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Abstract are lightweight, maneuverable, and agile. In contrast to ex-
This paper focuses on the modeling, parameter estimation, agavators, the operator of such a machine may be sitting in a
model validation in open and closed-loop of an experimentalon-rotating cabin, and commanding the manipulator in
forestry machine manipulator. Symbolic Newton-Euler and line&artesian space. In addition, machine actuation systems are
graph methodologies are used in deriving mathematical modelshiging improved, and are increasingly based on fast closed-
the swing, boom and stick subsystems. Actuation dynamics arenter proportional valves, and constant pressure supplies.
integrated with manipulator dyndos to result in a complete While standard methods exist for modeling the
manipulator and actuation model. Identification proceduredynamics of rigid body manipulators driven by electrical
employed in estimating physical parameters are discussed. Moambtors, [6], few studies describe modeling of
validation studies show good agreement between modelectrohydraulic manipulator systems. Mclainal.[7] de-
predictions and experiments. The models will be used fweloped dynamic models for a complete electrohydraulic
designing acontroller for coordinated endpoint motion and for eactuation sub-system including a single-stage, four-way,

real-time graphical training simulator. suspension-type valve, not used in industry. With
exceptions, the majority of previous work has focused on
1 Introduction modeling of individual electrohydraulic components such as

Forestry is Canada’s most important industry in terms §ervovalves, transmission lines and actuators [8]. For

people employed and contribution to the economy, [1 xample, modeling and identification of transmission lines
However, increased competition from overseas and strz‘?n be found in [9], of actuators in [10], and of servovalves

environmental laws require that forestry resources are hip-111]. . :
vested more efficiently and more carefully than previously, " this paper, we study the dynamics of a forestry
This requires sophisticated forestry equipment with bett8#achineé manipulator and its electrohydraulic actuation
and easier to use controls, increased efficiency, and self-gyStéms. The linear graph method is implemented in
agnostics. Such equipment will allow operators to concef€/Ving mathematical models for the swing, boom and
trate at planning tree harvesting operations. stick actuation subsystems. Actuator dynamics are
These requirements can be met by computerizing forestfjegrated with manipulator dynamics to result in a
machines, by including advanced control systems, enablifMPleté machine model. Identification procedures em-
operators to command a machine’s manipulator in Cartesijyed in estimating physical parameters are discussed.
space. However, such improvements should use pro del validation _stud|es show_good agreement between the
industrial grade technology, so that reliability andodel and experiments, both in open and closed loop trials.
maintainability of the machines is not adversely affected"® derived models provide valuable help in the dynamic
Better use of forest resources and increased efficiency lysis of forestry machlne_s, as We!l as In closgd-loop and
also be achieved by improved operator training. Su fed-forward control synthesis, and simulator design.

training can be facilitated greatly by the use of machine
graphical simulators. The work described in this paper & Harvester Machine System Modeling

concerned with modeling of a complete experimentatne work described here is part of a recent Canadian initia-
forestry machine for the purpose of control, simulatofye in forestry robotics, called ‘ATREF’ (Application des
development, and diagnostics [2], [3]. Technologies Robotiques aux Equipements Forestiers) [2].
Work on coordinated control of excavator-type Ofrpe project’s harvester machine is equipped with an articu-
machines has began in mid-eighties by P.D. Lawrence aagd manipulator which includes a hydraulic motor-actuated
his team [4], [5]. In this work, an excavator end-point i§ying joint, and cylinder-actuated boom and stick joints,
joystick-commanded in cylindrical coordinates, i.e. the endge Fig. 1. At the end-point, a Hooke-type assembly per-
point moves in a coordinated way on a plane, while a thifgits free swinging of the processing head in two degrees-of-
degree-of-freedom is added by rotating the excavator cabjfsedom (dofs). The actuators operate at 3,000 psi, provided
However, an important trend in forestry machines igy two constant pressure pumps which, in turn, are driven

designing machines specific.ally for forestry.operationfby a diesel engine, rated 152 hp at 2,500 rpm. Commands,
Such machines have appropriate workspace size and shape,



by a human operator sitting in the cabin are processed and ¥
sent to actuators by an on-board computer system. z
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iHuntionathead N, Bogls M For the purposes of this work, a simpler three-dof model for
Fig. 1. The FERIC experimental machine. the swing, boom, and stick joints was developed. The

o ] derived manipulator equations are given by
The harvester machine includes two main subsystems which @-q+V(@,q+6(q)=t=[r,,7,.7,]" @
’ sw? ¥bm? ¥ sk

are modeled using different techniques. The mechanicarl1 feq - ™ is the vector of joint anglesyl
subsystem is described by the nonlinear multi-degree-cW— 2?3_ [r%gsqsbm,r%;trif V(eq qe)c ?nc?ué%s gogr]iglis(g)nd

freedom rigid body dynamics of the vehicle and th ; . . .
manipulator and by the base compliance dynamics. TES””'ngaI termsG(q) includes gravity termsy,, is the

models for this subsystem are derived using a symbo %rgue [;rrc()avtiﬁgdtot;y tgg QmLaeuE,%g'n?tgﬂ’j gff;boexﬁgg?e db
Newton-Euler approach. The electrohydraulic subsystem 0d 7. qu Ick g y

, N : . 1e hydraulic cylinders.
described by three single-dimensional, nonlinear, and mul 2b. Electrohydraulic subsystem. The dynamic

223rggvsgrrlilgpﬁgogfrfi’mv;?sﬁgr'r:ﬁ!:Csi\?vilr']ge’b\(l)%%e’ aiﬁusi?%aracteristics of hydraulic systems are intricate due to the
’ ' ge number of components involved and their nonlinear

degrees-of-freedom. This subsystem is modeled by Iumpgﬂ . . ; .
parameter elements, using the linear graph technique [aghawor. In this work, we have decided to use physical

The two models are then integrated to form a single mo Pﬁﬁi”'ﬂgs t?r%r;nIggrﬁsbnzitso?npoodseﬁgd ti(::’]cll?(;aéCk-L?rcT)]XS
in eighteen state variables, excluding the base complia gghniques. P . d€ pumps,
and pendulum motions of the payload. The derivation oportional valves, hoses, boom and stick cylinders and
these models is discussed below in more detail. he swing motor. The simplest possible lumped parameter

2a. Mechanical subsystenin contrast to industrial MOdels for each component were used to simplify system
manipulators which are mounted on fixed bases, a forest ntification and keep the derived models as compact as
manipulator is mounted on a moving and compliant bad ssible (a requirement for control and graphical simulator

. : i .. gesign [3]).
introducing non-actuated dofs. These characteristi gThe boom and stick subsystems are identical in struc-

introduce additional complexity to the dynamic modellinq X
and control of such systems. ure, and include a constant pressure power supply, modeled
To derive dvnamic models of the machine shown in FigS & source of pressure, transmission lines, modeled as an
1, the iterativ)é Newton-Euler dynamic formulation Waﬁiertlance,.a resistance and a capacitance .connecte_d inaT
chosen because it is easy to implement in the form of coffnfiguration, a valve, modeled as a nonlinear resistance
puter code, and requires a small number of computatioWé)dUIated by an input voltage or current to the valve torque
[6], [13]. However, this method was developed for fixed[nomr! and a cyl|'nder, modeled by a dquble gyrator with
base systems in which all dofs are actuated. In such a ¢ ociated _dam_plng. The electrohy_draullc actuation system
8r’the swing includes a hydraulic motor instead of a

known desired trajectories for all joints, or dofs, are used cylinder, and therefore it also includes motor internal and
calculate numerically the forces and torques necessary ' : .
ex ernal leakages. More details are provided next.

cause the desired motion. This is not possible in the case The manioulator valves. selected using an inverse
a manipulator mounted on a compliant base, since the b S amics ropcedure [13] a}e of the two-stag e four-wa
is not actuated, and its position, velocity and accelerati P ’ 9¢, y

will depend on how fast the arm moves, on the load beif oportlo_nal quol type, whose natural frequency is orders
manipulated, etc. To avoid this problem, it was decided f§ Magnitude higher than that of the desired closed-loop
apply the formulation symbolically, so as to obtain a clos ndwidth. Therefore, onIy_ their resistive gffect was taken
set of symbolic equations of motion. The frame assignme't'?lIO account. The valve resistance, is described by [14]
for the derivations is shown in Fig. 2. The approach is ex- AP=C;-Q-Q (2a)
plained in further detail in [13]. where the coefficienC, is a function of fluid densityp,

the orifice ared\, and the discharge coefficieft},, given as



P P, R=R X
Co=r b 2b
Ro2.c2 A (2b)

Input voltage commands modulate the orifice area A, which
in turn, affect the magnitude of,. The C, is fairly
constant,C, = 0.60 t0 0.65, [15].

A single T-element comprised of an inertance, a
capacitance and a resistance was adequate in modelling all b
system hoses or transmission lines. This fact is in accor-pm,(&)°
dance to theory. A single element (lump) is adequate if [16]

o~ - ~ Vie =0 "
i ‘\‘ ﬂ Hydraulic domain Link dynamics Hydraulic domain
f<—27;| » with COZ\‘;‘; () Fig. 3. Boom and stick linear graphs.
wheref is the line fundamental frequency of oscillatibig To integrate the rigid body dynamics to the

its length, C, is the velocity of sound in the fluid, arfil _ ojectrohydraulic actuation dynamics, transduction equations
andp are is its bulk modulus and density respectively. Fqf

; Qfansforming pressure differences to torques, and joint
the fluid usedB = 1.6x10°N/m*, p=970kg/m’, and for heeqs to flows are needed. For the two single-ended
the longest hose on the test vehicle of 4 meters, the w

. X o nders, these are
propagation frequencyis 51 Hz, which is far above the

frequencies possibly occurring in the actuation system. R

in_bm

Since the resistance of the hoses and the valves is mieh,| _[Anom —Auwom O 0 Pout_bm

- - : =J7 " - - (4a)
higher than the resistance of filters and check valves, t &, 0 0 Aia-Aux«lPao
effect of the latter was neglected. - - - P'"—

The fixed-displacement, piston-type swing motor is out_sk

modeled as a standard gyrator including a gearbd, | AV Awm O Quut bm
transformer, leakages, and viscous friction. Based on the =-J 0 1A, Q. (4b)
above, the linear graph of the swing subsystem was'- ut_sk_J| "cout_sk

constructed as shown in Fig. 3. In this figuR, is the where J :\_J(q) is a geometric Jacobian transforming joint
pump pressure;C,,C, the valve orifice resistance rates to piston speeds), .., A, s A s Ay o are
modulated by the input current;, 1,, C,,C, and R , R, driving and returning areas of the boom and stick pistons,
are the supply and return line inertance, capacitance aRgm: Fa o+ Pn o2 Fu o are pressures atinlet and outlet
resistanceR. , R, , R, the internal and external leakage off the boom and stick cylinders, a) ,,, Qu wm: Q. «

br
the motor whose volumetric displacemenDs, N is the Qu « are flow rates. The transduction equations for the
gear train gear ratioB,, is the gear train viscous damping SWing motor are more standard, and combining the gear

and g,, the swing angular velocity. train ratio N, are written as
4 Qs 0 1 DmN I:i,nfsw - POULSN 5
- |7e] |-D.N O Q. ©)
} Finally, the system dynamic equations for the three
| degree of freedom manipulator, and its actuation system are
| written as
} 4, =0,
I . -1
- 4=M(a,) {-V(a:,9,)-G(a,) + T}
I . .
} PCl_SN = (Ql_sw - (Pq_sw - PRn (qszv) - PRZ - PCZ_S\N)/Ri)/Cl_SN
Hycraulic domain Geatran  Linkdynamics | R g, :{(PQ_SN - Rz (0s) — Py — P(‘Q_sw) R-
Mechanical domain
Fig. 3. The swing subsystem model. (PRn(qSN)+ Py + PCZ_SN) R,

Two single-ended type of cylinders are used to actuate —(PCLSN +R )/F%Z —Q.st}/Csz
the boom and stick. It is assumed that no piston leakage . /
occurs, and that the dominant friction effects in the pistoR, s Z(PS—CR'Q._SN -sSign(Q, o) — PQ_SN) I o

seals are viscous. The boom and stick models are .

constructed according to the linear graph shown in Fig. £, s =( aw~CrQ, 'S'Qn(Q.z_SN)) P
Due to the single-ended configuration, the common twos =(Q — gy, X ) c,

port element gyrator can not be used directly. Instead, twé-"" h,_bm L Tbm/ =1 bm

two-port gyrators were used. Additional parameters in Fig.
4 include, the head and rod areas of the pisgyn= A,
and gy, = A, and the viscous cylinder dampirig).



=) _ X C (b) Hose resistance-or incompressible, fully developed
&_bm (gy2 bm Q'Z—bm) 2_bm turbulent flow in hoses, pressure drop is related to flow
. -(p_cC.. 2 gan _p | 6 according to Eq..(l). By varying_valve orifice, flow rates
Qo ( == CrQ om0 (Q'l—b"‘) C1—*’"‘) 2o (6) and corresponding pressure differences across a SAE
. _ _C . 2 g 100R12 hose of 4 meters in length and 3f# diameter
f_bm (P%—b”‘ Cr - Q, o sgn(Q, _bm ) '2 o were measured, and th&, was computed to be 3.12%é-
P —av.-5.)c Pa/(mi/sec?. For hoses of different diameter and length,
C_Sk 1, _sK gyl 'K 1_sk . . . .

their resistance can be approximated using

Rso= (92 %= Q, 4) G C(LD)=al 2L ©

Q_«=(F _CR'Qll,skz ~sign(Q,1ﬂ)— Pcl,sk) & where o is a constant depending on the unjtsjs the ab-
. . solute viscosity,p is the fluid density,L is the pipe
|« = (Pcz_sk -Cr-Q, « -sgn(le_gK)) P length, andD is the internal diameter of the pipe, [17].

(c) Inertance and capacitancé@he fluid inertance and
capacitance were estimated from the pressure and flow rate
3 Experimental Parameter Estimation readings accqrding to their Qefinitions. The same hose as in

’ ) ) the hose resistance experiment was used, and flows and
The enormous size and weight of the experimental systgffbssures at both ends of the hose were measured as the
(e.g. its weight is about 20 ton), made identification expeyyve orifice was being varied. The obtained results were C
iments challenging. Mechanical parameters were estimated 59x10'> m°/N, and | = 3.06x10kg/ni".
parts, and by pendulum experiments for determining inerjigaiage between higher and lower pressure chambers, and

properties. However, the later are quite sensitive to perigge external leakage from each motor chamber to the case
of oscillation errors. Therefore, detailed AutoCAD solidyrain were estimated assuming that leakage flows are

models of all the link parts were created, and inertia propgfroportional to pressure differences [17].
ties were computed numerically. These models were refined The internal leakageR , is defined by
to the point that part mass and center of mass location AP = pl_” PR=R,-Q, ®)

matched the experimentally determined ones [13]. where R_is the internal leakage resistand@, is the

_Most of the electrohydraulic system parameters Wejg, o0 'fiow, andAP is the pressure difference across the
identified individually in order to reduce estimation errors. sior ports. To estimateR , the platform was tilted
: .

to minimum. Standard. identification procedures wer ausing the swing to rotate under gravity: @d B were
required for the rest. Various types of sensors were used Lasured and@was calculated aQ, = D,.q../N. The
! ! in = “mHsw :

these experiments: pressure transducers, resolvers, ﬂ%\fained result wag = 8 10 Ns/np

meters, etc. The data-acquisition system was based on arpn ; - -

. . . e external leakage in each piston chamber is propor-
STD32-bus Ziatech-8902, 486 DX-2 computer installed i : .
the vehicle’s cabin. This embedded system runs under QI\? nal to the chamber pressure and can be writien as:

whereq, = q andt have been defined in Eq. 1.

486 DX-2 computer, also running QNX. orward chamber andp, is pressure in return chamber. To

(a) Valves Since the three valves used for the swingStimate Ry, lthe motor was rotated and Iﬁmd. R Wk:are |
boom and stick are identical, only one of them was testgifasured; also, & was estimated by collecting the oi
and its C, measured. By varying the magnitude of inpuff®m the case drain during the motion. The obtained result

voltage commands, several sets of pressite®_ and WasR,= 2.2 162 Ns/n?.

flow ratesQ were collected. Using Eq. (1) and a MATLAB __(d) Damping coefficients in cylinders and matdine
curve fitting algorithm, a polynomial representation oPhysical connections of the manipulator prevented the actua-

C(V) was found, shown in Fig. 5. The region between fprs from being disconnected from the arm and base. Since

and 1.2 volt corresponds to the deadband of the valve. it'was very Qiffipult to estimate the viscous dampig
without considering the effect of other parameters, viscous

0.001 ] damping parameters were estimated after all other
o r // parameters were identified, and accumulative errors were
o & 0.00075 ] lumped into them [17]. The obtained results were
ElE oost ] B,, = 2.45-10°Nms/rad and B, = B,, =1.03-10°Ns/ m.
©  0.00025 ] 4 Model Validation
N ‘/‘ N Open-loop validation. The model given by Egs. 6 was
0 2 4 6 8 10 implemented in Simulink. To validate it, various input
Command Voltage (V) voltage commands were fed to the valves, and simulated re-
Fig. 5. Valve characteristics. sponse was compared to experimentally obtained ones. Fig.

6 displays the response of key swing subsystem variables,



for a triangular input command. The solid line stands fatynamics. A simplified model of the actuation system
actual measurements and the dotted line is the predictiexcluding these dynamics predicts accurately the mean
using the derived dynamic models by simulation. response but it is faster, and may therefore be preferred for
, input command o angle displacement control or simulation purposes. Pressure predictions are
' good in the mean. Discrepancies are mostly due to load
swinging which was not accounted for in the model.
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Fig. 6. Model validation studies for the swing. 2 o2k 1
The prediction of angular displacements and speeds is vely 5.4 / _________ Eﬁgﬁ[ggggt \""\;
close to the actual ones. The flow rate prediction is also N Exp. - Sim.
. . - P L L ’ ’ ’ ’ ’ ’ ? L L | L L L L L L
very good because of its relation to angular rates. The 065 5 10 15 20
predicted pressure profiles are close to the real ones, al- Time (sec)
though part of the peaks was underestimated. This may 9. Comparison of stick tracking errors

due to small discrepancies between the actual and the calcy-.

X . 1510
lated mass properties. Furthermore, just before the expeg-
ments were conducted, a 2-DOF Hooke-type pendulum a%;
tachment was added to the stick endpoint. Periodic motiors
of the manipulator caused swinging motions of this atg :
tachment. Although its mass properties were known, thg I NN
dynamic effects of this motion were neglected due to thg

110}

lack of sensors. A more accurate friction model might alsg Experiment

contribute in improving the results to some extent. Resulf§ I Simulation

for the other dofs are similar to those presented here. ) E R R
Closed-loop validation. A PID controller was im- 0 5 10 15 20

plemented at the joint level, see Fig. 7, without the feed- Time (sec)

forward part. This controller is part of the coordinated corig. 10: Comparison of stick rod-end pressures.
trol scheme under development, and will be receiving joint

commands computed by resolving cartesian commands it0 Feed-forward Control based on Valve

joint ones. Closed-loop validation for the stick subsystem Characteristics

is displayed here. A sinusoidal angle command was fed{@acking of the joint-level PID controller can be enhanced
the stick’s controller. After PID gain tuning, the suck_reby adding a feedforward loop, see Fig. 7. This loop can be
sponded as shown in Figs. 8, 9 and 10. The same figuiRged on the static valve characteristic, shown in Fig. 5.
also display the response of the controlled system, simypte that each of the two valve orifices are governed by Eq.
lated in Simulink, using the same PID gains. Note that the) For the purpose of the controller, the flow Q for each

simulated and actual tracking errors are almost identic@kifice can be derived from the desired joint speed. The
The small oscillations close to 6 and 16s are due to hose



pressure drop for each orificAP is obtained from four References

pressure transducers yielding,R, Pn, Pout Pank. Then  [1]
the corresponding:;;2 for each orifice is given by

C;{Z = Qll \ A7Pl = Qd&s_in /'\ Ppump - Pin (108) [2]
C;f = QZ/ \s’/APz = Qdafout /\ Pout - Ptank (10b)

Using the valve characteristic depicted in Fig. 5, the
voltages V;; and Vf, can be calculated. It was found later
that using the minimum of the two gave best results. [3]

The usefulness of the feed-forward controller has been
demonstrated first off-line. The values recorded during the
tests for closed-loop validation (trajectory shown in Fig. 8)
were fed into a Matlab program that computes the feed-
forward voltages as explained above. The results are showd]
in Fig. 11; a difference between the feedforward and PID
commands is only noticeable when the spool is moving
from one side of the valve to the other (i.e. when the[5]
polarity of the command changes).

10
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S [6]
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Fig. 11: Feed-forward prediction compared to (8]

PID voltage command

Since this off-line analysis revealed that the valve model
alone provides a good approximation of the voltage neede(p]
to produce the desired motion, we will now proceed with
incorporating the feed-forward model into our current PID
controller. The gain K in Fig. 7 will vary between 0 and 1
and will be determined experimentally. [10]

6 Conclusions

In this paper, we developed complete dynamic models for
the electrohydraulic manipulator of a forestry machine. The-1]
linear graph method was implemented in deriving mathe-
matical models for the swing, boom and stick subsystems.
The actuation dynamics were integrated with manipulatdﬂz]
dynamics to result in a complete machine model.
Estimation procedures employed in obtaining values ds3l
physical parameters were discussed. Model validation stud-
ies showed good agreement between the model and experi-
ments. The derived models are being used for feedforward
and closed-loop control, and training simulator purpose£14
Machine behavior diagnostics will be considered also. [15]
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