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A cylinder block for a hydrostatic transmission has a rotat-
able piston housing with a plurality of piston bores ar.'angtd
in a circular pattern in the housing. A piston clement is
slidably mounted in each bore. Each of the piston clements
has an outer end extendible oul of an open erd of each of the
hores. A well or sc having a rounded bottom portion is
in the outer end of cach of the pistors. A piston slipper
clement comprising an arcuate basc (a ball) is rotatably
mounted in the socket. An arm extends outwardly from the
ball and has a laterally extending flat planar surface at the
other end. The fla: planar surface slidably engages a swash-
plate baving a planar control surface. The nce from the
center of the ball to the flat planar surface cater than the
diameter of the piston element.
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Monika Ivantysynova

Iaba Fluid Power Research Center This paper develops a new mmpmuumml approach for energy management in 4 hu[/ uu-
School of Mechanical Engineeri lic hybrid vehicle. The 1 hm, called approxi stochastic diffe
Purdue University, dynamic programming n\)l)l)f’; is a variant ufthmhmu m/,('mrlm/ dynamic program-

West Lafayeite, IN 47905 ming algorithm. The simulation results are discussed for
e-ma'l: mivarlys@purdue.ecu Agency drive cyeles and one real world cycle based on
ASDDP n(umnlmz is demonstrated as real-time driver hr/-m ior learning, and for ecasted
road grade information are incorporated into the control setup. Real-time potential of
ASDDP is evaluated in a hardware-in-the-loop (HIL) experimental setup.

[DOIL: 10.1115/1.4042253]

1 Introduction

The hybrid vehicle offers a solution for personal, public, and
commercial transportation vehicles which can significantly reduce
fuel consumption and engine emissions outpul in comparison 10
conventional vehicle solutions. The stochastic nature of driver
behavior and driving environment presents one of the biggest
challenges in hybrid vehicle control. In both hybrid electric
vehicles (HEV) and hybrid hydraulic vehicles (HHV}, the (.nnm)]—
ler must ensure proper charge of th
ensure future driver demands can be
system constraints and maximizing overall \)‘\(uu efficiency.
Early solutions to the hybrid vehicle control problem involved
finite horizon dynamic programming (DP} simulations for prede-
fined drive cycles. Although globally optimal. the resulting open
loop control trajectorics were only valid for the defined drive
cycle. Heuristic feedback policies were then formulated in an
attempt 1o replicate the properties of the open-loop control trajec-
tories resulting from the DP simulations [1]. Other solutions have
relied on model predictive control (MPC) [2]. where optimization
is performed along a future horizon assuming some simplified
form of driver behavior. A benefit to MPC is that real-time informa-
tion can be incorporated to make immediate changes to the problem
formulation, resulting in a controller that is more closely tuned to
present driving conditions. In Ref. [3], MPC is used for energy man-
agement of an HEV wilh driver torque demand modeled as an cxpo-
nentially decreasing process. In Refs, [4] and [S], the horizon
optimization considers forecasted information provided by on-board
telematics. By incorporating a simplificd model of driver behavior
and infc regarding the envi . MPC methads do not
require the formation of policy heuristics. However, these methods
ignore the underlying stochastic nature of driver behavior.

Modeling driver behavior as a Markov chain has proven an

networks (NNJ to sepresent the value function and state-feedback
policy mapping. (0-d! ing is I in
Ref, [14] to minin impressively complex objective function
comprising fuel consumption and engine emissions in an HHV. The
work of Ref. [15] suggests that stochastically robust methods such as
SDP may not provide optimal fuel economy when mispredictions

xist. Such mispredictions can be caused, for example, when the
MAIl\o\ chain model used in the SDP formulation is not representa-
tive of the actual drive cycle, emphasizing the need for adaptation of
the statistical model if stochastic methods are to be employed

Stochastic model predictive conirol (SMPC) methods [16] com-
bine stochastic optimization with feedback via repeated computation
of an optimal predicted trajectory. A \|mq“e challenge © SMPC is
the develop of
dle the computational burden associated with stochastic optimiza-
tion. A stochastic quudratic programming (QP) solver for Markov
jump linear systems with transition probability estimation is pre-
sented in Ref. [17] for HEV epergy management. Here, driver
behavior is represented as a Markov chain and multiple scenarios are
generated along a variable length horizon. To reduce computational
burden, only scenurios with relatively high likelihood are considercd
A method for predicting road grade is incorporated in the framework
of SMPC in Ref. [18]. Here, road grade and driver behavior are mod-
eled as independent Markov chains, and the subsequent stochast
optimization is performed with finite horizon SDP with reported exe-
cution times between 10 and 100s on an Intel Core i7-4790 central
processing unit.

Neural nerworks are used to predict driver acceleration demand
and vehicle velocity along a finite horizon in Ref. [19]. An MPC
formulation is used to carry out the finite horizon optimization. A
major finding in Ref. [19] is that an MPC strategy based on
\N based velocity predictions outperforms the same  strate;

cffective approach for capturing driver behavior [6-8]. $
dynamic programming (SDP} [9] works directly with the \'Inrl\n\
chain model to formulate control policies which consider possible
future driver behavior, minimizing the expected cost of the objec:
tive function over a time horizon. SDP has been widely explored
in the context of hybrid vehicle control [6,10-12]. Like its deter-
ministic counterpart, SDP scales poorly to problems involving
large state and action spaces. Neuro-dynamic programming
{NDP) [13] alleviates the scaling issue through the use of neural

i
s T[\(\ ‘«{E\M ROV
X manuscript received December 11, 20
14,2019, Assoc. Editor: Mahdi Shiahbakhi.

JoukNaL o DYNAM
2. 2018;

January

Journal of Dynamic Systems, Measurement, and Control

Markov chain-based velocity predictors. The N
and Mdrl\o\' chain were both Irnned on a large data set and eval-
uated on a separate data set. The authors of Ref. [19] explicitly
state that no learning mechanisms were used to estimate the
parameters of the Markov chain in real-time, possibly eliminating
one of the most flexible and useful attributes of the Markov chain
driver modeling approach for hybrid vehicle energy management.

This paper adds two original contributions to the related litera-
ture. First, a new computational method for hybrid vehicle energy
management is developed. The method, called approximate sto-
chastic differential dynamic programming (ASDDP), is a stochas-
tic variant of differential dynamic programming [20]. ASDDP
relies on the multistep Markov transition matrix to significantly
reduce the computational corplexity of the approach developed
in Ref. [20]. A mechanism for planning heyond the finite horizon

MAY 2019, Vol. 141 / 051003-1

Copyright © 2019 by ASME

e Hydraulic hybrid vehicles
* Energy management
* Proper charge of the energy storage system

Hydraulic
accumulator

s Mech path
BN [|uid path

kl | ‘
Pump
LJ

] Reservoir
Engine

Fig.1 Series HHV

N.D. Manring

Slide #9



CCEFP Summit at Purdue in Honor of Monika Ivantysynova Purdue University, June 4-6, 2019
Seminal Book...

Seminal Book ...

lvantysyn, J, and M. Ivantysynova. 2003. Hydrostatic Pump and Motors:
Principles, Design, Performance, Modelling, Analysis, Control and
Testing. First English Edition. (First published in German, 1993.) Tech
Books International. New Delhi, India.

1955 - 2018

N.D. Manring Slide # 10



CCEFP Summit at Purdue in Honor of Monika Ivantysynova

Seminal Book...

Purdue University, June 4-6, 2019

Hydrostatic
Pumps
and Motors

First English Edition

Jaroslav lvantysyn
and Monika Ivantysynova

i
< voceL

“The main objective of this book is to provide a
comprehensive account for design and analysis of

hydrostatic pumps and motors similar to the

popular technical literature in the classical

branches of mechanical engineering like turbines,

centrifugal pumps, compressors and internal

combustion engines.”
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“The aim of this book is not only to give the
reader the possibility to understand the working
principles of hydrostatic pumps and motors but he

should also be able to use modern computational

methods for the design and analysis of
displacement machines as well as fluid power

systems.”
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Bent axis motors

Radial piston pumps with
external piston support

—[ Piston machines } <

%Radual piston machines 1—4

Radial piston motors with
extesnal pisten support

Radil piston pumps with

internal piston support

Radial piston motors with
internal piston support

In-line piston pumps

_{ In line piston machines r

External gear pumps

Displacement

machines

1

-

Gear machines

_{ Screw machines

-{ Vane machines
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1

External gear motors

Internal Jear pumps

intemai gear motors

Annular gear pumps

Annular gear motors

S

I

Vane pumps

Vane motors

Rigid vane pumps

Rigid vane motors

Rolling vane motors

Other pumps

Other motors

Fig. 4.9. Axial piston pump of swash-plate design with spherical cap piston
(1) Piston (2) Cylinder-biock (3) Valve plate (4) Drive shaft

(5) Swash-plate, E inlet, A outlet.
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Fig. 4.10. Axial piston pump of swash plate design with slippers
(1) Piston (2} Cylinder-block (3) Valve plate (4) Drive shaft
(5) Swash plate (6) Slippers, E inlet, A outlet
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Fig. 4.11.
shaft axis

Purdue University, June 4-6, 2019

Axial piston pump of swash-plate design with pistons arranged inclined to the

(1) Piston (2) Cylinder block (3) Valve plate (4) Drive shaft (5) Swash plate
) . X (8) Slipper, E inlet, A outlet
Fig. 4.1, Classification of hydrostatic machines.
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Hydrostatic drive developed by William and Janney in 1905
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* CASPAR

COMPUTER AIDED OPTIMIZATION OF BEARING AND ° (C_AICUIat|On Of §WaSh Elate Type AXlaI P|St0n Pump and Motom

EALING GAPS IN HYDROSTATIC MACHINES
- THE SIMULATION TOOL CASPAR

Uwe Wieezorek and Monika Ivantysynova

* “For the first time it is possible to calculate the gap flow and thus the
. losses due to viscous friction and leakage in all gaps of the rotating
Thesmuaion ool CASPAR (Calltonofsvash plat typ aa pisionpurmp and metor) i prsenid n i o group of a swash plate machine with the here presented simulation

per. Based on the simulation of the flow through the Tubricating gaps in swash plate type axial piston machines the pre
sure, velocity and temperature fields in the considered gaps can be determined. This allows the calculation of the ma
Josses generated in the machine due to viscous friction and gap flow. The individual gaps are connected in a complex t I C A S P A R ”
way to cach other. The calculation of the gap flow requires the determination of the instantaneous gap heights for all O O .
considered gaps. This is realized by solving the motion equation for all moveable parts of the rotating group. For deter-

mination of pressure dependent external forces the instantaneous pressure in the e chamber is

simultancously. The program further caleulates the instantancous inlet and outlet flow of the swash plate machine for

pumping and motoring mode as we! internal volumetric losses.

* Iterates until it finds the piston eccentricity, etc.

This manuscript was received on 31 January 2002 and was accepled
afler revision for publication on 21 March 2002

Technical University of lHambury Nesspriel 3, 21129 Hamburg, Germuny

burg.de

1 Introduction
mainly on the operating pressure, the rated speed. the
The enormous increase in the performance of com- viscosity of the fluid and in case of variable displace-

puter hardware makes the use of computer aided engi- ;‘ﬁm:}\;: ;::1:;: e Sl il sttt ol o H | g h e St I ea ka ge on t h e I ow p ressure s | d e Of t h e p um p

neering tools possible for many applications in almost

all branches of engincering. Since the development of and friction losses of the displacement machine and
hydrostatic machines is usually based on expericnce with it the achievable efficiency. For the development
made with former products and many tests are neces- of hydrostatic pumps and motors with higher efficiency
gary; it desirable Whiat conipiter sided ernginesring rates and with a simultaneously high service life an
tools can be used for the design of hydrostatic ma- optimal gap design allowing a minimum of friction and . . . .
chines, At the Tnstitute for Airesat Systoms Engineer- volumetric losses in the given parameter range of the ° A ccou nts fo r IO ca I Viscos |t C h anges I ea k age an d f ri Ct Telg
ing of the Technical University of Hamburg-Harburg machine is urgently necessary. There has been a series y g g
the simulation tool CASPAR (Calculation of Swash of reasons which had not allowed the application of
Plate Type Axial Piston Pump/Motor) has been devel- appropriate design methods in the past. For example the
oped. The developed simulation tool is focused on gap geometry leads mostly to mathematical models with
swash plate type axial piston machincs. For the design partial differential equations describing the laminar gap
of disnl h the ¢ ation of gap flow flow, which can be solved only numerically, ie. an
plays an important role. The gaps in displacement ma- appropriate computer performance is needed. Further ° C | t I I 't h 1 t I It
chines undertake usually two different functions. The the gaps in displ achines are self-adjusting 0 rre a es We WI eXpe rl m e n a res u S
gap serves as sliding bearing between the parts, moving ie. the instantaneous gap geometry is given by the
relatively to cach other and accomplishes a sealing equilibrium of forces acting on the individual parts
function. Due to this double function the gap geometry resulting from the operating parameters of the machine.
is not a constant value but depends on the particular This requires a simultancous gap simulation of all con-
pera I rs of the displ machine, cerned gaps, whereas the individual gap heights are

calculated for each time step with the help of the mo-

N.D. Manring Slide # 19



CCEFP Summit at Purdue in Honor of Monika Ivantysynova Purdue University, June 4-6, 2019

Most Cited Paper ...

20

International id Power 3 (2002) No. 1 pp.

. Introduction

. Simulation tool

COMPUTER AIDED OPTIMIZATION OF BEARING AND
SEALING GAPS IN HYDROSTATIC MACHINE
- THE SIMULATION TOOL CASPAR

. Calculation of gap flow

Uwe Wieczorek and Monika Ivantysynova

Technical University of Humburg-farburg, Institute for I Sustems Er
b M. Ivantysynoval

-harburg.de

. Pressure in the displacement chamber

Abstract

The simulation tool CASPAR (Calculation of swash plate type axial piston pump and motor) is presented in this pa-
per. Based on the simulation of the flow through the lubricating gaps in swash plate type axial piston machines the pres-
sure, velocity and temperature fields in the considered gaps can be determined. This allows the calculation of the main
losses generated in the machine due to viscous friction and gap flow. The individual gaps are connected in a complex
way to cach other. The calculation of the gap flow requires the determination of the instantaneous gap heights for all
considered gaps. This is realized by solving the motion equation for all moveable parts of the rotating group. For deter-
mination of pressure dependent external forces the instantaneous pressure in the el chamber is
simultancously. The program further caleulates the instantancous inlet and outlet flow of the swash plate machine for
pumping and motoring mode as well as internal volumetric losses.

. Motion equation

neering, Nesspriel 3, 21129 Hamburg, Germany q

. Simulation results

Keywords: axial piston machinc, non-isothermal gap flow, prediction of losses, computer aided design of swash p

a. Piston

This manuscript was received on 31 January 2002 and was accepled
afler revision for publication on 21 March 2002

1 Introduction .
mainly on the operating pressure, the rated speed. the b SI I e r
viscosity of the fluid and in case of variable displace- . p p

The enormous increase in the performance of com-
puter hardware makes the use of computer aided engi-
neering tools possible for many applications in almost
all branches of engincering. Since the development of
hydrostatic machines is usually bascd on expericnce
made with former products and many tests are neces-
sary, it is desirable that computer aided engineering
tools can be used for the design of hydrostatic ma-
chines. At the Institute for Aircraft Systems Engineer-
ing of the Technical University of Hamburg-Harburg
the simulation tool CASPAR (Calculation of Swash
Plate Type Axial Piston Pump/Motor) has been devel-
oped. The developed simulation tool is focused on
swash plate type axial piston machines. For the design
of displ. hines the ¢ ation of gap flow
plays an important role. The gaps in displacement ma-
chines undertake usually two different functions. The
gap serves as sliding bearing between the parts, moving
relatively to each other and accomplishes a sealing
function. Due to this double function the gap geometry
is not a constant value but depends on the particular

ati rs of the d machine,

ment units also on the adjusted displacement volume
The gap geometry influences strongly the volumetric
and friction losses of the displacement machine and
with it the achievable efficiency. For the development
of hydrostatic pumps and motors with higher efficiency
rates and with a simultaneously high service life an
optimal gap design allowing a minimum of friction and
volumetric losses in the given parameter range of the
machine is urgently necessary. There has been a series
of reasons which had not allowed the application of
appropriate design methods in the past. For example the
gap geometry leads mostly to mathematical models with
partial differential equations describing the laminar gap
flow, which can be solved only numerically, ie. an
appropriate computer performance is needed. Further
the gaps in displ. achines are self-adjusting.
i.e. the instantaneous gap geometry is given by the
equilibrium of forces acting on the individual parts
resulting from the operating parameters of the machine.
This requires a simultancous gap simulation of all con-
cerned gaps, whereas the individual gap heights are
calculated for each time step with the help of the mo-

e.

Cylinder block
Total losses

Swash plate moment

7. Conclusion

N.D. Manring
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* Conducted at the Technical University of Hamburg-
Swash plate Slipper Piston Displacement Cylinder Valve plate
/ chamber block \ /

/ \ " / Harburg (2" stint, 1999-2004)

\
NS SIS TSN NNNANY

s * .

* Volumetric and friction losses

'Vi\ | ZZ R
A k< R AR
AN %

\ ‘ Energy equation)

* Numerical solutions for PDEs (Reynolds equation and

* “For the first time it is possible to calculate the gap

22 @4\~
SOOI @

flow and thus the losses due to viscous friction and

TS ,\\\\K leakage in all gaps of the rotating group of a swash
Fig. 1:  Swash plate type axial piston pump plate machine with the here presented simulation tool
CASPAR.”
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Input: Initial values

Sreriing ramidi * Numerical solutions for PDEs (Reynolds equation and

Geometry Data

# Energy equation)

i Motion Equation Cylinder Block _ * |teration is done to solve the motion equation

Motion Equation Slipper [

(eccentricity for pistons)

Motlon Equation Piston

T S = __‘ G omet F-’ ; : z
’ Balance of Forces aAp b Gap Flow Simulation Piston
n+ n
A [ ;
e | = g g Fluid forces Non-isothermal gap flow
| fy =—Fy (e.&.0) ~Fy ()= Fy.(,)=0 Reynolds- and Energy Equation
Solve Differential External forcesw

Equation L 1 |
Pl = pa+ A, A e Leakage flow |
e =e" + Até Pressure in the Cylinder Chamber '

dp, J

. |QQ—0 Q——l -

* MATLAB programing plus the graphical user interface
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Calculation of gap flow ...

* Laminar flow is assumed (low Reynolds number)

* 2 dimensional Reynolds equation is solved numerically

* Negative pressures are set to zero

* Local changes in viscosity are calculated using a model
that adjusts for local pressure and temperature

* Energy equation is solved numerically to calculate the

local temperatures

gap height A

* Incompressible fluid

* Finite volume method is used to solve the PDEs

(Pantankar 1980)

Fig. 3  Gap between piston and cylinder
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Fig.5: Displacement chamber
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Fig. 6: [Instantaneous pressure in the displacement cham-
ber

Pressure in the displacement chamber ...

e Pressure-rise-rate equation with fluid compressibility

» Leakage calculations (3 places) coupled to the PDE
solution for gap flow

e Simple model for valve-plate flow

e 75cc test machine

* Correlates well with experiments

N.D. Manring

Slide # 24



CCEFP Summit at Purdue in Honor of Monika Ivantysynova Purdue University, June 4-6, 2019

Most Cited Paper ...

+_VK

3 2D AAN AR RNRNRAY

\ NN \\\\ \\
R N\ & N

N O AN

m N

\ ™\
¢ | Fox pp [N
) | 2K LD

K

N
N 0\
ZI

7

-

Fig.7:  External forces applied on the piston

Section B-B —il Section A-A
Piston Bushing Yk

Fig. 8:  Radial movement of the piston

Motion equation ...

» Static equation of forces acting on the piston (inertia is
neglected)

* Squeeze film equations are used to create an ODE for
modeling the motion of the piston in the radial
direction

e Eccentricity in 2 places, in 2 directions is calculated

* If metal-to-metal contact is found, the piston is
assumed to deform elastically

e Effects of hydrodynamic lubrication were not

considered at this stage ...

N.D. Manring
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0 R Simulation results — piston ...
Z a0 AR AR e @Gap height is calculated as shown in the figure
s L LR
5 00 NSRRI
‘S S ."',"‘7'1{' 2k .'0 (] . 5 .
- o \%&WM" * “During the high-pressure phase the leakage flow is
0 0o less than during the low-pressure phase. This can be
25 ———_ 180 o 0Q
0.5 T~ e &
- 75 T §et™ .
TR S explained by the fact that Couette flow has a stronger
a) p=0°

influence than Poiseuille flow.”
* Piston friction forces (not shown here) are comparable

to measurements taken on a special test rig.

gap height h [pm]
>l
S
1

0.25 T
€ e

D
8ap ’C‘ngth l'\/]\ 0.75

b) o= 180°

Fig. 11: Gap height between piston and cylinder
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Simulation results - slipper ...
54 * Leakage flow during low pressure is larger than the
T high pressure phase low pressure phase
i N leakage during high pressure
2D
= 0.2}
Ei A y Slipper p AV
S 0.15
Ql 3 Piston axis .
| N\ oo T
01 + gs Ty .
0.05 /\ < 7
M e
() Licza: ‘ . o o
0 60 120 180 240 300 360

rotationg angle ¢[°]

Fig. 18: Gap flow between one slipper and the swash plate

Cylinder block axis
\\ o "/

Fig. 16: Gap height between slipper and swash plate
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Fig. 21: Pressure distribution between cylinder block and
valve plate

Simulation results — cylinder block ...

Tilting moment resisted by the valve plate

Fluid film thicknesses ~ 2 microns

Torque loss ~ 22 Nm

| -

Suction Port

Cylinder Block
Bushing

\\\’A

Valve Plate Pressure Port

Fig. 20: Gap height between the cylinder block and the valve plate
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Simulation results — total losses ...
e Experimental leakage ~ 1.70 Ipm

* Experimental power loss due to friction ~ 10.07 kW

mﬁ B JQLH AR med (CASPER: 8.77 kW)

l'\)

Q. [1/min]

05F

0 60 120 180 240 300 360
rotating angle ¢[°]

Fig. 23: Total leakage flow of the swash plate pump - calcu-
lated with CASPAR
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Simulation results — swash plate moment ...

piston * Average moment for the considered operating point is

17.98 Nm

Fig. 25: Moment exerted on the swash plate due to the
piston forces
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Conclusion .

* Leakage and viscous friction have been simulated

COMPUTER AIDED OPTIMIZATION OF BEARING AND
SEALING GAPS IN HYDROSTATIC MACHINES
- THE SIMULATION TOOL CASPAR

using a sophisticated numerical program

Uwe Wieczorek and Monika Ivantysynova

Nesspriel 3, 21129 Hamburg, Germany

A * Elastohydrodynamic effects are not included here ...

Technical University of Hamburg-Harburg, Institute | i 1 Sustems En
b M. Ivantysynoval

Abstract

The simulation tool CASPAR (Calculation of swash plate type axial piston pump and motor) is presented in this pa-
per. Based on the simulation of the flow through the lubricating gaps in swash plate type axial piston machines the pres-
sure, velocity and temperature fields in the considered gaps can be determined. This allows the calculation of the main
losses generated in the machine due to viscous friction and gap flow. The individual gaps are connected in a complex
way to cach other. The calculation of the gap flow requires the determination of the instantaneous gap heights for all
considered gaps. This is realized by solving the motion equation for all moveable parts of the rotating group. For deter-
mination of pressure dependent external forces the instantaneous pressure in the e chamber is
simultancously. The program further caleulates the instantancous inlet and outlet flow of the swash plate machine for
pumping and motoring mode as well as internal volumetric losses.

e Atool for improving the design, to improve the

efficiency of the machine

Keywords: axial piston machinc, non-isothermal gap flow, prediction of losses, computer aided design of swash p

* “Asimulation tool cannot replace experiments.”

This manuscript was received on 31 January 2002 and was accepled
afler revision for publication on 21 March 2002

1 Introduction
mainly on the operating pressure, the rated speed. the
The enormous increase in the performance of com- viscosity of the fluid and in case of variable displace-

puter hardware makes the use of computer aided engi-
neering tools possible for many applications in almost
all branches of engincering. Since the development of
hydrostatic machines is usually bascd on expericnce
made with former products and many tests are neces-
sary, it is desirable that computer aided engineering
tools can be used for the design of hydrostatic ma-
chines. At the Institute for Aircraft Systems Engineer-
ing of the Technical University of Hamburg-Harburg
the simulation tool CASPAR (Calculation of Swash
Plate Type Axial Piston Pump/Motor) has been devel-
oped. The developed simulation tool is focused on
swash plate type axial piston machines. For the design
of displ. hines the ¢ ation of gap flow
plays an important role. The gaps in displacement ma-
chines undertake usually two different functions. The
gap serves as sliding bearing between the parts, moving
relatively to each other and accomplishes a sealing
function. Due to this double function the gap geometry
is not a constant value but depends on the particular

peration | rs of the d machine,

ment units also on the adjusted displacement volume
The gap geometry influences strongly the volumetric
and friction losses of the displacement machine and
with it the achievable efficiency. For the development
of hydrostatic pumps and motors with higher efficiency
rates and with a simultaneously high service life an
optimal gap design allowing a minimum of friction and
volumetric losses in the given parameter range of the
machine is urgently necessary. There has been a series

of reasons which had not allowed the application of
appropriate design methods in the past. For example the
gap geometry leads mostly to mathematical models with
partial differential equations describing the laminar gap
flow, which can be solved only numerically, ie. an
appropriate computer performance is needed. Further
the gaps in displ. achines are self-adjusting
i.e. the instantaneous gap geometry is given by the
equilibrium of forces acting on the individual parts

resulting from the operating parameters of the machine.
This requires a simultancous gap simulation of all con-
cerned gaps, whereas the individual gap heights are
calculated for each time step with the help of the mo-

N.D. Manring
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PHYSICAL LIMITATIONS FOR THE BANDWIDTH
FREQUENCY OF AN AXIAL PISTON PUMP
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Physical Limitations for the Bandwidth Frequency of a Pressure

Controlled, Axial-Piston Pump

Noah D. Manring and Viral S. Mehta
Journal of Dynamic Systems, Measurement, and Control

November 2011, Vol 133, 061005-1-12

Dedicated to Monika
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Pump Description
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ASNARRNNN

Control actuator, 4,

Valve spring, k,

Swash plate
& Pump control pressure §\ /
P \

i I
: 4 - q\\\ /
Return line, p =
(— [ [T 77]] Cradle bearing
] Piston L
» k
o, uf—
‘ | L ‘ | Y
— | ) \
" T &) e Shaft
Valve plate S ‘ L
. | \/////////////J
4 - Y
Il “ Cylinder block \}j— =3

d
P 4 Pump discharge pressure Bias actuator, 4,
d -y

Bias spring, k
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Analysis
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Discharge pressure ...

Pump discharge-line

9, » L.V, B Qu

1

Leakage, K P,

Pressure rise-rate equation ...

Pump flow ...

_ NA rotan(a)

T

Q,

Discharge flow model ...

Qi = Q, ~ KR,

Summary ...

V, dP

Gpa where Gp =

NApra)

T

——% + K(R,-PR,) = G,(a~¢a,) .

B dt

N.D. Manring
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Swash-plate angle...

Control actuator

L ’
Intake port
ln
6,,® ) T TN
’ \\
/ \ . . L
. \ Piston / Slipper b
- 1 ;
y / o
/
\ ! Swash plate

Discharge port

Section 4-4

Bias actuator

Angular momentum ...

N
| =-C—+FL -FL->RI
dtz dt bLb c ¢ nZ:l:nn

Bias actuator force ...

2
F=-MLYI% P A+F kLo

Control actuator force ...

d’a
dt?

F=M.L +P A

Slipper reaction ...

. d’a
R,=M_rsin(g,) pre

2 2
-M_ rsin(g,) o°a+P A,

+ 2M  r cos(6,) a)dd—f

Continued on the next slide ...

N.D. Manring
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Swash-plate angle...

Control actuator

—_— . LC ’
[}
Intake port
L L
6,0 BRSNS
4 \\
! \ Piston / Slipper L,
- 1 ; -
y l’ 0
/
Swash plate
- - g > L
Discharge port
Y 1_ F,

Section 4-4

Bias actuator

Equation of motion ...

d?a da

N
| +[M, +M JLP+—M r?
( (M, +M.] 2 jdt2 dt

N
(PR,A-PA)L + FL-A rZPnsin(Hn)
n=1

where the following identities have been used ...

+ C— + (kLZ—ﬁM rza)zJa
2 p

N N
> sin?(6,) =% and > sin(d,)cos(6,)=0 .
n=1 n=1

Piston pressure terms must be studied ...

N.D. Manring
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(Piston pressure ...)

Discontinuous approximation ...

T T

z A Pd —E+]/<0n <E
4

p iRy /9 %<Hn<%+7

Discharge pressure, £, \ R = T 3z
\ ] / P —+y<0,<—

\ 7 2 2
0 \\ O .. Pi+—(Pd_Pi)(9n—37r/2) 3_7[<9n<3—7[+7

A ~— Transition slot (2 places) 4 2 2

Integral average ...

N N 2z N
Y Rsin@,) — — [Rsing,)dg, = —(P,-PR)y
) 27 0 2

Intake pressure, F,

Substitution ...
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Swash-plate angle...

Intake port

Control actuator

1

Piston / Slipper

Discharge port

=<
b

Section 4-4

Bias actuator

L

Swash plate

Equation of motion ...

2
(|+[Mb+|v|c]|_2+ﬂ|v|pr2jd @, clz
2 dt dt

T (k L —%Mp rza)zj(a—ao) =

( N A r)/J
AL-—"—|(R-R) - AL(R-PR /2 ,
272. o o

where the steady-state moment for the preload of the bias spring was

substituted into the equation ...

NAT
FL = (k LZ—%Mprza)zjao 4 ?"7[ y(Pdo—Pi)—(A)

Pressure in the control actuator must be studied ...

_iijd ,
2 o

N.D. Manring
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Control pressure ...

xc
\ Pressure rise-rate equation ...

V. dP da
L L— .
0 ™~ S dt Q:+ A dt
c \
- ___ FP.,V.pB )

Control flow to the actuator must be studied ...

N.D. Manring Slide # 42



CCEFP Summit at Purdue in Honor of Monika Ivantysynova Purdue University, June 4-6, 2019
Bandwidth Frequency Paper (Manring and Mehta) ...

Control flow ...

(Control flow ...)
Qc :Ql _QZ

Metering land flow ...

tr.o . .
Q=AC, [—(P,—-P) and Q,=AC, |[—(P.—-P)
\ \ »

A
u l—— :
CV1 I l é Linearized results ...
—_— - - - — - — - _— - - - — - — —a pd
| | |
P4, | | | AN~ Q = 2K.& + K (P, —2P) .
= ~N=_ _ _ __ _ l___i_.l e
N/ Tk -
l i QlL‘ (J O, CV2 ~ Where the valve coefficients are given by
P
goo |l 4 1 { K= Gy |7 [Pe] ang k= oA
p|0og |, PPy

We need an equation of motion for the valve ...

Slide # 43
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Equation of motion ...

P4

|

NN

Equation of motion ...

d2&
MVF = PdA/_Fsp_kvé:_'_Fl—'_FZ

Reynolds transport theorem ...

F+F = _pichditd - Kfc(Pd _ch) _2Kfq§

Where the flow force coefficients are ...

A
K, = P, C?cos 2
f, d, ~d ((0)‘ o8

and K, = 2AC;cos(p)
Summary ...

d dp,
MVFHkV +2K )& = (R —R)A - K (R, _ZR)_MK°E

Putting everything together ...

N.D. Manring
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Summary
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Nondimensional model ...

discharge presure: % + ‘I’l(lf>d -1 = (a-1

)

o d’a da A
NRRRE N ] swash-plate motion: TZW + ¥, — o + ¥Y,(a-1) =¥ (P -1) - (P.-1) ,
Valve spring, 5 A A Y
e & Swash plate control presure: ¥ ﬂ =&+ V¥Y.(P-1) -V¥ (P -1) + d—Of , and
P 6 7\"d
£ L ump control pressure / dt dt
| P . d2é d|5d
Retumline, 2, | - — spool-valve motion: W¥,— + ¥, E=@1-¥Y,)P -1 + ¥, (P-1)- —=£
L
A
o, g N
NL— [ 1 2, N 2
} o= — ’ KP, 2(I+[Mb+MC]L+2Mprjao 2Ca,
uT 2 T Shaft Y, = , 2= 2 1 3T A 1 b - !
Valve plate § / ] L G, , ALP 7 ALP t
[— [T TTTIT]] 2(k LZ—EM rzwz)a
|| |I 4 Cylinder block ¢ ¥ = 2 P ¢ Po— 9 i _ w / L
., ) ) ALP, B A 2zAL) " /° 4BKur
P4, Pump discharge pressure Bias actuator, 4, 1P7 _ Kc I:)do 1 \PB — A; L ao ’ ) = Mv u 1 \Plo _ (kv +2K fq) u ’
Bias spring, 2K, u 2K U7 A P, 7* A P,
K
LPll = fe , and % P z K
A AT
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Reduced order model ...

Second order system ...

Swash-plate dynamics Pressure dynamics
i i where ...
A (04 P A
1 m(P—l) — - 7 7 [ P .
- - = 2
kAJ - s - _ 1+ A=W (Y; ¥y — Vi) and = = Y, (Y, Wy —Yy)
B, = = =
‘{IB ‘PlO ‘PS lP10
EZ
Closed form bandwidth frequency ...
- l{-’1
4
G =y {1-2¢7 +\2-2070-¢7) f
where ...
n - P &
o, =¥E,+8 and {=—1—2
2 n
N.D. Manring
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Perturbations ...

ASAARNRNN

Valve spring, £,

Return line, P,
- pR—

Control actuator, 4, a
Swash plate
£ Pump control pressure /
|| 5
A <—| !
Cradle bearing
\ L
\ 0 /I
‘ I — ( b
A N J
. T Ql & L= /I/II///I//IIII.L’//' A Shaft
Valve plate s L
Piston I: =
-~ G
[T /7777 7] S
A

Cylinder block

7

Pump discharge pressure Bias actuator, 4,

Bias spring, &

Closed form bandwidth frequency ...

Wy = @, {1—242 +\/2_2§2(1_§2)};

where ...

Nondimensional sensitivity coefficients ...

. . 0d, da,,
Dy = By, + =2 (P, =P, ) + | (P, -, )
1o 6‘1’40
day,
Tt aTno(\Pn_\Pno) )
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Perturbations ... Results ...

Table 2 Bandwidth-frequency sensitivity coefficients

Coefficient Physical dexcription Numerical value
D,
ARNRNNNNS (,( '7 Pump leakage —{L114
Control actuator, 4, a J¥ |,
. o :
Valve spring, £, Suash ol (_d(‘;"; Swash-plate spring rate —-2.82
wash plate 4 |
T / Doy .
3 Pump control pressure % f_‘\)! Discharge pressure moment exerted -1.67
|| F s |, on the swash plate
i 5 : 2, )
Return line, P 4 77 /7\/\/H v a % Open-centered valve flow into 0.735
i Cradle bearing [k o) L B
e —
Pist L Dy, g :
A k - (,)(‘;', - Yolumetric change of the control actuator —389
Ty,
2 I/ i : —
‘ L r 1 A7 Spool valve spring rate —9.51
| in
“_,— L ) 3200 . .
N ——— \ 77 72 T Pressure induced flow-force - 1.06
u Q Valve ol A : Shaft L SRR on the spool valve
alve plate &
S Piston I: =
~—————
|"" [T
) | !
| Cylinder block .
Closed form bandwidth frequency ...
Pd

Pump discharge pressure Bias actuator, 4,

P4,
Bias spring, k& \P — A& L ao
e 2K ur
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Conclusions
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1. The pressure controlled pump is a second-order, underdamped system which exhibits overshoot
and oscillation before reaching steady-state. Dominant transients are the discharge pressure and
the swash-plate angle.

2. By far, the most effective way to increase the bandwidth frequency of the pump is to REDUCE the

swept volume of the actuator, and to INCREASE the flow gain of the valve.
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CONCLUDING REMARKS
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1. She was a bright light in the fluid power community for over 30
years (vibrant, joyful, excited).

2. She contributed significantly to the art and science of designing axial
piston pumps and motors.

3. She was a friend to all of us.

4. She will be missed.

1955 - 2018
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