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Abstract: Modelling and experimental identification of a hydraulic
servoactuator system is presentethe development of the model is
important for further understanding the systeandfor developing arobust
force controller. Systenparametersareidentified using the elbowoint of
the SARCOSslave experimental hydraulimanipulator. Experimental work
is central to achieving the modellingbjectives. Physicaparameters are
identified using specially designed experimeatsd apparatus whichisolate
various subsystems of the joint. Several modelling assumpgoagistified
by experimental observationsThe model is validated bycomparing
simulation and experimental results. Correlation betwertodel and actual
system response proved to be very good. Hence, the developed model
predicts well system dynamickehavior and will prove useful in the
development of a robust force controller.

1. Introduction

Teleoperatedrobotic systemscan improve both thesafety and efficiency of
manipulation tasks iazardousnvironments. Some applicatiomslude live-line
maintenance, firefightinghazardousvaste managemerstnd underwatepperations.

These tasks are characterized by the need for applying large forces on an environment
that may be stationary or moving. Actuator, lindmd sensor dynamics of the
manipulator may also be important and influence the overall system performance. Of
particular interest are manipulators with hydraulic actuadaestotheir high output

force to mass ratio, to theiire inertanceand tothe availability ofhydraulic power

in mobile systems.

To achieve accurate fora@®ntrol, oneneeds tohave preciseontrol of joint
torque. Hydraulic actuators introduce additiomaimplexities toforce control of
manipulators. Unlike electrically actuated manipulators, actuator torque output is not
proportional to motocurrentinput. In hydraulicactuatorscurrentinput modulates
valve orifice area. In addition, actuateffectsmay include hysteresis, stiction and
other valve-related nonlinearities which further complicate their dynamics. In order to
develop arobust and effective controller and to ensure controller performance, an
accurate model of the actuator is required.

Prior work in modellingand control of hydraulic actuatorslealsmostly with
the common spool valve for which orifiegeas argenerally lineawith respect to



the valve position. On the other hand, the servovalve used in this work is jef-the
pipe/suspension type which is more complex. In these valvei® is no contact
between moving surfaces. Also, they have a small moving mass and therefore can be
very fast resulting inhigh bandwidth.For the jet-pipe servovalve, model was
proposed and studied in [1], and [2]. In the present work, the suspensiodesige

is studied.

A number of previous studies hadealt with position and forcecontrol of
hydraulic actuators. A linearized model was used for position control of a spool valve
and rotary actuator system, [3]. thAodel wasemployed in deedforwardsimulation
filter, an alternative to the inversglynamics method, fotontrol of ahydraulically
actuatedflexible manipulator, [4]. Additional research emphasized temperature
variations, friction and limit cycling, [5]. In force control applications, limiteork
has been done. Use of raodel of a hydraulicsystem toevaluatethe hybrid
position/force control scheme, inherently not model-based,dermnstrated bye],

[7], and [8]. Explicit force control ohydraulic actuatorsvastreated by[1], and[9].
A position-basedmpedancecontrol law wasapplied to a hydrauliananipulator,
[10]. Although the focus is in control, modelling is essentialutwlerstand the
system to be controlled.

In this researchwork, the objective is todevelop an accuratenodel of a
hydraulic actuatoijoint, to experimentally identifyassociated parameterand to
validate the derived model experimentally. Thdinal result should be useful in
designingand implementing aneffective forcecontroller. Section Xescribes the
experimental manipulator. Section 3 discusses the physical effects within the system
andtheir modelling. Section 4lescribesthe experimentaparameter identification
procedures anddditional apparatusand Section 5compares experimental results
with simulation resultvalidating the modelFinally, conclusionsandfuture work
are given in Section 6. Table 1 details the notation used throughout this paper.

Table 1. Nomenclature.

Variable | Definition |l Variable Definition
1, Thvs current before and after hysteresj|V,, , V., volume in line of port 1 and in
chamber 1.
m, b, k, servovalve suspension arm mass||V,, , V., volume in line of port 2 and in
damping, and stiffness. chamber 1.
X, valve tip displacement. Cq discharge coefficient.
Fy flow force at valve tip. D, rotary actuator volumetric
displacement.
B servovalve motor torque constant|| R, leakage coefficient of rotary
actuator.
o 1B dfn%ity, viscosity and bulk moduluf J, , J vane and load rotary inertia.
of oil.
Al dg cross-sectional area, length and || b, b, b, vane, load and shaft damping.
diameter of supply line.
Al d cross-sectional area, length and ||k, shaft angular stiffness.
diameter of return line.
Py, P pump pressure and tank pressurg @, 6 vane angular velocity and angula
won position.
Quv Py flow through supply line, supply @8 load angular velocity and angular
pressure before servovalve. position.
Pqv2 pressure at valve tip. TooToou fexte_rnal torque and torque due to
riction.
Q.. Py flow through return line, return W weight of load
pressure after servovalve.
P, P, chamber pressure, port 1 and poi{ C, accumulator capacitance




2. Description of the Experimental Setup

The high performance SARCQO%draulic manipulator isusedfor the experimental
determinatiorand validation of themodel parameters. ThRBARCOS manipulator

has tendegrees ofreedom,seven in the arnand three inthe hands. Overall, the
hardware support consists of a 486 PC, a digital signal processor (DSP), @adl/O

and Advancedoint Controller (AJC)ards.For modelling, the elbow joint of the
manipulator is used. Sensors available at this joint include an optical encoder angular
position sensor, a rotary variable differential transformer (RVDT) for anadsgion
measurement, and a strain gauge full-bridge joint torque sensor. Thecumgartt is

also measurable.

3. System Characteristics and Modelling

To obtain amaccuratemodel of the hydraulic joint, a description of the physical
effects within each subsystem is required. These effects are rdamliip servovalve
dynamics, fluid dynamicsaandvaneandload dynamics. A schematic of thjeint is
shown in Figure 1. A bond graph of the system whisined inour previous work,
[11]. Each subsystem and the modelling assumptions are discussed next.
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Figure 1. Schematic of hydraulic joint.

3.1. Servovalve Dynamics

The servovalve used in this work is a single-stage, suspension-type vaken As

seen in Figure 1, fluid impinges the valve tip witlgrent inthe coil modifies the
magnetic field generated lige magnet which modulates valtre motion directing

the flow from the supply line to one of the control port. Hysterastsvalve tip
dynamics and orifice geometry must be addressed to model the servovalve accurately.

3.1.1. Hysteresis

An important phenomenon in the servovalvenysteresis. Severabsearchers have
observedand characterizetlysteresis in the jet-pipe servovalve [1], [2hd [12].
Physically, the hysteresizcurs betweethe inputcurrentandvalve tip position.
For simplification, in thisresearch,the physical hysteresiand the valve tip
dynamicsaretaken asdecoupled.Essentially, the hysteresis modelled asbeing
betweenthe input current and some virtual output current,,, which in turn
modulates the valve tip position. Overall, tbffect is ahysteresis relatiobetween
the input current and the output valve tip position.

To analytically representthis phenomenon, anodel based onthe Jiles-
Atherton theory for magnetization of ferromagnetic materiakisd[13]. The model
is a nonlinear firsorder differential equatiorwhich accounts for majoand minor
loops. The onlyrequirementor this model isthe knowledge ofthe reversalpoint,



i.e., the point at which the slope of the input current changes sign. Thus, the virtual
output current is related to the input current as

Ai(i, LG ,,) —i)

I, = 1
" k- paliL(.i,.) -i) @
whereL, the Langevin function, andlare given by
. o 1
L, = coth + -/
(I Ihys) CO! (:uo(l alhys)) uo(l +a|hys) (2)

5 =sign(i)
The scaling factor/\, which is less than unitfor minor loop generatiordepends
on the switching poinandthe major loop which saturatesiat Parametergl,, a
andk affect the inclination and width of the hysteresis. A hystemmsige generated
by this model is shown in Figure 2 for a decreasing amplitude sinusoid input.
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Figure 2. Model generated hysteresis.

3.1.2. Valve Tip Dynamics

The moving part of theervovalve may be taken agantilever beanwith an end
mass, see Figure 1. Thus tthgnamics ofthe valve tip may bapproximated by a
second-order lumped parameter system with nmsslampingb,, and stiffnessk,.

In reality, these parameters would be nonlinear sincedhélever has distributed
mass and is submerged in oil. Forces acting on this cantilever include thémput
due tocurrentandflow forcesacting at the valveip. As fluid passes through an
orifice, flow forces develoglue tofluid acceleration. Reactioforces result which
tend to close an opening valve, [14]. Thésees ardifficult to model,andfor the
suspension type valve, noodel based onthe physics is available. Thus, the
dynamics of the valve tip may be expressed as

X, =V,
v, = %(Bim +F, —by, —kx,)

whereF; are fluid-induced forced\Note that the input to the system is essentially a
force,Bi,, Wherei,, lumps the hysteresis part of the model. In all, Higsteresis
and valve tip dynamics combine tiescribethe behavior of the servovalve. Further
to the dynamics ofthe servovalve, geometric modelling of the vatiye orifices is
essential for the fluid dynamics subsystem, which is discussed next.

©)



3.2. Fluid Dynamics
Fluid flow through lines,orifices and the rotaryactuatorare modelledincluding
turbulent flow, leakages, and line losses. In addition, fisgitance asvell asfluid
capacitance due to fluid compressibility are taken into account, [14].

Flow through orifices is taken as turbuletitus, thesquareroot law relating
the pressure drop across the orifice and the flow through the orifice is used, [15]

|12
C P,-P
Q=CAw(x), 7(R.-R) o
= gorlflce(xv hi * Io)
This relation contributes to the nonlinearity of the joint modeladidition, the
orifice areaA . iS also nonlinear. In thease ofthe suspension valvéesignused
in the experiments, the orifice aream® eye orslit shapedFurthermore, aspposed
to the usualmatchedand symmetrical orifice configuration ofpool valves, the
present servovalve design wiasind to besymmetric butunmatched, whictadds
further to the complexity of the model.
The model accounts for servovalve leakage as a result afetr@nce between
valve tip and receiver. Two stages of pressure dapppresent. First, as the supply
flow impinges on the valve tip, the pressure drops fRypto P,,,, see Figure 3.
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Figure 3. Valve tip and receiver with pressure notation.

SecondpP,,, drops to one of the port pressures as the flow is diverted tactbhator.
Meanwhile, with each drop, leakage tdow pressure isalso evident. The two
dependentariables,P,,, andP, arecumbersome to solve for assuming twiare
root law. Thus,linear resistancesvere assumed. They may beund through
compatibility equations giving the following

P _W( sv? p1’ p2’ v'QrI) (5)

P ( pl’ pZ’Xv er) (6)
In the actuator, leakage between chambers as a result of the gap between the vane and
the vanehousing was alsaccountedor. This leakagewas considered as &near

resistancedenoted asR,. In the end, the dynamic equations foflow from the
servovalve to the actuator take on the form

A0, 1284,
Q”’ ol, ;!

Q- PWE @)
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B = v, fVZ)(QZ(x” 22 P2) = 6(X,, B, R)+Dw,, + R(B, sz)) (20)
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3.3. Vane and Load Dynamics
The vane ismodelled as a second-ordeechanicalotational system. For aideal
hydraulic rotary actuator the input torque is related to the load pressure as
= D,Ru (12)

This relation allowsidentification of the volumetric displacemenD,. This
parameter also relates the flow through the actuator with its angular velocity

Qo = D, (13)
Continuing, theload is connected tthe vanevia a shaft which ismodelled as a
spring anddamper.Also modelled isviscous frictionand Coulomb friction due to
the contact of the seals with the housing. Thus the mechanical equations for the vane
and load are

o, = Ji(DV(Ppl =) =T (@,)=b,0,K (0, ~0) = b, ~ ) (14)
1

(k 6, —6) +b,(w, -~ W)~ T, (@)-bw -~Wsin@) +1,,) (15)

4. Parameter ldentification

Model parametersvere obtainedfrom various sourceand methods. Oilproperties
like bulk modulus,, viscosity, i, anddensity, p, weretaken frommanufacturer
tables and plots. However, othesirametersieeded to bebtainedthrough specially
devisedexperiments. Thes@arameters include actuateplumetric displacement,
servovalve dynamics parameters, actuator leakagd,shaft stiffness. In the
following, additional apparatus built and the experimeptatedures devisddr the

purpose of identifying these parameters are discussed.

4.1. Experimental Apparatus
Two pieces of apparatwgere designed arlguilt to obtainadditional measurements
and to isolate subsystems, see Figure 4. First, the joint brace allows identification of

(a) (b)
Figure 4. Additional apparatus: (a) Joint brace; (b) Manifold.



shaft stiffnessservovalve dynamic@nd actuator leakage. Seconthe manifold
equipped with pressure transducers allows pressure measuremtrassapplyline,
control portsand the returnline. Appropriate ports may bblocked in order to
deviate the return flow to a graduated cylinder for volume measuremeraddition,

the manifold may be installed at other joints with similar servovalve/roberface.

The usefulness of the equipment is three-fold: (1) identification, (2) validation of the
model, and (3) validation of a controller.

4.2. Experimental ldentification

Several experimentsere performed tadentify key parameters of eacbubsystem.
First, a discussion of the identification of servovalve dynamiggvien followed by
shaft stiffness identificationand finally identification of actuator volumetric
displacement and leakage.

4.2.1. Servovalve Parameters
The principal concerns for modelling the servovalve are the geometry of the valve tip
and receiver orifices, and the dynamic characteristichefvalvetip. The geometric
information includesthe sizeand layout of the orifices at the valvip and the
receiver. These were obtained by direct measurement of the valve tip and receiver. An
approximate valve tip range of motion was also obtained from these measurements.
The dynamic characteristics dhe valve tipwere obtained byisolating the
servovalve from the actuator by immobilizing the load withlirece.The valve tip
dynamics were assumed to be second orddeglecting flow forces for the
identification process, the valve tip equation of motion may be expressed as

5-(v + ZZPwnP)-(v + wrfva = % ihys (16)

Since the valve tip position is nateasurable, it igxpressed iterms of theload
pressure which is accessible. This is written as
X, = f(Paa) = K,Pag (17)

Note that this is essentially the statmad characteristic othe servovalve. To
simplify the model further, it wasassumedhat this characteristic islinear, see
secondpart of Equation (17). Acurve obtained by aimulation and its linear
approximation is illustrated in Figure SubstitutingEquation (17)into Equation
(16), the second order dynamics may be expressed in terms of the load pressure

P 20,00, R 0 Ry = 1 =K (18)

dc™nP"hys
v

As a consequence tiie highly nonlineanature ofthis system, the&lamping
ratio, naturalfrequency andhe DC gain,K,, will depend onthe input current.
Figure 6a shows several experimentalhtainedBode plots of thetransfer function
for currents of increasing amplitude. Ascian beseen, the DC gaibetweenload
pressure and input current decreases with increasing amplitude current. It may also be
observed that the dynamic characteristics are similar. The curves are close to those of
a second order critically damped system. Figure 6b shows one ekpghamentally
obtained Bode plots fitted with one which correspondssecandorder system with
appropriate natural frequency and critical damping. For simplicity,assaimedhat
the damping rati@andthe naturafrequency areonstant. Any nonlinearities in the



servovalve, such adischargecoefficients,are lumpedinto the DC gainKy. A
reasonable relationship between the DC gain and the valve tip positioobtaased
for best correspondence with experimental data.
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Figure 5. Static load characteristic of servovalve and its linear
approximation.

(a) (b)
Figure 6. Bode Plots: (a) Increasing amplitude input current; (b)
Experimental plot (*) with fitted plot.

4.2.2. Shaft Stiffness

The shaft stiffness wadetermined bymeasuring angulgposition andtorquewhile

the load was braced. Plotting torque versus angular position, an approximate straight
line results whose slope is approximately #mgularjoint stiffness. This plot is
shown in Figure 7a. The joint shaft stiffness wasnd to be 8.810* Ib-in/rad.

Now, to verify this value, assuming a solid shaft, the stiffness was computed as

k, = GJ/I, =11.06 x 10* Ib [n/rad (19)

Since the shaft is, in fact, nonsolid, thiiscrepancy is expected. lall, the
experimentally determined stiffness closely matches that obtained theoretically.

4.2.3. Actuator Volumetric Displacement and Internal Leakage

An important property of thectuator isits volumetric displacement,D,. This
parameter relates torque and load pressure as well as load flow and angular velocity as
depicted in Equations (12) and (13). To idenify measurements abrqueand load
pressure are required. Actuator nonlinearities are assuniesidaificantly affect the
identification ofD,, so that the torque/pressure relationship may be used. Thus, with
the manifold installecindthe elbowfree torotate, a sinusoidaurrentwas sent in
open-loop resulting in an oscillation of the arm. Toeueversusload pressure is
plotted in Figure 7b. Here, the slope of the inclined line segments is the sdteght
volumetric displacement of the rotary actuator. Now, in order to identifa¢chetor



leakage, thebracewas installed,and one of the control ports wadiverted to a
graduatectylinder for rate measurements for a seriexofistant input currents. In
effect,the flow to thegraduatedcylinder is that through thevane clearance. The
actuator leakage was identified according to

Qu =R(P.=F,) (20)

Under the experimental conditior, is close to atmospheric pressure.
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Figure 7. Determination of shaft and actuator parameters: (a) Shaft
stiffness; (b) Volumetric displacement.

4.2.4. Load and Friction Parameters
The load parametersuch as masand dampingwere obtained by deast squares
estimation. The load mass, was verified under static conditions also. Viscous friction
and Coulomb friction were both accounted for. In the case of viscous friction, it was
lumpedinto thedamping term of the load. Theyere also identified by a least-
squaredit. In order toobtain more certainty in th€oulomb friction model, the
torqueversusload pressure curweas used, shown in Figuréh. As thepressure
measurements are made before the vane actuator and the torque measineounts
friction, the differencebetweenthe two isdue tothe stick-slip phenomenon. In
short, the horizontal portions of the curve are due to Coulomb friction.

On the whole, through these experimersisyeral parametensere identified
with good accuracy since each parameter was obtainewlaying the subsystem of
interest. Those parameters that were not estimated with good certainty, including the
clearancebetween valvetip and receiver, were tunedntil satisfactory correlation
between simulation and experiments were obtained. In the next section, the model is
evaluated by comparing its response to those of the actual system.

5. Validation

Having developed anddentified the model and its parameters, a comparison of
simulation and experimental results is performed to test how wethtidel predicts
system behavior. The-functionapproach inMatlab with Gearintegrationmethod
was used. Experimentgere performed iropen loopmode at arnoperating supply
pressure 08000 psi. Experimentaere done to validateervovalve dynamics, and
the overalljoint model in staticsand dynamics caseBeforethe execution ogach
experiment, an exponentially decaying sinusoidal current was commandedkirno
begin eachexperiment with doad pressurelose to zero, resulting in a valve tip
position practically at the null. The decaying sinusoid also removed any memory due
to hysteresis. Refer to Figure 2 for an example.



5.1. Braced Joint Experiments

As it was done for identifying the servovalsgnamic characteristiche joint was
blocked in order to validate the model of the servovalve dynamics. In effect, the valve
tip dynamicsareisolated from thdoad dynamics. Insimulation, thevaneand load
positions and their derivativeswere constrained to beero. Initial conditions for
simulation were set to match those of the experiments.

For sinusoidaturrents of amplitude8.2 A and0.3 A and frequency of 1.0
rad/sec, the supply pressure and the two chamber pressures are shown in Figure 8 for
simulation and experiment. The two responses match well. An interéstinge is
that one of theechamber pressures i®t symmetric. It issuspected to be related to
the unmatched characteristic tfe servovalve. However, it washservedonly for
currents of 0.3 A and higher. In the mod€Jwas made to be asymmetric.

Figure 8. Supply and chamber pressures, braced joint tests: (a) Current
amplitude 0.2 A; (b) Current amplitude 0.3 A.

5.2. Unbraced Joint - Statics Case

Static testsallowed the verification of themodel in the casefor which theload
remains stationarywhereall the staterates are practically zero. Thegoint was
unbraced and @&onstant inputcurrentwas commandedMeasurementsvere taken

after steadystate wasachieved.Thus, for two different constant inputcurrents of

0.05 Aand0.1 A thechamber pressuresdsupply pressure beforthe servovalve

are shown in Figure 9a and 9b. As it may be seen, the model captures well the static
behavior of thesystem. Figure 9c illustrates that tlead position is alsowell
modelled in the statics case. Next, the dynamic behavior of the model is discussed.
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Figure 9. Static Response: (a) Pressures for= 0.05 A; (b) Pressures
for i = 0.1 A, (c) Load position - (top) 0.05 A; (bottom) 0.1 A.



5.3. Unbraced Joint - Dynamics Case
In this set of experiments, the joint is free to rotate according to an input current of

i =0.15n(0.25t) A 1)

The pressure response was plotted and compared to the simulated response, as shown
in Figure 10a. Asdepicted,the simulationcurves matchwell the experimental
curves forsupply and chamberpressures. Of importance in control is tlad
pressureP,,.. Which is plotted in FigurdOb. Again, simulatiorandexperimental
plots correspond well. The response of ltted position isillustrated in Figure 10c
and is quite close tothe experimentaload position. As the armapproaches the
highest parts of itdrajectory, it can be seethat the stick-slip frictionmodel is
satisfactory. On the whole, the model for the load dynamics is also good.

Some differencesbetweensimulation and experimentsare presentdue to
unmodelled effects and to the lumped parameter approach in modelling.fattese
include temperature effects on the oil parameters as well asdhetion ofoil bulk
modulus due to air entrainment. The above resntteatethat theseeffects are not
significant for the purpose of contrahd therefore no furthemodelling of these
effects is required.
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Figure 10. Dynamic response for simulation and experiment: (a) Supply
and chamber pressures; (b) Load pressure; (c) Load position.

6. Conclusions

The contributions of thigesearchwork is both analyticabnd experimental. An
accuratemodel of a hydrauligoint of a manipulator hadveen developed. The
associated parameters were identifidfttough a series of speciallgesigned
experiments and equipment. In turn, this lead to a model that accounts foajtite
effects of an electrohydraulic actuagurch as hysteresis, flow through orifices, and
line losses. Iraddition,the model is able tocharacterizethe servovalvedynamics

well. The developed model represents well the behavior of the real system and can be
extended to other joints of the SARCOS slave manipulator as well as the master in
such a way as to obtain a complet®del of the hydraulics ofthe SARCOS
manipulator. It is expected that this model will be useful in designing a radrost
controller in order to reduce control effort, to maskvantednonlinear behavior and

to improve control performance.
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