moment, moment loss produced by sev-
eral forces

: Output moment of a motor
 Mass of a piston
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n . Rotational speed of a motor in Hz, w/27
b . Piston chamber pressure

D1 . Inlet pressure of a motor

D2  Outlet pressure of a motor

De . Pressure inside of a motor enclosure

Ap . Pressure difference, p—p. or p1—pe

Q, Q. : Flow, leak flow through several parts

¥si» ¥so . Inner, outer radius of the slipper sealing

ring

7v,7v2 . Inner, outer radius of the valve plate
inner sealing ring

¥v3,¥vs . Inner, outer radius of the valve plate

outer sealing ring

Rc  Radius of the cylinder block

Ry [ Inner radius of a motor housing

Rp . Pitch circle radius of pistons

Ve . Motor geometric displacement,
2ApRptan a

vp . Piston velocity, wRp tan @ sin &

F4 . Number of pistons in a motor

Zo . Piston number located at delivery port
side

zp . Piston displacement, Rp tan @ (1 —cos )

a . Tilting angle of the swash plate

B . Bulk modulus of hydraulic oil

0 . Density of hydraulic oil

Afyx . Angle of the valve port notch opened

1% . Angular position of a piston or motor

Nam . Hydro-mechanical efficiency of a motor

Nt : Overall efficiency of a motor

N . Volumetric efficiency of a motor

Ap . Equivalent friction coefficient of a piston

Y . Viscosity of hydraulic oil

1) . Rotational speed of a motor in rad/sec,
27n

Subscript

aP Piston acceleration

Br Support bearing

c . Fluid compressibility

C . Cylinder block

ch . Churning, swirl

CH : Cylinder and motor housing
fP,fS : Friction force on a piston, slipper

0 . Miscellaneous
D . Pressure dependent term
P . Piston

pB7r . Pressure on bearings

pP Piston pressure

PP Piston port

PSP ' Piston port, slipper and piston
S . Slipper pad or swash plate

SP  : Slipper pad, slipper and piston
|4 . Valve plate
VN : Valve port control notch

vB7 . Velocity of bearings

vP . Piston velocity

uP, 1S, 1V Viscosity in a piston, slipper, valve
plate

wP . Centrifugal force of a piston

u . Viscosity dependent term

o . Density dependent term

Superscript

. Fluctuating value of total flow rate or
moment

. Average value of total flow rate or
moment

1. Introduction

Since hydrostatic pumps were appeared and
used practically in the world around 1600, mod-
ern high operating pressure pumps of bent-axis
piston type were developed by Thoma in 1930. In
the year 1944 a weight to power ratio of 0.3 kg/
kW was already realized with hydraulic pumps
for aircraft applications. And in 1950s, axial pumps
of swash plate design were asserted successful
by themselves on the market (Ivantysyn, 2001).
Nowadays, due to the integration of electronics
into hydrostatic systems, there are increasing de-
mands for compact and intelligent drive systems
allowing transmission of large force, moment or
power with high accuracy of motion control. Hy-
drostatic displacement machines form the heart of
such modern electronically controlled hydraulic
drive systems.

Several authors had tried to make precise per-
formance models for hydraulic piston machines.
Existing models can be grouped into two types.
One of them is a kind of polynomial model re-
presented with independent variables such as pres-
sure difference, speed and displacement ratio. The
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other is a sort of performance coefficient model
represented based on the physical nature of losses
which is generally given by operating variables
such as pressure difference and speed. As an ex-
ample of performance coefficient model, Schlosser’s
flow loss model and Wilson’s moment loss model
for pumps are given below respectively, where &
means displacement setting for variable pumps
and Cs, Cst, Cr, Cq are coefficients to be deter-
mined characterizing the performance of a specific

machine.
2
Qu=cVan—C Vel —coves, [ 250
ML:€ I/;g?p + Cf If‘;ﬁp + Cd/l Vg%+MLo

Some typical models are well summarized in
Huhtala (1997), where the weakness and strength
of each model are discussed and compared with
measurement data, concluding unfortunately that
any model is not accurate enough for wide speed
and pressure range of 500~3000 rpm and 20~
210 MPa. The reason originates primarily from
the complex mechanism having rotating and reci-
procating parts with friction working in viscous
fluid of hydraulic oil, the physical properties of
which is dependent on the operating conditions.

As for the polynomial model, all coefficients of
the model are to be determined from measured
experimental data by using curve fitting method.
And the coefficients of the so—called performance

Piston {

SlipperPad | Cylinger

Swash Plate /7 |
J \

coefficient model are also to be obtained through
experiments. Hence, existing models are said to be
models for indicating and/or calculating the per-
formance of an already manufactured and tested
machine at certain operating point, rather than
models for analyzing and evaluating the perform-
ance of a designed machine before test or design-
ing machine in advance.

In this article, the performance coefficient mod-
el for a hydraulic axial piston motor of swash
plate design with rotating cylinder block is con-
sidered. This paper is organized as follows : Sec-
tion 2 describes the working principle of hydrau-
lic axial piston machine and assumptions laid for
model derivation. Section 3 and 4 derive formulas
for losses of three facing gaps and formulas for
other auxiliary losses in a motor are derived in
section 5. From the analysis of previous two sec-
tions, a new performance model is proposed in
section 6 and discussions for an example motor
and conclusions are followed in the last section.

2. Working Principle of Axial
Piston Motors and Assumptions
for Model Derivation

Among two types of axial piston machines such
as swash plate and bent axis type, the swash plate
design shown in Fig. 1 consists of several compo-
nents such as piston, slipper, cylinder, swash plate,
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Fig. 1 Hydraulic axial piston machine
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valve plate and shaft. According to the kinematic
arrangement of rotating and fixed components,
swash plate machine is again classified into a
design with rotating cylinder and a design with
rotating swash plate. Let us briefly describe mo-
toring cycle of the first design, which is main
concern of this article.

When hydraulic fluid of high pressure is deliv-
ered from external power source into a piston
around the inner dead point (IDP) through the
delivery port of the valve plate, the piston is forced
to move out of cylinder block and then the slipper
connected with a ball joint slides on the swash
plate. As the result, pistons, the cylinder block
and the output shaft are forced to rotate, as shown
in Fig. 1. When the piston arrives at the outer
dead point (ODP), it is switched onto the return
port of the valve plate and then the used fluid of
low pressure is returned to external tank during
angular period of 0< #< 7. Hence, the pressure in
a piston chamber naturally entails periodic change
during a revolution. The cycle of which is de-
picted in Fig. 2, where the effects of fluid com-
pressibility and viscosity on the piston pressure
are also indicated. However, at the instant of
switching between the delivery and return port,
the pressure in a piston chamber of real machines
do not match exactly with that of the motor inlet
or outlet. Fluctuating pressure behavior occurring
due to such non-ideal piston port switching, es-
pecially at the high pressure side of IDP and at

Motor —b -AVe|
P :[ﬂpﬂuw \ X—L
(a)
|
AT ®
I (@) (c)
ol| | /_ ) |
| & |
(c)
y
Py \/ |ﬂpﬂnw
" Pump —
VD:\;‘;;.i" —VE. \gFl’:;gax
Fig. 2 Indicator diagram of axial piston machine

(a) ideal machine (b) fluid compressibility
effect (c) fluid viscosity effect

the low pressure side of ODP, is neglected in this
paper.

In the following sections, the pressure in a pis-
ton chamber is assumed to undergo the ideal pro-
cess of Fig. 2(a). That is, the piston chamber pres-
sure p=p, for 0< §<mand p=p, for 1< O<2r.
Losses due to the effects of fluid compressibility
and viscosity are dealt separately. And the pres-
sure of a motor outlet p» and inside of a motor
enclosure p. are assumed to be the same.

Meanwhile, as shown in Fig. 1, there exist three
facing gaps moving with relative speed between
reciprocating and/or rotating members. Leak flows
through the gaps and hydro-mechanical friction
forces acting on the gaps may degrade the effi-
ciency of a motor. The instantaneous gap heights
of three facing parts are to show cyclic behavior
per revolution and hence to be functions of an-
gular position @ of the motor. But, since our aim
is to formulate the global feature of losses at a
certain steady state, all moving gaps are assumed
to remain constant over the whole angular range
of a revolution. As for the gap between a piston
and cylinder block, it is also assumed to stay con-
centric. Note that, according to Ivantysyn (2001),
the computed flow for a tilted piston is almost
same to that of concentric ring gap. As for the
leakage between the valve plate and cylinder block,
the varying breadth by and length as well as the
height of the corresponding gap are to be account-
ed for, especially around the IDP and ODP. But
their effect on the leakage does not seem to be de-
cisive. Hence, in this view the gap heights are in-
terpreted in the paper as average values of vary-
ing heights for one cycle.

3. Flow Rate and Hydro-Mechanical
Losses of Three Facing Gaps

Flow rates through three facing gaps are de-
scribed first in the followings. Flow rate of the
fluid contained inside a piston chamber of the
cylinder block induced by piston motion can be
given

Qur=Ap-vp=Ap w-Rptana-sinfd (1)

Note that for the angular range of 0< #< 7 it is



A Novel Performance Model Given by the Physical Dimensions of Hydraulic Axial Piston Motors : --- 87

a returning flow rate from a motor and for the
range 7< @<2rit is a delivered flow rate into a
motor. The leak flow through the gap between a
piston and cylinder block is

_ ﬁdP'h3P
Qp= 12p0 Ir

(b—1e) ﬂgp hpevp (2)
The first term of Eq. (2) is called as Poiseuille’s
flow induced by external pressure difference be-
tween both sides of a gap. And the second term is
so-called Couette flow induced by moving wall
of a gap. The leakage flowing out through the
piston bore and then through the gap between the
slipper and swash plate is

3., 74
Qu=— s (p=p0) ()
p{6d§-ln%§+128h§'ls}
3
Q=" —(pp.) (3b)
6 In -2

7si

Egs. (3a) and (3b) correspond to leakage for a
piston with capillary type opening of laminar char-
acter and orifice type opening of turbulent char-
acter, respectively. In case of orifice type opening
with reasonable diameter, note that the pressure
of recess hole in a slipper is almost same with the
piston chamber pressure. Since there are two flow
paths on the gap between the cylinder block and
valve plate i.e., inner and outer sealing ring of the
valve plate as shown in Fig. 3, the leak flow can
be approximated assuming parallel fixed gap with

Fig. 3 Detail of three major loss parts

breadth Ay and length by, by= as

hy v | Av
Quv= 12# <(p—1e) * <T+E>
/1V2<dP_2€P)
bnibys (4)
bvit b2

_ h3 /11/ L hV(bVl‘I’bVZ)

L Ilbntbn)

2 ly=

Basically, there are two types of forces in hy-
draulic piston machines such as pressure depen-
dent and pressure independent forces. Forces act-
ing on a motor are depicted in Fig. 4. Forces
acting on three moving gaps are described in the
followings. Pressure force pushing a piston out
of the cylinder block in z-direction can be given
by

Fop=Ap(p—pe) =ndp (p—pe) /4 (5)

The inertia force acting also in z-direction on a
piston is

Fap=mp-ap
=mp+w®+ Rptan a-cos 0

(6)

The friction force induced by viscous hydraulic
oil acting on a piston yields

ﬂ'dP hP

F,up— 7po Zp‘f' ¢ (Z)—pe) <7>

h

Note that length of piston guide /r is a constant
Iro for a cylinder with bushing, so-called short
piston guide as shown in Fig. 1. But for a cylinder
without bushing, it is equal to /p,+2p as shown
in Fig. 4. And the centrifugal force acting on a

Fig. 4 Forces acting on a piston and slipper
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piston in radial direction from the shaft center O
can be given by

For=mp-ar=mpRp+ (8)

The frictional force produced on the sliding sur-
face of a slipper acts on a piston in tangential
direction. Such a viscous friction can be deter-
mined as

FfS:'/; Yromredr=yp co]fjp n(vso—7%) (9)

It can be seen from Fig. 4 that magnitude of the

FfP :fPeq * FRP,
freqtan @ sign(vp)

= (Fppt+Fapt+Foup) =2 (Fpp+ Fopt+ Fup), o=

1 — freq tan a sign (vp)

B=/frtan als, sign(vs)

b=—(1+frtan @ sign(ve)) lzo

B=2fptan als, sign(vp)

b=—2frtan also sign(ve)

Note that the parameter Ap is a function of fric-
tion coefficient fp between a piston and cylinder
block. And all the others of Ap are given by the
physical dimensions of a motor. The pressure
force acting on a piston makes the slipper slide on
the swash plate and in turn makes the cylinder
block and motor shaft rotate. Driving moment
generated by the pressure force can be given

Mpp=Fpp+ Rp tan @-sin 6 (12)

Meanwhile, moments produced by other forces
described until now are loss moments instead of
driving moments. Such hydro-mechanical dissi-
pating moments are derived in the followings.
Since the centrifugal force Fyup do not serve in
z-directional moment, moment produced due to
three useless forces acting on a piston yields

Mip= (Fap+Fup+ Fyp) + Rp tan @-sin 6

13¢
=Mrap+Mpwp+ Myse ( d>

Mip=2p (Fpp+Fop+ Fup) - Rp tan a-sin 0

13b
=Mysep+ Mispa+ Mispn (136)

A=Fptan a((lp+lco) sign(vp) — frpdp)
a=(lp—lco) — frtan @ ((Ip+ lco) sign(ve) — frdp)
A:fp tan a/( (lFo+2ZCO> Sign(UP) _deP)

a=Iro— fr tan al (lFo‘f’zlm) sz'gn(vp) _deP)

reaction force acting onto a piston from the swash
plate has the following relation.

FSP: (FpP+FaP+F#P+FfP) /COS a

=Fa/cos a (10)

Among the above mentioned forces acting on a
piston, some of them are out of z-axis tilting the
piston and thus generating z-directional friction
force. The friction force can be represented as
the following equation of Coulumb type, which
is proportional to the resultant normal force, Frp
exerted on a piston as shown in Fig. 4.

fpngfp' (2[30 cos O+42lco+ ZF_deP sz'gn(vp)/lp

_A+Bcos§ (lla)

a+bcos 0

: w/o bushing
(11b)

: with bushing

The loss moment due to viscous friction acting on
a slipper is

MLS:FfS'RP <14>

Assuming linear pressure distribution in radial
direction on the gap between the cylinder block
and inner and outer sealing ring of the valve plate,
corresponding frictional moment can be obtained
as follows (Shuyan, 1998)

TVA
MLV:f yer2nr-dr
(15)

pid
=p=T—w (rhs—ris+ 7 —rh)
2hy

=Kurepn

4. Average Flow Rates and Moments
Behaviour of Three Moving Gaps

All the flow rates, forces and hydro-mechanical
moments discussed in the previous section are
formulas represented at a certain instantaneous
angular position @ of a piston. Generally several
number of pistons are arranged in the cylinder
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block of a motor at equiangular positions with
same pitch circular radius. Hence, the averages of
total flow rates and moments for a motor with
pistons of number z are derived in this section.
The term “average” used hereafter without any
special comment in this article means the average
value over one revolution period of total sum of
force or moment for each piston.

Total delivered flow rate into a motor through
the delivery port of the valve plate, which will be
the same as total returning flow rate out of the
motor through the return port, induced by the re-
ciprocating piston motion can be given from Eq.
(1) as

Ap vP—Z‘.Ap w* Rp tan a+sin 6;
(16)

@z
||
M~ M@

I

Ap w- Rptan a sin ;- sign (p:)

where 2, means the number of pistons located at
the delivery port side and 6; stands for the an-
gular position of a piston. The piston velocity in-
duced flow rate Q~vp fluctuates naturally with fix-
ed frequency, which depends on the motor speed.
Average value of the fluctuating flow rate yields

~ z w
QZJP:wAPRP tan a'?E Vg‘E: Vg‘ n,
(17)
"2
2r

where Vg is generally called as geometric dis-
placement of a motor. Detail derivation of Eq.
(17) is given in appendix. For the leak flow rate
though the piston gap, note that the Poiseuille
flow in Eq. (2) leaks out from the delivered flow
over half revolution of a piston. And, because
average for sum of half period sine curves is z/7
average of total Couette flow of a motor becomes
as follows. Hence, average leak flow rate through
the piston gap can be determined as

3
. (p=po T 2
LP— )

(p—1e) ﬁii;z}) 2~/27b2 w/o bushing
{d—lFa‘|‘RP tan @

b=Rptan ¢

Aﬁ + CvP%

with bushing

(18)

+ HERE ﬂdghp ‘0 Rptan o >=Cpp =5

Since leak flows through the gaps of slippers
and the valve plate occurs only for half period of
1< 0<27x during one revolution. Hence, corre-
sponding mean values for the flow rates are

nds b zZ o,
1{6d3 In 750/ rsi+128h315} 2 (=P
Qus= capillary type
$ - 19
6ulnﬂ+50/75 “(p—1pe) orifice type )
ECFS%
Qur=(p—1e) lhT”% 5+M-Rpw§
Lo ly (20)

zcyVATJr Corn

Average of the fluctuating motor driving moment
generated by the pressure force can be determined
by

MpP:FpPRP tan a-%

Ap (21)

=ApAp-Rptan a- 2= Ve =2 e

Among three loss moment contributions in Eq.
(13), average moment M gp due to piston inertia
force is zero, since it consists of pure sinusoidal
terms with period 27 and its mean over the period
is zero. Hence, viscous frictional moment M.p and
Coulumb-like frictional moment Mz are loss
components consumed by reciprocating pistons
and average of fluctuating instantaneous moment
M 1 for a motor becomes

Mip=Mpp+Mip =M e+ (Moot Migpat M)

_ 22
XM+ Migep ( a)

#Ldp (R tan 0) o v with bushing
o hp 2
ML#P ﬂd 2
p - (Retan @)Ut Retan @) -7 w/o bushing |(22b)
P

ﬂdp b “Retan a*Ap: f—Km it KusAp

MLpr—|/1P| ApApRptan a- —KfPf Ap (22¢)

wz'llizszpg' nz (22(1)

Moo= mp(Rp tan @) 2
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Bt Rotmdlew s vithbshig
P

5

M| v o, o) 43 g2
Jeu P (Rptana) <ZF0+7Rptana> wy (22)
w/o bushing
ll'dp hp
+ ] “Rptan ¢ AD =Kipw* 0t Kipwp A
- B‘ A b‘fa B‘
AP ( b ,\/ )2 >a
—;:< B+ A+b+—a > (22f)
" b—h/ib+

where M1 spq and Misp are neglected simply be-
cause magnitude of them are generally very small
compared with that of M pp. Parameters A™, BT,
a*,b* and A~,B",a",b” are values of A,B,a,b
defined in Eq. (11b) when sign(vp) is replaced
by +1 and
of the last term z/7in Eq. (22), refer to appendix

—1, respectively. As for the meaning

A.2. Total moment dissipated due to the slippers
friction can be given as

MLSZZOFfs'RP:ZFstF
- (23)

wRp EK/AS cun

=z-u s

7(rd%—7%) Ry

5. Other Losses of a Hydraulic
Piston Motor

Besides losses of three facing parts, other vol-
umetric and hydro-mechanical losses which can
not be neglected exist. It will be described in this
section. Up to here, the piston pressure is as-
sumed to undergo the ideal process shown in Fig.
2. In other words, the piston pressure p on deliv-
ery post side is assumed equal to the pressure p;
supplied into a motor. However, as mentioned in
section 2, the actual piston pressure is slightly less
than that because of the pressure loss, which oc-
curs when flow passes through the piston port
with opening area A,. The pressure loss of tur-
bulent character affects on the performance of a
motor. Such effects on the loss of flow rate and
moment can be represented as follows

_5. Ve Ve
Merpp=2 2r ZVdPP A3 on’ (24)
EKPP'OWZ
—n.y Dbriowrr ___ 0 Ve n
QLPP—2 QvP Aj) _ZZCZPPA% Ap
o (25)
ECPPTP

Detail of the reasoning for the above two equa-
tions is described in appendix A.4. Generally one
or two valve notches so-called kidney, with quite
small area Ayy are provided. It is intensionally
inserted in order to reduce the pressure fluctua-
tion occurring at the trailing end of the valve ports
because of the non-ideal piston port switching.
The leak flow rate of turbulent character through
the valve control notch and its equivalent moment
loss can be described as follows

Quiw=z" A;;;’N Q= zA 0VNZC7‘;1VNAVN \/%

26
ECVN\/E < )
©
Mim= V A1>equ ZAHVEVZ%;IZVAVN Ap W
(27)
_ .. Ao/AD/D
=Kw ="

where A@yy stands for the angular range of the
valve notch. When two valve notches are provid-
ed on a port in the valve plate, leak flow and loss
6) and (27) must be doubled.
Another source of volumetric loss during a mo-

moment of Egs. (2

toring cycle originates from fluid compressibility
as shown in Fig. 2. From the reduction of effec-
tive volume A V. of the hydraulic fluid (Ivantysyn,
2001)
scribed as

, the equivalent leak flow rate can be de-

Y,
Que=2AVan=2" Vowax " n= ZVP'"%AF/& (28)
ECc'EﬂnAp

where Vpmax means the largest volume of a pis-
ton chamber at ODP which is sum of the smallest
volume, so-called dead volume Vp= Vpmn and
the volume swept during a piston stroke. Mean-
while, slippers and pistons outside of the cylinder
block as well as the cylinder block itself rotate
inside a motor enclosure at the same speed with
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the motor, which is filled with hydraulic oil. Such
drag loss of slippers and pistons and loss of con-
centric cylinder block, so-called churning losses
can be formulated as follows

Mycnse= le FuRp=2z"Cusp %ASPR}% w?e Rp (29>

=K pnz
Mienen=nRclc (Ru+Rc) - pw=Keu+ un  (30)

On the other hand, generally two bearings are in-
stalled before and after the cylinder block in or-
der to support the block against the forces acting
on the motor shaft. Dissipated moments accord-
ing to the applied normal force on the bearings
and according to the rotating speed of the bearings
are described

MLBrzvar‘ 160- dgr +var' (60/4‘/9) 2/37’1' dgr
—I—prr-%(l +p) - ApAptan a-dsr  (31)
EA/ML()Br +K/ABr CUn + KPBr * Al)

6. Performance Model of a
Hydraulic Piston Motor

In the previous sections, leak flow rates and
loss moments of three facing parts and other non-
negligible losses are derived. One can find that all
of them are represented in two operating variables
of a motor such as pressure difference Ap and
rotating speed 7. And the flow rate to be deliv-
ered into a motor @) is the flow rate @Q.p induced
by the piston motion plus the sum of all leakages
Q. mentioned until now. Therefore, followings
are readily given

QIZQUP+QL:Vgn+QL (32)
Qr=(Qrr+ Qus T Qv) + Quvv+ Quer + Quet Qo
= (C#P+ C}AS‘I‘ C#V)%‘I“ (CL'P+ CW) n
Ay, popon’
+CVN\/7+ Crr Ap + CelanAp+ Qro (33)
3
= CuPSV%‘I’ Copvnit CVN\/K‘;{)+ Cpp%‘l‘ CelanAp+ QLo
3
=Cubp+ Con+ Com B+ c,,PPALp+ CoenAp+ Quo

At the last line of Eq. (33), leak flows of same

character are grouped together. The last term Qro
in Eq. (33) is not a physical leakage but a term
introduced for compensating error of flow-meters
used in measurements (Ivantysyn, 2001). The out-
put moment generated by a motor M is the
moment J p» produced by the pressure force mi-
nus the sum of all loss moments //; mentioned
until now. Therefore, one can get readily

MZZMPP_ML:VgAP/Zﬂ'_ML (34>

ML =M+ (MLS + Moy + Micncr ‘|‘ML;zBr)
+ Mupsr+ (Miee + Micrse)
+ M+ (ML#P +MLpr> + Mot (MLUBT +MLOAux>
= (KpPu+KﬁS+KuV+KCH+KuBr) un
+ (Kup+ Ko+ Konr) Ap+ (Kep + Ksp) on® - (35)

+KVN%\/¥+ KpeAp*+ (Miosr + Mromz)

=K+ KpAp+ Kopson*+ Ko ApyAp/ n
+szAZ)2+MLo

where loss moments of same character are group-
ed together at the last line. M2 in Eq. (35) stands
for the pressure dependent moment loss due to
mixed and/or boundary friction which may hap-
pen especially at extremely high pressure. And
Miomx is a term accounting for the neglected con-
stant moment losses due to for example pre-load-
ing of seals and springs, etc. in addition to the
measurement error of the sensor used. Note that
the output moment /> of Eq. (34) becomes neg-
ative at very low pressure, because at such case
the driving moment Mpp proportional to the
pressure Ap becomes smaller than the total loss
moment [/;. It means that a motor can not rotate
at very low pressure.

Volumetric efficiency and hydro-mechanical
efficiency of a motor are generally defined as 7,=
nVe/ Q1 and gan=Ms/ (ApVe/27), respectively.
And normally accepted definition of overall effi-
ciency for a motor is the product of the volumetric
efficiency and hydro-mechanical efficiency as

_ . _nVeg 2aM> _ M>w

e Q1 ApVe N Qi-Ap
(Mpp—Mo)-w.
(Qur+ Q1) -Ap

Following the definition, new formula for the

(36)

overall efficiency of a motor yields finally
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_27n VeAp/2m— (Kun+ KpAp+ Kopspt® + KoowApVAD | n+ Kps AP+ M1o)

= Aj)

Note that every coefficients in Eq. (37) standing
for the physical nature are defined in Egs. (33)
and (35), which are again composed of several
coefficients. And those definitions are also given
in sections 4 and 5, As the result, differently with
existing models, it should be mentioned that all
performance coefficients, except some hard-to-
modelling terms such as virtual leakage Qro, mix-
ed friction coefficient Kp; and auxiliary moment
loss Miomux, in the newly formulated model are re-
presented by the physical dimensions of a motor.

7. Discussions and Conclusions

For an example motor, some principal dimen-
sions of which are given in Table 1, volumetric,
hydromechanical and overall efficiencies are cal-
culated by using the new performance model with
given dimensional data and plotted in Figs. 5 and
6.

Meanwhile, the state of hydraulic oil can be
characterized by three parameters such as density
0, viscosity u¢ and bulk modulus /. First two of
them are known to be dependent on the operating
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Vgn+ ( C/AAﬁ+ Cvn+ CpVNv Aﬁ + CpPPnz/Aﬁ‘f' Cc”Aﬁ"" QLo)

(37)

conditions such as pressure and temperature. The
effect of such hydraulic oil property on the effi-
ciency can also be easily included in the newly
derived model. Figs. 5 and 6 are graphs reflecting
such effects.

Comparing with existing models mentioned in
introduction section, the derived flow loss model
of Eq. (33) and moment loss model of Eq. (35)
includes additional higher order nonlinear terms.
Generally the contour curves for the efficiency of
real hydraulic motors are not necessarily elliptic.

Table 1 Principal dimension of a hydraulic motor

displacement Ve 200 cc/rev
tilting angle 15 degree
piston number 9 ea
piston diameter dp 27.9 mm
pitch circle radius Rp 68.0 mm
piston gap hp 19.6 um
piston shoe gap hs 15.2 pm
valve plate gap hy 11.8 ym
piston friction coeff. fr 0.10
Hydro-Wechanocal Effciency Contaur Cune
240
% 10
U: R
) {f sl
ool | S
| /
I/ /
I 7 % : .’;
100 a—— 0

Pressure Difference [bar]

Fig. 5 Volumetric and hydro-mechanical efficiency
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Performance model of a quadratic form can rep-
resent only elliptic contour curve. But, as show in
Figs. 5 and 6, the proposed model can represent
distorted elliptical contour curve, which clearly
shows the cross—coupling effect between operating
speed and pressure.

On the other hand, at very low operating speed
viscous friction acting on a facing gap is known
to show nonlinear behaviour, that is so-called
Stribeck effect (Ivantysyn, 2001). In order to ac-
count for the effect on the performance model,
corresponding viscosity factor x in moment loss
terms of Eq. (35) may be modified as a speed
dependent factor.

In Figs. 5 and 6, an optimal pressure line (OPL)
constructed by optimal pressure points with maxi-
mum efficiency at a certain speed and an optimal
speed line (OSL) constructed by optimal speed
points with maximum efficiency at a certain pres-
sure are plotted together. Obviously, the cross
point of OPL and OSL lines is the optimal oper-
ating point showing best efficiency obtainable by
a motor. As for the example motor, one can find
from the figures that volumetric efficiency is sen-
sitive to the operating speed, whereas hydro-me-
chanical and overall efficiencies are dependent on

Orverall Efficiency Surface

Ow arall Efficioncy [%]

10

Moter Speed [RPM] 0 “D Prossure Dfrance [bar]

both of the operating pressure and speed of the
motor. It accords with well-known trends for the
efficiency of hydraulic motors.

As mentioned above, performance of the exam-
ple motor is calculated with data of the physical
dimension of the motor and the property of hy-
draulic oil. Hence, the formula presented in this
article can be an useful tool for estimating opti-
mal operating point of a designed motor in mind
and for analyzing the effect of a certain parame-
ter on the overall performance. As for the Rexroth
A10VM motor of displacement 45 cc/rev without
piston guide bushing, analysis and usage of the
new proposed model comparing calculated effi-
ciency with measurement data will be presented in
the companion paper, Jeong 2007. In the paper, it
is shown that maximum and average efficiency
estimation error over operating ranges of speed
300~2700 RPM and pressure 20~300 bar are
just 2.33% and within 0.30%, respectively.

The performance model formulated here for
hydraulic axial piston motors can be extended to
that for pumps. For such extension, some facts
should be considered such that hydraulic oil of
low pressure is sucked though the valve port in a
pump for angular range 0< <7 and high pres-

Overall Eficiency Contour Cune
00 —rT— T

Motor Speed [RPM]

P e —
50 10 15 200 250 30 ¥ 0
Pressure Diffarence [bar}

Fig. 6 Overall efficiency of the example axial piston motor
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Experiment : Overall Efficiency at Various Different Pressure
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Fig. 7 Measured and estimated overall efficiency of a Rexroth motor

sure oil is delivered for 7<8<2x. And during
the cyclic behaviour shown in Fig. 2(c), the pres-
sure in a piston chamber affected by fluid vis-
cosity is higher than the delivered outlet pres-
sure p for 7<O<2r and lower than the inlet
pressure p» of the suction port. Meanwhile, suc-
tion port of a pump especially rotating at high
speed may fall into a cavitation condition result-
ing in reduced suction flow rate, so-called filling
loss. Hence filling loss should be considered in
the model for a pump, which seems significant at
high operating speed.

Appendix

A.1 Piston friction force and moment, Eqs.
(11), (13) and (22)

Detail for the derivation procedure of Egs. (11)
and (22) is described in the article of Jeong (2004).
And exact and approximate piston friction forces
for the motor mentioned in section 7 are depicted
in Fig. Al, where the exact and approximate pis-
ton friction means frictions calculated by using
the first and second equations in Eq. (11a). Fric-
tion moment Mz of a piston in Eq. (13), fluc-
tuating moment M1p of all pistons and average
loss moment M;p of Eq.(22) are also shown in
Fig. Al.

Fig. Al shows that the approximated force and
moments are quite accurate even though they give
slightly smaller value due to effects of neglected
forces Fup and Fys.

A2 Average flow rate, Eq. (17) and average
driving moment, Eq. (21)

The number of pistons z, located at the deliv-
ery port side of a motor periodically changes with
the angular position § of a datum piston. It can be
arranged as

z/2 when 0< 0<2x/2 - for even z
20=1 (z+1)/2 when 0< < 7/z } *for odd 2 (A1)
(z—1)/2 when 71/2<0<2m/z)

0 for
0< @< rand utilizing the formula for summation

Assuming the piston chamber pressure p;=

of trigonometric functions (Gradshteyn, 2000),
sum of the fluctuating flow rate Q.p can be given

as
Qu= i ( l7r>/sin§
Ap-w-Rptana-cos(G )
for even z,0<(9< 27 (A2)

Ap+w* Rp tan af-cos(

3 ) 2sn;)

for odd z, 0< 9<§

By integrating each trigonometric term in Eq.
(A2) over one period, one can find its mean value
as z/m. Hence, average of the piston velocity in-
duced flow rate yields Eq. (17). Note that the term
z/ 7 stands for the summation 21 sin 6;-sign(p:)
i.e. equally spaced non—negatil\_/e half-sinusoidal
functions for 0< 8; <7 or 7< ;<27 for pumps
or motors, respectively. On the other hand, in-
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Pumg (Piston Guide Without Bushing)
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Fig. A1 Piston friction force, fluctuating and average moment

stantaneous driving moment by a motor can be
given from Eq. (12) as

- 20
MpP:ZIFpP‘RPtaH a+sin 0; (A3)
By using similar treatment applied for derivation
of the average delivery flow rate Q.p, one can get
Eq. (21).

A.3 Average flow rate, first term of Eq. (18)

For the case of cylinder block with piston guide
bushing, length of the piston guide /r is the length
of the bushing itself /r,. Hence, Poiseuille leak
flow occurs during only half of the one revolu-
tion period. Hence, the last term z/2 of the first
line of Eq. (18) makes sense. But for the case of
cylinder block without guide bushing, total leak
flow though the piston gaps can be given from
Eq. (2) as
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— (p—po) ndp+hy & sign(p—pe)
¢ 2 & rotze

The last term of Eq. (A4) is a trigonometric func-
tion in a form 1/(a—b cos ). By utilizing the in-
tegral relationship of such a function (Gradshteyn,
2000) for @?>b? one can get

/2" do _ [T do

= a—bcos@ Jo atbcosl

2 L Va®—b*tan /2 |*

Tar ™ ath b WY
Ve

~le-7
and the average of (A5) over motoring period

7<0<2rmis 1/ya*— b*. Hence, multiplying the
average value and a term z/2 reflecting the fact
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that pressure is applied only for half revolution
period, one can finally obtain average leak flow
through piston gaps, first term of Eq. (18). Accu-
racy of Eq. (18) is verified by numerical calcula-
tion for both even and odd number of pistons.

A.4 Piston port equivalent loss, Egs. (24)
and (25) and valve notch equivalent
loss, Eq. (27)

Macroscopically considering a motor as a ma-
chine consuming flow rate @.r through piston
ports with area A, and number z, flow velocity
Vsiowpp through and its equivalent pressure drop
Apriowpp aCross a piston port can be approximated

by

UslowPP = QUP/ (ZA0>

(A6)
Apriowrr = 0V%owrr/ (2 Clpp)

Also consider the fact that a hydraulic motor is a
machine converting hydraulic energy delivered
by high pressure oil into mechanical energy rota-
ting output shaft with torque. And the relations-
hip between the delivered pressure and output tor-
que is given by Eq. (21). Hence, the pressure drop
in Eq. (A6) can be given as an equivalent mo-
ment loss Eq. (24). Note that the multiplication
factor 2 in Egs. (24) and (25) means that there
occur pressure drops twice in one motoring cycle,
as show in Fig. 2. By equating energy loss due to
pressure drop with nominal flow rate @, and
energy loss due to leak flow with nominal pres-

sure Ap as

2ApriowrQor = QrrrAD (A7)

an equivalent leak flow Qypp due to pressure drop
across the piston ports can be given as Eq. (25).

By applying the reasoning for loss of piston
ports onto the valve control notch, one can get
equivalent pressure drop Apeqvy across the valve
control notch that is related with leak flow Qryn
through the valve notch as follows

QrwAp= QupApeary (A8)

Hence, the corresponding moment loss due to the
pressure drop Apeqww of valve notch yields Eq.
(27).

A.5 Churning loss, Eqs. (29) and (30)

Drag force of cylindrical bar-like slippers and
pistons outside of the cylinder block with side-
view area Asp moving in a fluid with linear ve-
IOCity USP:RP'W is

Fw:CwSP'%'ASP'UE‘P (A9)
Hence the churning moment loss due to rotating
slippers and pistons yields Eq. (29). Meanwhile,
assuming linear velocity profile du/dr=Rcw/
(Ru—Rc) along the radial gap between inner
surface of the motor housing and outer surface of
the cylinder block, one can obtain the churning
loss moment Eq. (30), by integrating shear stress
of Newtonian fluid z=py-0u/dr over the cir-
cumferential area Ac=277 - [c+dr of the cylinder
block over the moment arm # from Rc¢ to Ry.

A.6 Bearing loss, Eq. (31)

According to Jang 1997, loss moment of a
bearing dissipated by its rotating speed and ap-
plied normal force is given by

Misr=Mrosr+ Mrpsr (A10a)
Myosr=fopr-160-diy
Vo= e ooty A1
(1/ p* n>1/30000)
Mipsr= fpsr+ Fnpr dsr (A10c)

where the normal force Fz applied onto the
two bearings is sum of the normal force Fsp Sin @
acting by each slipper via the cylinder block.
From Egs. (10) and (11), it can be approximated
by neglecting inertia and viscous friction forces
as
Fousr ;%- (FpetFyp) -tan a

(A11)
=3 (1+25) - ArAp-tan @
where the term z/2 is inserted because of the
statement in the first paragraph of appendix A.3.
Hence, one can obtain Eq. (31) where the speed
dependent moment of Eq. (A10b) is simplified.
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