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Abstract

Hydraulic machines wssd in a mumber of applications ars
highly now-linear systems. Besides the diwmamic coupling
bstween the different links, thers ave signjficar actumor now-
Iimsarities due fo the inhsvent properties of the hvdraulic svs-
tem Automation of such machines regquires the robotic machins
to be atieast ar productive as a manually operated machine,
which in fwn make the cazs for performing fasks optimally
with respect to an objective fimction (sqv) composed of @ com-
bination qf time and fusl uzage Optimal path computation
requires fast maching modsls in order to be practically wable

Thiz work examinss the use of memorv-bazsd learming in
constructing the model gf a 25-ton kvdraulic excavator The
learned acruator model iz wwed in conjunction with a linkags
adiramic model to construct a complsie excavator model which
iz much faster tham a complete anahtical modsl. Test results
show that the approach sffectively captures the tsractions
Bstween the diffsvent actuarors.

L. Introduction

Hydraulic machmes are commonly used m the areas of con-

struction, numnz and excavation. A typical machine used fre-
quently m excavation - a hydraulic excavator (HEX) - 12 shown
m Fiz 1. Today attention 1= bemng focuzed on aufomahng tasks
such a5 mass excavahion and confinuous mininmg where a dig-
zing machine fills a bucket wath matenal from a pils or a rock
face, transports the bucket load to a waihing truck or comreyer
balt, and dumps the load m the truckbedbelt. Such tasks are
ideal candidates for automation since theyv are repehitrve and
there exusts room for enhancing productmity:.

Fiz 1. Atnpical excavating mackine (Hydraulic Excavator)

Automation can be a practical reahty only if the robotic
machine 15 more productrre than a manually operated one. Thas
requires that tazsks be performed optimally to munimize a com-
binztion of performance ohjectmves such as tme per bucket
load and fuel consumphon Optimal mohon computation m
tum requires a robot model which defines the constraint surface
for the path optimization problem. A complete robot model
consists of an actuator model and a2 linkage dynamics model.
While the hnkazs dynanues for an excavator robot can be mod-
aled usmng the well-known Newton-Euler equations, the actua-

tor modal 1z rather complex and non-lmear. The non-lmeartty
iz due to the highly non-linear hydraulic system. and also due

to the power coupling befwean the actuators, which are pow-
ared by a linuted power source (1.2 the Eugiue}. An analytical
actuator model for an excavator 15 therefore computationally
EXpensIE.

This paper describes the construction of a fast hydrauhic sys-
tam and actuator meodsl for an excavator through memory-
bazed learming. The leamed mode] has been used to construct 2
complete excavator model which meludes the second-order
hinkzge dvnanics m addihion to the actuator medel. This com-
pleta model 13 zbout an order of magmtude faster than a com-
parzble analytical model.

The following notation will be uszed throush the rest of this
document: “Linkare dynamic medel” refers to the system of
Mewton-Fuler eguations that descmbe the dymamics of the
excavator's links, while an “actuator model” descnibes the actu-
ator charactenistics. The term “machime modal” refers to 2 com-
plete excavator model which includes both of the above.

Although ophmal motion plamming can be performed with
slower machime models, fast models raise the possibality of per-
forming the optimal path computation as needed. even onboard
the robot, rather than pre—cc-mpmr it off-line An optimal
motion computahon may requre a few thousand evahiations’
aimmlations. and the speed difference between a slow and a fast
mods] could translate o the optmization takane a few days
versus a few hours.

Faszt machme modals are alzo neadad for collizion avomdznce
throuzh predictrve simulation of motion commands befors they
are executad. The expected trajectory through space can be
scanned for colhizions and the robot stopped n time 11 the event
of a predicted collimion. { The use of predictr-e models 15 neces-
zarv when the maszes are large and'or the velocres are high
aince the dynamics of the system can make the responsze quite
different from a lmear extrapolation of the velocity [3])

The uwse of machine learmmg techmgues to learn robot
dynamics 15 not new. Meural networks that learn the dynamac
aquahions of a robot mampulator ([2][3]) have been used in
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model-bazed controllers. In [4] 2 neural network was used to
leam the error bebaeen an amalytical dynamie model and actual
machine bshaior during operation of the controller. This
leamed error funchion was used to mmprove controller perfor-
mance. Althouzh all the aborre cited researchers describe howe
neural networks mproved confroller performance, they do not
dezcribe how well the nmewural network leamed the dvmamuc
model. Thas 15 probably becausa ther soal was to improve con-
troller performance and not learn the dynamic model. In [§]
MeDenell at al. descnibe the construction of an analyhical prneu-
matic cylmder model, which was uzad to mprove the control
by modallms the non-lmearities mherent mn pneumatic actua-
tors. However, therr pneumatic robot does not encoumter amy
flow lmutations (and hence actuator mteractions of the type
Saem 1N at'-.'plcal hydraulic mar_hme}duethepraal-:e of a larze

encugh reservolr of gh-prassure air.

In [¥] Smnzh et al. uze a simple approach to handle the fow
distmbuation between multiple hydrauhic eylindars on a hydrau-
lic machme They assume that the cirowt wath a valve closest
to the pump gets all the fow 1t requires, and the remaimmgs Aowr
15 distnbuted among the rest. Thiz approach 15 vahd when the
mteracting cylinders have very different force loads, bat not
when the -::'l.]mder-z. have similar force loads.

The rest of the paper 1= orgamuzed as follows. Sec Il grves a
brief descnphion of the structure of the equations mrrobved na
complete analvtical model, to introduce the reader to the nature

of such a problem. The following sechion (Sec III) descnibes the
memory-based leamune approach used to leam the actuator

model. The results of the leamung exarcize are described m

Sec IV followed by some conclesions m Sec V.

II. Problem background

The testhed used for the work desenbed m this paper 1z a
Caterpallar 325 HEX, 51mJlarmthec-nemFJg1 Thiz machine

has two tracks which gre it the ahility to tum-m-place. The
exxcavation actrties are performed using four jomts drrven by
hydrauhe actuators. These are:



where P 13 the pressure m a confrol vohume, [ 15 the bulk
modulus ofthe c1l, V 13 the vohmme of o1l m the control volume,
and () 1z the flow rate through the confrol volume.

Parl & Parl B

MNOTE: High pressure oil emiers through parl A or B while low
pressung ol axis b ather

Tiz 3 Sckemmic of hi-girsctipeal hydraulic oyfinder
The force balance equation for a cyvlinder - boom, shek or
buckat, 1=
¥ = P1A)—Podq—f o= T priction (2

where m 1z the mass of the cylmder rod, P, 1= the pressure
with the subsenpts mdicatng the two eyhnder chambers, A; 1=
the surface area on the two sides of the cyvlinder mston, f47 1=
the force on the cylnder due to the inkases, and f5; ;.. 15 the
fnction force on the piston. The force load 1= due to hnkagze
dynamucs and tip forces. Howetver, m the work descnbed 1n this
paper, no forces (e.g. digging forces) are applied at the bucket
tip - only free space mofion 13 considerad.

The cvlinder extension x 15 mapped to the jont position §11a
a non-linear fimction: x_., = C(0)

cxi
The lmkage force f.; appears m the emcavator lmbaze
dynamic equations: ’

MO +¥V(0,0)+G(O) = 1 )

where each jomnt torque T, 15 related to the corresponding cyl-
mnder force via the transform:

7

fnJ Cfﬂ ] {3

Thus, the complate solifion of the response of even the zim-
phified hydrauhe system m Fig 2 mreobres the simultaneous
sohition of mmltiple onfice equations (Eqn 1), multiple com-
pressibility equations for all the o1l volomes (Eqn 2), and force
balance equations for each cvhnder (Eqn 3, Eqn 4, Eqn 3). A
steady state solubon would not melude the iwmd dymamics m
Egn 2. The excavator hydraulic system also has non-lmear
componants such as the check-valves (shown m Fig 2) which
prevent ol flow from the cylmder to the purmp.

A complete analvtical model of the excavator which meludas
Imkage and actuator dynamics 1= a coupled eighth-order non-
Imear system of 513 eguations, which = parhally descrnibed n
[1]. A detailed modsal of the complete excaator hydraulie sys-
tem ha: bean constructed using a propnietary nomencal solver,
and 1ts performance has been verthed agamst results obtamed
from the CAT 315 testhed. Thiz detanled model takes approx.
100 zacs to simulate 1 sec. of a typical excavation cycle when
nmmng on a SUM Sparc2 workstation.

IT1. Model construction

The purpose of the leamed HEX model 15 to a1d m optmal
motion computation which requires mamy robot motion simn-
lations when searching for the optimal. It 1= mot very essential
to capture all the transients mn the robot responze since the time
pencd of the cscillatory transients (for all the jomts of the
HEX) 1= much smaller than the time-wandow of mterest. As a
result most of the oscillatory error due to the steady-state
approximation gets mteerated out. (For instance the lowest
resonant frequency of the boom joint 15 1.5 Hz.) This pnnciple
governs the actuator model construchon.

R st o T~ cylrete s
LY .

. .I,.“n .*._J .,_.-'1._

E:.r"n:“.l.i“-. Fiy_chut unbow R cpmoar us
source 4 1/ -'"'.,I.-"-.‘-"'-_"'-,’-"'-._l.-"'-_

—_—
= q:I-:-L-lll'.l','|.|..||.|. T S
'Iilll.ll.nl_l"lq—l_ll"lllll“nlilll.'l_
HOTE: 1. Rasishors are non-inaar -
2. Ry orifea Teiers 1o thee fiow resisianca

offenad by Bree pump-In-cylinder and oylinder-to-lank orfcos.

Fiz. 4 Elsctrical equivalent of nvdraulic systam
The complete excavator model 1s parbihoned mto the actua-
tor model and the linkase dymamics. Eqn 4 1= uzad to caphare
the linkare dynamics, while memery-based learming 1= used to
construct the actuator model as described belowr,

To understand the construction of the actoator model it
would be useful to first understand the basic concept belind the
phyzical operation of the hvdranhie system showm m Fiz 2. The
boom-bucket part of the hydraulic crcomt m Fig 2 can be
viewed a5 a parallel combination of resistors as shown in Fig 4.

The flow of hydraulic o1l mto any cevhinder determimes the
velocity of that evhinder. The flow (current) from the pump
{current source) is distributad between the thres parallel paths.
The flow (current) going down each branch 1= determined by
the ratic of the resistances of the different branches. Fora grven
zet of orifice areas - boom, bucket and bypass - and for 2 grven
zet of boom and bucket cylmder loads, the distnbuhon of flow
betaeen the different paths can be determuned for a steady-state
condition. This in tum allows the determunzhon of the steady-
state cylinder velocities,

We therefore approxmmate the actuator velocity responss by
the steadyv-stars actuator responsa for a grven set of onfice areas
and cyhnder force loads. The force loads themselves are not
restricted to be steadv-state forces - they a:emmpmedusmg
the dynamic model (Eqn 4) of the exeavator. This approsima-
tion 1= made =zinece learmmns the complete actuator dyvmamacs
requires the specification of a set of state vanables 1n addition
to the orifice areas and cyvhnder forces, which greatly mcreaszes
the dimensionality of the space. The approximation 13 justithad
since the machine model baing developed is not focused on
simulatmg fransients.

The different ortfice areas (Fig 1) are controlled by the posi-
tion of a control spool. For example, the position of the boom



