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Abstract resistance. Thus, the direct control of torque is noteady
In this paper, modellingnd identification of ahydraulic accomplished. Irorder to provide an effectiveand robust
servoactuator system is presented. The development of ¢hatrol of the interactiotetween a hydraulicnanipulator
model is important for further understanding tegstem and its environment, dynamic model othe robot'sjoints
and for developing a robustorce controller. Asystems is required. Inturn, a model will be useful in the
approach is used to model the variowmubsystems development, simulation and implementation abatroller
including the servovalve dynamics, fluid dynamaecsl the for a hydraulic manipulator.
vane and loaddynamics. Included in the model aliae The majority of prior work in automation t¢eleoperated
losses, leakageand hysteresis. System parameters areontrol of manipulatorsdeals with electrically actuated
identified using the elbow joint of the SARCOSlave manipulators. In terms of hydraulic actuators, comparatively
experimental  hydraulic  manipulator. Specialized less work haseen donePrevious researchhas spanned
hardware was designeahd constructedfor this purpose. both modellingand control of hydraulic actuators. With
The model was validated bgomparing simulation and respect tomodelling, some worksdealwith the traditional
experimental results. The correlation between model arsppool valve, for which therifice areas argenerally linear
actual system response proved to be very good. Hence, with respect tothe valve position. In contrast, the
developed model predicts well system dynab@bavior servovalveused inthis work is of the jet-pipe/suspension
and will prove useful in the development of a rodoste type which is more complex. One advantage of this type of

controller. servovalve isthat there is no contact betweanirfaces as
. there isbetweenthe spoolandthe spool housingAnother
1:Introduction advantage ighat these valvesan be venyfast due totheir

Many tasks tharequire humans to interacwith their small moving mass. For the jet-pipe servovalvegtailed
environment, either througtirect contact or via atool, model is proposed and studied in [4] and [12].
may pose adanger tocompletedue to precarious work In terms of control ofhydraulic actuators, modelling
location or environmental conditions. For example, somghysicaleffects isimportant. In previous worksposition
applicationsinclude hazardousvaste managementinder- and force control have been studied. A linearized model was
water operations, fire-fighting and live-line maintenance. used for position control of a spool-valve and rotary actuator

Teleoperation or automation of suctasks would system, [9]. Amodel wasused in afeedforwardsimulation
distancehumans fromdangeroussites reducing risk of filter for control of a hydraulically actuated flexible
injury andwould increase efficiency. Howevethe control manipulator, [10]. Inforce control, severalalgorithms in
of manipulators interacting with an environmentvery the hybrid position/force control have begevelopedusing
complex due to several factorsThe manipulator may be a model-basedpproach, [3], [6],and [14]. Explicit force
located on a vehicle or on a long boamdthe manipulator control algorithms for hydraulic actuators havebeen
itself may demonstratesome degree offlexibility due to demonstrated iffi4] and [11]. The impedancecontrol law,
actuator, sensandlink dynamics.Also, a particular task which is model-based, was applied to a hydraulic
may require large forces to betransmitted to the manipulator in [8]. Although the focus is on control,
environment. Of special interesire manipulators with modelling is essential iminderstandinghe system to be
hydraulic actuators, due to their high force output to weighbntrolled. One way of obtaining a faithfiand robust
ratio, theirinertance to firehazards andhe availability of controller is to include amodel-basedportion in order to
hydraulic power in mobile applications. reduce control effort.

Hydraulic actuators furthecomplicate the control of  This paper dealswith the accuratemodelling of the
manipulators in contact with their environment. Unlikeelbow joint of a small slave SARCOSdexterous
electrical actuators imvhich acurrent produces #orque, a manipulator with the goal of using thisodel for control
current input to a hydraulic actuator modulates valvepurposes. Thismodel includeshysteresis,orifice areas,



damping, and leakage. To date, no model of a hydraulicallshereL, the Langevin function, andlare given by

actuated joint which includes servovalaedrotary actuator o ) ) 1
dynamics is available inthe literature. Thepaper is L(I,Ihys)=coth(yo(|+alhys))—m
organized asfollows: in Section 2 the physical o b5 3

characteristics ofthe joint's subsystemsre discussed. 5:sign(i')

System equations are given. Section 3describes the

experimental setupnd discusses th@arametersdentified The scaling factor]\, which is less than unityor minor
andthe proceduresised. Section 4ompares experimental |00p generationdepends onthe switching pointand the

results with simulation resultsyalidating the model. Major loop which saturates igt= +1A. The parameterg,,
Finally, conclusions are given in Section 5. a, andk, affect the inclination and width of the hysteresis.

2:System Modelling 2.2: Valve Tip Dynamics _

Due to thehighly non-linear nature othis hydraulic The servovalve consists of a moving element actuated by
system, the possibility of instabilityand limited @ small torque motor. An input current modulates the
performance incontrol is high. Thus, anodel of each Position of the valve tip opening supply and return orifices,
subsystem will allow araccurate characterization of theallowing flow to enter and leave the actuator. THyaamics
system and a good prediction of the system’s behavior. TR the valve tipcan be approximated by a secoouder
hydraulic joint system is composed of a one-stagelumped parametersystem with mass,m,, damping
suspension type servovalvéydraulic lines, a rotary Ccoefficient,b,, andstiffness,k,. Furthermore, as thealve
actuator and a load. Easlibsystem is shown in Figure 1.tip moves, flow forcesre generated due tocaange in the
The bond graph ofthis system is given in a@revious direction of fow of the fluid. For the suspensiotype
technical article [1]. In this section, the equatialescribing Vvalve, a suitable physicallpased characterization of the
the dynamics of thessubsystemsare discussedThe end flow is not available although an experimentalhased
result is a set of first order nonlinear equations of the formmodel was proposed by [12]. The valve hysteresis is lumped

x = foxU), Y= gxu) e into in,sas discussed ithe previous sectiorlherefore, the

) ) T ) dynamic equations of the valve tip in state space form is
First, consideration is given to the hysteresffects in the ;

=V,

servovalve. Second, the valtip dynamicsare described. =W

Fluid dynamics are then discussathng with thevane and v :i(Bih +F —hy, ‘KXV)
v n’l, S Vv

load system equations.

The neteffect of iy, is a hysteresidetweenthe input
currentand the valve tip position, x,. The hysteresis and
valve tip equationsEgs (2), (3), and (4) combine to
characterize the behavior tfe servovalve. Since thalve
tip dynamics may be fastcompared to other system
dynamics, it may bénored inthe controllerdevelopment,
[7], but is included here for completeness.

2.3: Fluid Dynamics
From the schematic of the joint, Figure 1, four types of
flows can be identified. These includw through lines,

- ) . flow through orifices,leakageflow and flow through the
An important phenomenon in theservovalve is actyator. Line losseare represented dmear resistances.
hysteresis. Inorder to include the hysteresis model, an Fyid inertance due to fluid mass in the lines as well as fluid

additional differential equation iaddedwhich requires, as capacitancedue to fluid compressibility are taken into

(4)
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Figure 1. Joint and Valve Schematic.
2.1: Servovalve Hysteresis

input, theactual currentand produces autput a virtual
current,iy,, Which modulates the valve position.

To mathematically represent the phenomenon of
hysteresis, anodelbased onthe Jiles-Atherton theory for
magnetization offerromagnetic material is usefh]. The
model issuitable for insertioninto system simulation. It

accounts for major and minor loops with knowledge of only

the switching point. For modelling purposes, eamsider a
one-to-one hysteresisetweenthe current afterhysteresis,
ins andthe actual current. With the notatiarsed inthis
paper, the formulation, derived from [5], is

AL i)
" ko= pafi.L.i,)-1)

@

account in the model, [2], [13]. The latter is significant as
the fluid impinges on the vane of the rotary actuator.

Flow through anorifice is taken asturbulent. The
relation between pressurdrop across the orificeand the
flow through it is represented by the square root law

Q:q&mMR%Mr&)

= Oynes (X, P+ o)

where C, is the discharge coefficient. Now, consider
leakages within the system. As shown in Figurghgre is
a clearancéetweenthe valve tip and the receiver. Two
stages ofleakage areevident. One leakage ifom the

®)



supply line, P, directly tothe returnline, P,, as fluid following

traversedhe clearancefrom supply to the valve tivhere P_=w(P,P,P,.x,Q) (11)
the pressure isdenoted asP,,, The secondstage occurs ¥z e et
betweerP,, and the two chamber pressurBg, andP,,, as R = Wy(R,, Py, Ray %, Q) (12)

the fluid traverses a secorniine the gap this time to the
control portsP,; andPy,.

The flow through theactuator isrelated tothe vane’s
angular velocity through the actuator volumetric
displacementD,. Furthermore, for the rotary actuator, th
leakage between chambers tsken into accountand is
assumed to be proportional to the load pressure. The leak
coefficient, or resistance, given Bs, is dependent on fluid
viscosity [2], but it is taken as a constant in this work.

With the notation of Table 1, thdynamic equations of
the flow from servovalve to actuator are

It can be notedhat differencesbetweenthis model and
that of [12]include the leakage between chambers of the
rotary actuator, whereas the focus of the previous work is a
linear actuator. Also, theraretwo stages ofeakage in the
&ervovalve as discussed above. In the suspension type valve,
the supply flow impinges the valve tgnd is redirected to
control portgseeFigure 1). Inaddition, geometrically,
the orifice areas as a function of the valve tip positidier
from those studied in [12]. The configuration of thifices
is different due to a difference in servovalve design.

2.4: Vane and Load Dynamics

: O O
), = A HD - &‘}Qﬁ - PWE (6) The actuator is a rotary vane type. Mame ismodelled
Pl LN as a seconarder mechanicalrotation system with input
) 1 torque related tothe load pressurghrough the actuator
P, = C—(Qs, -0.(x.P,.,P)-9,(x,,P,, PM)) (7)  displacementD,. The friction betweenthe vane and the
A actuatorhousing ismodelled asCoulomb friction, denoted
by 7., as well as viscous friction. Viscous friction was
__ B . : .
P —W(gl(xvasz,Ppl)—g4(XvaPp1aR|) lumpedinto the damping term of the load. Thiead is
@ Vp (8)  connected via a shaft which is taken as non-rigid. Applying
-D,w, - R(P, - ppz)) straightforward mechanical system anglysis, the equations of
motion for the vane and the load are given as
- B 1
P,= P,.P,)- P,.P == -P))- -
p2 (\/C2 +Vp2) (g2 (XV’ 2! PZ) g3(x‘/’ p27 ”) (9) wvn - ‘]v (Dv(Ppl sz) Tcoul (O‘)vn) bvn(‘)vn (13)
+D,w, +R(P, ~Ry)) (6, ~6) b (@, - )
. ALO 1284 0 =L (k (6, -6)+b(w, @) T (@)
= — - ! - P 10 vn S vn coul
er plr gl m:r er rE ( ) ! JI ( ! ! I ! (14)
The two dependent variables, Py, and P,, are -bw, ~Wsin(g) +1,,)

cumbersome to solve for assuming Huiareroot law. To  Here, @, andw, arethe vaneand load angular velocities,
simplify solution, linear resistancesvere assumed.They b, b,, andb, are, respectively, the shaftane and load
can be found through compatibility equations giving thgamping coefficients, whild, is the shaft stiffness. The

Table 1. Nomenclature for Fluid Dynamics.

vane and load rotary inertiasare given by J, and J
respectively. Finally, the weight of the load is given\Wy

Variable Definition
o, U, B density, viscosity and bulk modulus of oil. and external torques are representet,hy
Al d cross-sectional aredength and diameter of| 3:ldentification of Parameters
supply line. Requiredmodel parameters/ere obtainedwith various
Al d cross-sectional aredength and diameter of| methods. Som@arameters werebtainedfrom handbooks
return line. and manufacturer specifications such as loss coefficients and
P, P, pump pressure and tank pressure. oil properties.However, otherparametersneeded to be
Qsv P flow through supply line, supplyressurel obtainedthrough experiments. First, description of the
before servovalve. experimental apparatus is given.
P..2 pressure at valve tip_. 3.1: Apparatus
Qu: P zg\r’\\;écg\lfegh return line, return presstatter The high performanceSARCOS hydraulic manipulator
PP, chamber pressures, port 1 and port 2. is used for the experimental detc_arminatimdvalidation of
Vo Ver volume in line of port 1 and in chamber 1. the model parametersFor the joint model, the elbow of
Vo, volume in line of port 2 and in chamber 2. the slave manipulator is used. Sensomboardthe robot
C, discharge coefficient. mcl_ude an_optlcal_encoderangularposrtlon sensor, gotary
D, rotary actuator volumetric displacement. varlgi_ble differential transformer (_RVD'Ifg)r analo_gangL_rIar
R, leakage coefficient of rotary actuator. position measuremengnd astrain-gage, full-bridggoint
Cp accumulator capacitance. torque sensor.




Additional apparatusfabricated for identification of

. : B .
. + 20 W X, + WLX, = —i
servovalveandactuator parameters includesteel brace to X, + 200X, + WX, m, ™

immobilize the elbow jointthree pressure transducers, a _ B (16)
graduatedcylinder, and amanifold equippedwith pressure P.+2{,w.P  +wWiP, , =——i

taps. The brace was designed and constructed for the study of mK, ™

the open-loop system in a statiodeandcan be used to Thijs can be written in transfer function form as
validate static joint torque control, see Figure 2(a). The p K. o?

manifold wasdesigned ancbuilt to allow access to the ol = — de P > a7
supply, return and the two control lines forpressure e S +200,S+ Wy

measurement, se€igure 2(b). For the manifold, the  For this system, the damping ratio, natural frequency and
pressure transduceasd the interface tothe robot(middle the DC gain, K, will depend onthe input current.
right) are evident. By strategically blockirgrtainports, a However, forsimplicity, it is assumedhat the damping
flow rate, such as actuator leakageay bemeasured by ratio and the naturalfrequency areconstant. Areasonable
volume measurements ovéme. The usefulness of the relationship between the DC gain and the valveptipition
equipment is three-fold: (IYlentification, (2) validation of was obtained forbest correspondencawith experimental
the model,and (3) possible use opressuresignals in a data. It is inK,, that any nonlinearities in thgervovalve
feedback loop. In addition, the manifold may be installed garameters or irthe dischargecoefficientsare lumped. The
other joints with similar servovalve/robot interface. gain wasdeterminedfrom experimenta”ydeterminedBode
plots. It wasfound that the DC gainbetweenthe load
pressure and input current decreaseswith increasing
amplitude of current.

3.2.2: Shaft Stiffness. The joint shaft stiffness was
obtained byimmobilizing the elbow jointand measuring
torqueandangularmotor position. Plottingtorque versus
angular position an approximate straight line reswhese
slope is the angular joint stiffness, given in FigureABer
a series of tests, averaggoint stiffness wadound to be
8.9x10" Ibfh/rad (10.05x10° Nirad). Theoretically,

Figure(aZ). Apparatus: (a) Joint EBbr«)slce; a_ssuming a solid shaft, the shaft stiffness is approximately
(b) Manifold. given by
3.2: Experiments o k, = S 11.06 x10* % glz.so x10° %g (18)
Several experimentsere performed tadentify the key s

parameters of eaclsubsystem. For brevity, only thewhere,G is the shear modulus of the shaft matedad, the
experiments for identification of the servovaldgnamic shaft moment of inertia aridis the shaft length.

parameters, the volumetric displacementtaf actuator and TORQUE vs ANGULAR POSITION
the joint shaft stiffness will bediscussedhere. The ‘ ‘ ‘ ‘ ‘
procedure othe experiments wadesigned toisolate each .,f‘"
subsystem and therefore the parameters of interest. o 1o

22.60

4 16.95

3.2.1: Servovalve ParametersThe key parameters of | ' »
the servovalveare the geometry of the valve tipnd the 5o < 10 &
dynamic characteristics othe valve tip. The orifice * 1565
geometry wasobtained from direct measurement of the I
valve tip andreceiver. An approximate range wifotion of | 3
the valve tip was alsoobtained from these direct ,fl

measurements. The@ynamic characteristics, othe other e aew aews aew aews aew e e
hand,were obtained byisolating theservovalve from the Figure 3. Determination of Shaft
actuator by immobilizing the load with th®ace.Since the Stiffness.

valve tip position is notmeasurable, it isexpressed in 323
terms of the load pressure, that is, o

Ib-in

7 -16.95

Volumetric Displacement. Another key
parameter is the actuator volumetric displacem@pt since

X, = F(Rp) = K,Ru (15) it relates thdoad flow to the angular velocitandthe load
Here, K,, is the inverse of the slope of thiwad Pressureto the joint torque. These relations are given by
pressure/valve tip position static characteristic. The slope is Q. =Dw,, andP_, = T (19)

taken as constant. Neglecting flow forces, the valve tip
dynamic equation (4) can be rewritten as a reldbetveen
the input current after hysteresis and the load pressure

\

With the manifold installedandthe elbowfree torotate, a
sinusoidalcurrentwas sent in open-loop resulting in an



oscillation of the arm. Withtorque and pressure conditionswere set to match those of the experiments.
measurements, thorque vs load pressumgas plotted as Before the execution of the experiments, d@ecaying
shown in Figure 4Here, the slope of theinclined line sinusoidal current allowed the response to begin wilac
segments is close to thdeal volumetric displacement of pressure of close to zen@gsulting in a valve tipposition

the rotary actuator, assumingxternal leakage of the practically at the null.

actuator is small. The slope fisund asD, = 0.288 irfrad For sinusoidal currents of amplitudes 0.2A and 0.3A and
(4.72 cnirad). The horizontal portions of theurve in frequency of1.0 rad/s, the supplypressureand the two
Figure 4are due tathe friction within therotary actuator. chamber pressureme shown in Figure 5and Figure 6,
The differencebetweenthe measured torquandthe applied respectively. The model is able medict quitewell the
torque from pressure measurements used toidentify the pressure response, which is sufficient for control purposes.
Coulomb friction. Since theressure measurements do not — T

include friction and the torque measurements do, the 5"ttt onsinations IS
difference between the two @ue tostick-slip phenomenon o 1"
and allows a goodpproximation of the Coulomb friction. 2000 ‘ 1 1580
Continuing, theactuator leakage between chambers can be
found, with the elbow immobilizednd pressuresneasured.
The actuatoteakage coefficientR,, is taken as a constant
and it was estimated to b&.24x10° in%Ib-s (1.96x10"
m*/MPa-s).

TORQUE vs PRESSURE ACROSS VANE
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Figure 4.Determination of Actuator
Volumetric Displacement.
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As for the Iqad parameters, they were obtained by a .Ieﬁbure 6.Supply and Chamber Pressures,
squaresestimation. In thecase ofthe mass of the load, it Current Amplitude of 0.3 A
was verified understatic conditions alsoParameters that i ) ' '
were not estimatedwith good certainty includeclearance 4.2: Overall Joint Dynamics
between Va|vetip and receiver. In these casesthese In this section, theoverall joint model is verified.
parameters were tunedntil a satisfactory correlation Experimentsandsimulationswere donefor the casewith

between simulation and experiments was obtained. the joint free to rotate. For an input current given as
4:Validation i = 0.1sin(0.25t) (20)

To test how well the model can predict system behavi&£e_ pressureareplotted withrespect totime in Figure 7.
experiments and simulations were compared. §henction If mzo_rtaryce in force colntro:]ls thﬁ Ioar? presdsulre, V‘g."Ch 1S
approach in Matlab with Gear integration method weed. Plotted in Figure 8. Results show that the model predicts

Experimentswere performed inopen loop mode at an T R A T
operating supply pressure of 3006i (20.7 Mpa). Results B B L .
weresampled at 10ns The model wasalidatedfor the

static case in a previous paper, [1], and for oftesuencies o 1580

(psi)

and amplitudes although not shown here.

£ 1500
2

4.1: Servovalve Dynamics
In order to verify the servovalve model, experiments and

simulations weralonefor the case of a lockegbint. This,

in effect, isolates the servovalve dynamics fronoad

dynamicsallowing the validation of theervovalve model. N I T

In simulation, thevane and load positions and their Figure 7.Supply and Chamber Pressures:

derivativeswere constrained to beero. Simulation initial No brace.
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well the pressure response. The response tld load
position, illustrated in Figure 9,compareswell to the
experimentalload position. As the armapproaches the
highest parts of itsrajectory, the stick-slip frictiormodel

force controller in order to reducecontrol effort and to
improve control performance.
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Some differences between simulation and experiments dol8]
exist due to unmodelled effecteand due tothe lumped
parameter approach in modelling. Some of the tifeasters
include temperature variation of oil properties, and losses in [9]
the numerous elbowand fittings in the oil passages.
However, as the above results indicate, they do not seem to
be significant for the purpose of contrahd therefore no
further modelling of these effects is required.

5: Conclusions

An accurate model of a hydrauigint of a manipulator
has been presented. The model follows closgjyerimental
results. Themodel accounts fothe major effects of an
electrohydraulic actuatosuch as hysteresis, flow through
orifices, and line losses. kuddition, everthoughaccess to
the servovalve idimited, themodel is able tocharacterize
the servovalve dynamics well. The developed model
representsvell the behavior of theeal systemand can be
extended to other joints of tHRARCOS slavemanipulator
as well as the master in such a way as to obtaiongplete
model ofthe hydraulics ofthe SARCOS manipulator. For
control purposes, seduced-ordemodel whichwill capture
the major dynamics of the system will balledupon. It is
expected that this model will be useful in designing a robust
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