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Abstract valve, not used in industry. The high cost of hydraulics
This paper focuses on modeling and parameter estimation for fhgluding sensors and data-acquisition systems, and the
electrohydraulic actuation system of an articulated forestry maack of experience in hydraulics, have limited research on
chine. The linear graph method is implemented in derivingeayy-duty hydraulics. Because of these reasons, control
mathematical models of the swing, boom and stick subsystefigsign and coordination of articulated manipulators are not

Actuation dynamics are subsequently integrated with manlpulat(%asy to achieve [4]. Nevertheless, various identification

dynamics to result in a complete machine model. Identificatio - .
procedures employed in estimating physical parameters afa€thods for transmission lines [5], [6], actuators [7], and

discussed. Model validation studies show good agreemedgrvovalves [8], [9], have been proposed and implemented,
between model predictions and experiments. The derived mod@é§l Specific servo actuation systems have been investigated
will be used for designing a controller for coordinated endpoink3], [10].

motion, for prediction, and for a real-time graphical training  In this paper, we study the dynamic behavior of the

simulator. electrohydraulic system of a forestry machine. The linear
graph method is implemented in deriving mathematical
1 Introduction models of three actuation subsystems used on the vehicle,

Forestry is Canada’s most important industry in terms #@mely, the swing, boom and stick subsystems. Then the
people employed and contribution to the economy, [1fctuation dynamics are integrated with manipulator dy-
However, increased competition from overseas and stritg@mics to result in a complete machine model.
environmental laws require that forestry resources are higentification procedures employed in estimating physical
vested more efficiently and more carefully than previoushparameters are discussed. Model validation studies show
This requires sophisticated forestry equipment with bett§pod agreement between the model and experiments.
and easier-to-use controls, increased efficiency, and self-diperefore, the derived models can be used as a valuable
agnostics. Such equipment will allow operators to conceiol in the analysis and control of electrohydraulic
trate more at planning tree harvesting operations. actuation systems.
However, sophistication or inclusion of computerized ’
control and diagnostics should not increase costs signifi-
cantly, and the system should remain reliable in harsh envi-
ronments. These requirements dictate the use of industrial
grade computers and hydraulic actuation systems; i.e. high-
end workstations and expensive servovalves are not ap-
propriate. Improving performance can be obtained in part
by modeling and model-based control. An important
challenge is how to use industrial grade technology to
achieve results possible with high performance robotic
systems. In particular, in this paper we are concerned with
modeling the electrohydraulic actuation system of an
experimental forestry machine, see Fig. 1, for the purposes
of control, prediction, and use in a graphical trainin%_
simulator [2]. ig. 1
Mathematical models are extensively used towards un- , )
derstanding the dynamic characteristics of electrohydrauic The Experimental Forestry Machine
actuation systems for designing and implementing control The work described here is part of a recent Canadian ini-
algorithms. The majority of previous work has focused ofiative in forestry robotics, called ‘ATREF’ (Application
modeling of individual servovalves, transmission lines andes Technologies Robotiques aux Equipements Forestiers)
actuators. Mclairet al [3] developed dynamic models for a[2]. The machine used was provided by the Forest
complete electrohydraulic actuation system. However, tiiengineering Research Institute of Canada (FERIC), and is
models included a single-stage, four-way, suspension-typguipped with an articulated manipulator which includes a

1

[l Processing Head

The FERIC forestry machine.



hydraulic motor-actuated swing joint, and cylinder-actuatetie actuation system. Therefore, only one lump is required
boom and stick joints. An end-point Hooke-type assembfgpr any of the hoses used on the experimental vehicle.
permits free swinging of the processing head in two degrees Several modeling assumptions were made: (a) Turbulent
of freedom (dofs), see Fig. 1. The actuators operate fdw is assumed (non-linear pressure-flow relationship) for
3,000 psi, provided by two constant-pressure pumpise boom and stick. In contrast, laminar flow is assumed
which, in turn, are driven by a diesel engine, rated 152 liqr the swing model due to the fact that the swing hoses are
at 2,500 rpm. Commands, issued by an on-board operategry short, and turbulent flow can not develop completely,
are processed and sent to actuators by an embeddedFluid compressibility and line compliance effects are
computer system. linear. They hold for relatively small pressure fluctuations
from the steady state pressure and for small expansions in
; the hoses, (c) In defining fluid inertance, the momentum of
3 SyStem Modelm.g . . the fluid on the inlet and outlet sides of a control volume
The dynamic characteristics of the hydraulic systems are {8-3ssumed to be the same. There are many alternatives of

tricate due to the large number of components involved aggi,nging inertance, capacitance and resistance elements for
their nonlinear behavior. To achieve the desired level of ag-p 1o model. A common ‘T’ type is used, in which the

curacy in modeling and estimating the corresponding pﬁ%‘ﬂstance and inertance are in series, and the capacitance is

rameters, the system was broken into its components. EQefnected at their common node. see Figs 2 and 3.

of these is modeled individually, and the overall dynamic (d) Hydraulic cylinders. Two single-ended

model is assembled from phe individual models. .Th symmetrical) type of cylinders are used to actuate the
components modeled here include pumps, proportio

. : ; om and stick. It is assumed that cylinder chambers are
valves, hoses, cylinders and the swing motor. Linefiq that dominant friction effects in the piston seals are
graphs are chosen as the modeling methodology [15]. yi5cous, (the oil lubricates the seals and greatly reduces the
() Pumps.Two pressure-compensated, piston pUMPgrect of coulomb friction), and that there is no significant
provide constant pressure to the test vehicle, and are m skage past the piston: this is further prevented by the pis-

eled as idleal prissure sources, sefe Figs. 2and 3. fon single-ended configuration. Since hydraulic cylinders
(b) Valves.Three two-stage, four-way proportionalconyert fluid to mechanical power, this transduction is
spool valves are used to actuate the swing, boom and stigk yajed as a gyrator. Due to the single-ended

onfiguration, the common two-port element gyrator can
bt be applied directly. Instead, two two-port gyrators are
ed, see Fig. 3.

(e) Hydraulic motor A fixed-displacement, piston mo-
is used to drive the swing. Contrary to cylinders, hy-

sidered in the dynamic models, due to the fact that they
natural frequency is much higher than that of the hydrauli

and manipulator. It is also assumed that the fluid and the
geometry of the valve are ideal (e.g. sharp edges), [11]. The

valve resistance, is given by the orifice equation draulic motors can be modeled easily as single two-port gy-
AP = C, QI (1) rators, see Fig. 2. Several assumptions are made as
where the coefficienC, is a function of fluid densityp, follows. (1) Viscous friction of the motor is lumped into
the orifice ared, and the discharge coefficieqy,, the damping of the gear train connected to its output shaft.
C = p 5 (2) Internal and external motor leakage is present, and slip
R‘W @ flow is laminar. Although, in general, the volumetric

o .efficiency of hydraulic motors is quite high, at low speeds
Input voltage commands modulate the orifice areas, Wh'ﬁqe slip flow effect becomes more prominent. Very often,
in turn, affect the magnitude &, . For most sliding-type o o \ving motor is working within this speed range
valves at small openings;, is fairly constant when the :

; o (f) Other componentg-ilters and check valves are pre-
Reynolds number is greater than 260. If the orifice edg : . : .
are sharp, as assumed previougy,= 0.60 to 0.65, [12]. §&nt which behave as fluid resistances. However, specifica

.tions show that their resistance is much smaller compared

(c) HosesLumped-parameter modeling methodology igso+ of the valves, actuators and hoses. Therefore, their
applied to derive transmission line models. Their vaI|d|t)éﬁect is neglected

depends on whether the frequency of oscillation in thé Based on the above, the linear graph of the swing sub-

actuation system is significantly less than the freq'u_eng){/stem was constructed as shown in Fig. 2. In this figure
corresponding to wave propagation, [13]. Thereforéjdf P is the pump pressureC. ,C. the valve. ofifice resis- '
the frequency of oscillatio_n,_ ands_ the Iir_le length, then a tance modulated by the ir?ﬁutR\/oltagIQ', | C.C and
lumped parameter analysis is valid Eowded that R, R,, are the supply and return line inerztancle, czapacitance
f< S withe = B 3) and resistanceR , R, , R, the internal and external leak-
2ml’ 0 \p age of the motor whose volumetric displacemenDijs

whereC, is the velocity of sound in the fluid, a is its |\ IS the gear train gear rati@,, is the gear train viscous

bulk modulus. For the fluid use@=16x10°N/m?, damping, andj,, the swing angular velocity.
p=970kg/m°, and for the longest hose on the test Similarly, the boom and stick models are constructed as

vehicle (4 meters), the wave propagation frequefisys1 shown in Fig. 3. Additional parameters include, the rod
Hz, which is far above the frequencies possibly occurring in



and head areas of the pistagy, =A and gy, =A,., the whereA ., A, ... A, « A« aredrving and return-
viscous cylinder dampind®, and x the piston veIOC|ty ing areas of the boom and stick pistoms;, F, are the

R forces generated by boom and stick cylinders. Similarly,
P s Puwnr Poos P, o arepressures atinlet and outlet
of the boom and stick cylinders, an@, .., Q. o
Q, «» Q.. are flow rates. The negative sign in the
second equation is due to linear graph conventions.
Therefore, the transduction equations can be written as
Oomd m U
G T = @F =T @,

&
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B 0 0 n_bm d7a)
Hydraulic domain ' ‘_Geiargaiin;i Lirkdynamics | =737 gb*ﬂ,bm A\Jut,bm out_bm ]
Mechanical domain ] 0 0 An sk _A)ut sk Rn sk U
Fig. 2. The swing subsystem model. « 0O
out_

: D: J_l D(bm D: J_lg An_bm O |:I]@m_me
Eqsk H B<sk B E 0 1 An_sk %gm_sk E
=] _157 Aaut_bm 0 Dmout_bmg
] 0 1 A)ut_d( %out_i I

The transduction equation for the swing motor is more
standard, and including the gear train results in

@,0 0 0 V(D,N)IR, o — P s

f.0 Hon o o H ©

(7b)

Hydraulic domain L| nk dynamics Hydraulic domain

Fig. 3. Boom and stick linear graphs. The relationship between manipulator dynamics, in
terms of variablesx and g and electrohydraulic actuator
The dynamic models of the manipulator, were derivedynamics, in terms of variablé3, Q are set up. The over-
separately, and have the form [14] all dynamic equations for the three dof manipulator are
M(q) @ +V(q.q)+G(g) =T (@) given below.
d; =0

where M(q) is a mass matrix\V/(q,q) includes Coriolis
and centrifugal terms3(q) includes gravity terms, and @, =M(a,) {-V(a,.a,) - G(a,) + 7}
is the input torque provided by the actuators. To integra . /
this model to the hydraulic actuator models, one needs Eﬁ%ﬁ" (Q'l oW (PQ—SW_ Py, (%) = Py _PQ—S”)/Ri) G
provide expressions transforming pressure differences ;o (p -P, (4,)-P. —P ) R -
forces or torques, and angular velocities to flows. G- R e

For the two cylinders, one can write (P () + Py + P, ) R,

S T
' X—\]ml T.cyl—J'EF . (5) (PQSN+P)/Re2 }CZsN
wherex is the vector of piston displacements, is the

vector of manipulator joint angles; includes the forces Q. w=(R-CRQ Z&gn(Q, )~ s,v) /|1 w
generated by the actuators, ang, are the corresponding

torques. Since each link is mdependently actuated, tl% sw:(PQ o~ Cr [0, o BON(Q, sw))
JacobianJ is a diagonal matrix. :(Q o = bm) C. om
For single-ended type of cylinders, we have _ (g] ) c
= 2_bm Oa
DRn_bm B I, _bm (P C [Q g |—_S‘r’“grl(Q| bm) -R bm) /Il bm ( )
D:me: mn_bm _A)ut_bm 0 O out_me (63.) - ) _1_ G- -
H:skH E 0 0 An_sk _A\)ut_sk Pin_§f< S 2 (P‘:2 Eggn(Q'Q—bm)) Iz—bm
i [ (Q.l «~ O K ) Ca
|:Qm_bm g gAn bm 0 u :(g ) Cz sk
0 .
DQ'n s 0= _0 An_ Kom ] (6b) Q. :(P -C @, 4* ign(Q, i)—qusk) I w
|:Qoul me IAJut _bm 0 skE (
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where



- T - T were measured, and the results are plotted in Fig. 6. In this

% .[qs‘” G O] ' _T _[TS‘” Tom Ta] ) figure, the solid line represents experimental measurements
4 Experimental Identification and the dotted line is the polynomial curve fitting result
The majority of the parameters were identified individuallyC, = 3.125ell pa/(md/sec¥). The flat region at the be-
in order to minimize estimation errors. The dampinginning of the solid line is due to flow meter limitations.
associated with the joints was estimated using least squares
techniques after all other parameters were identified.
Various types of sensors were used for the experiments, as
depicted in Fig. 4. The data-acquisition system is based on
a STD32-bus Ziatech-8902, 486 DX-2 computer installed 2t
at the back of the cabin on the vehicle, see Fig. 4. This
embedded system, is running QNX real-time operating
system. The data sampling rate can reach as high as 200
Hz. The data was collected and sent to a remote 486 DX-2
computer, also running QNX. osf

pressure transducers
spool sensors

x10° pressure vs. flow rate - SAEL00R12 hose

Pin - Pout (Pa.)
iy
o

0 02 0.4 06 08 1
flow rate Q (m"3/sec.) «10°

Ethernet connection Fig. 6. Hose resistance measurement.
inclinometers . . .
= l. - The SAE 100R12 very-high-pressure hydraulic hose is
- |z - -
——- | | zaeaoe | ¥ leoxz0omz|  the only type of hose used on the vehicle. For hoses with
m different diameters and lengths, their resistance can be
calculated using the following exact formula, [12]
Magnetostrictive STD-32 system PC system 0.25 ,0.75
transducers QNX embedded system QNX operating system 'U p |_ 175 AP L
i [— AP=a 0w —Q 5 g Dpes (10)
tachometer

Fig. 4. The data acquisition system structure. ~ Wherea is a constant depending on the unjisjs the ab-
solute viscosity,p is the fluid density,L is the pipe
Fantive i ; ; ; th, andD is the inside diameter of the pipe. To obtain
(a) Valves The objective is to estimate the relat|onsh|ﬂ1eng ’ 175 .
between voltage inpt and theC, factor. Since the three @ "eWCq, Q™ is approximated bQ[[Q), [15].
valves used for the swing, boom and stick are identical, (¢) [nértance and capacitanc&he fluid inertance and
only one of them is tested and i, measured. By capacitance are estimated from the pressure and flow rate
varying the magnitude of input voltage commands, sevef&adings according to their definitions.
sets of pressureB, P, and flow rateQ were collected. , FOr @ machine hose with length of 4 meters and
Using Eq. (1) and a MATLAB curve fitting algorithm, adiameter of 3/4 four groups of data were collected. The
polynomial representation &.(V) was found, see Fig. 5. mean values of the inertance and capacitance are calculated
R ’ "~ from each group of data. The final result was obtained as

©10° valve C_R factor

4 5 6
Voltage (volts)

Fig. 5. Valve characteristics.

Fig. 7. Hose capacitance & inertance estimation.

(d) Motor leakage Two types of leakage flows exist in
otors: the internal or cross-port leakage between higher
nd lower pressure chambers, and the external leakage from

. ; ; each motor chamber passing through the pistons to the case
(b) Hose resistancd-or incompressible, fully devEIOpeddrain. Because all clearances in a motor are intentionally

turbulent flow in hoses, pressure drop is related 10 floy, ;e small to reduce losses, these leakage flows are
according to Eq. (1). By varying valve orifice, flow rateg X

and corresponding pressure differences across a S@@lnncaersand, therefore, proportional to the pressure dif-
100R12 hose of 4 meters in length and 3 diameter '

In this figure, solid lines indicate experimental result§n
and dotted lines results from curve fitting. The flat regiog
between 0 and 1 volts is due to flow sensor limitations.



The internal leakage is proportional to the pressure dif input command angle displacement
ference across the inlet and outlet ports of a motor, and c¢. 3 05
be written as

AP=R -k, =R, Q, (11) #e
where R, is the internal or cross-port leakage resistance$ ,
and AP is the pressure difference across the motor ports. $
The external leakage in each piston chamber is propo ;5
tional to the chamber pressure and can be written as:

R=R Qi P =R Q0 (12) 3 P 7 5 8 5 P 7 e 2
where R, is the external resistanc®, is the pressure in time (sec.)
forward chamber an®, is pressure in return chamber. The anguar velocty 1 flow rate

experlmental results are d|splayed in F|g 8.

aaaaaaaaaaaaaaaa X of extermalleakage

0 50 1 B 3
e,

R, —8002><10“Ni];lm R, = 2119x1012NEs/m
Fig. 8. Internal and external motor leakage.

(d) Damping coefficients in cylinders and matdihe .
physical connections of the manipulator prevent the actui L
tors from being disconnected from the arm and base. Sin
we can not estimate the viscous dampngithout 08
conS|der|ng the effect of other physical parameters, viscot )
friction is estimated after other parameters are |dent|f|e'(f 4 6 8 0 2 4 6 8
and the accumulative errors are lumped into them. 10 Swing model validation studies.

~ By assumlng all the other parameters are known, - . .
=M(q)™ Eﬂ v(q, q) - G(q)+r) can be reformulated into . 1n€ prediction of angular displacements and velocities

the form of g, (B=a for the swing subsystem, andis very close to the actual ones. The flow rate prediction is
xB=a for the boom and stick subsystems. Using a lea@lSC Very good because of its relationship to angular

squares approach and many experimental sets results in velocity. The predicted pressure profiles are close to the real
ones, although part of the peaks were underestimated. The

. “1-1 - . - 1-1 -
:[qTQ] q'a or B :[XTX] x'a (13)  inertia properties were estimated using AutoCad [14]. Any
The values of the damping coeff|C|ents are given in Fig. 9discrepancies between the actual and the calculated mass
o meeeegmmocstn g iossenesssd anes ot properties could cause inaccuracies in the estimation of the
to . T . L. inertia matrix. Furthermore, just before the experiments
e o I ) were conducted, a 2-DOF Hooke-type pendulum attachment
co was added to the stick endpoint. Periodic motions of the
manipulator caused swinging motions of this attachment.
Although its mass properties were known, the dynamic ef-
fects of this motion were neglected due to the lack of sen-
sors. A more accurate friction model might also contribute

cient (N(*s~1)

ssssssssssssss

B, = 2.450 x 10° N [In/(rad (&) B, -1030><105N/(mE$ ) in improving the results.
Fig. 9. Damping estimation for the gear train (b) The stick subsystenrihe actual input to the stick
and the stick cylinder. subsystem and the actual and predicted values of some sys-
5 Model Validation tem variables are shown in Fig. 11. Overall, predicted

responses are good, especially for the angle displacement
d derivatives. Again, minor discrepancies can be
ributed to the same reasons as above. The 2-DOF pen-
um mechanism was assumed to be a point mass in the
yhamic models used. Its inertia properties, which have a
igger effect on the stick than on the swing, are not taken
into account here. In addition, the overall inertia properties
of the stick need to be reconsidered. The reason for the

(a) The swing subsystermhe input commands to the
swing subsystem and its actual and predicted values of
system variables are shown in Fig. 10. The solid lin
stands for actual measurements and the dotted line is
prediction using the derived dynamic models b
simulation.



bumpy shape of the returning pressure is still not cleand J. LeBrun (Denharco), and D. Ethier, and R. Lessard
They could be attributed to the fact that the systeiutolog) for their help in various aspects of this work.

includes single-ended cylinders with non-equal areas and
valves with symmetrical spools.

input command angle displacement [1]

[2]
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Fig. 11. Model validation for the stick.

Although some do discrepancies exist in the prediction[g]
of the stick return pressure, the main objective of this study
was to provide good predictions for angle displacements
and joint angular velocities. Consequently, both the swing,
boom and stick models are well-behaved and sufficientyg
The model will be tested further during control design.

6 Conclusions

In this paper, we developed models for the electrohydrauli&O]
system of a forestry machine. The linear graph method was
implemented in deriving mathematical models for the
swing, boom and stick subsystems. The actuation
dynamics were integrated with manipulator dynamics to rd11]
sult in a complete machine model. Estimation procedures
employed in obtaining values of physical parameters wefé2]
discussed. Model validation studies showed good
agreement between the model and experiments. The deriviad]
models will be used for control, prediction, and training14]
simulator purposes.
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