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Abstract

This thesis describes the modelling of electrohydraulic actuation systems of a prototype
forestry vehicle, the experimental identification of the dynamic models parameters and
control strategies for forestry operations.

The linear graph method is selected to derive comprehensive models of three
electrohydraulic actuation subsystems, i.e. the swing, boom and stick subsystems, on the
vehicle based on modelling of individual components. A new approach is proposed, then,
to integrate rigid-body dynamic models with the actuator dynamic models to result in a
complete machine model.

Off-line parameter identification procedures are used, including the least-square
method. A series of experiments is performed to obtain numerical values for the parameters
involved in the system models. The experimental setups are described in detail and new
procedures are explained. The model validation studies show that the mathematical models
closely represent the dynamic characteristics of the forestry machine.

The concept of coordinated control in teleoperation is studied. The resolved motion
rate control strategy shows superiority over conventional joint-based control in heavy-duty
forestry machines. Two inverse Jacobian manipulator control schemes, based on velocity
and on position servo schemes, are introduced and evaluated under various operating
conditions. The results provide guidelines for the design and implementation of

manipulator controllers on a forestry machine.




Résumé

Cette thése décrit la modélisation de systémes d’actuation €lectro-hydraulique pour un
prototype de véhicule forestier, I'identification expérimentale de paramétres du modéle
dynamique et des stratégies de cornmande lors d’opérations forestiéres.

La méthode des graphes linéaires est choisie pour obtenir les modeles détaillés de trois
actionneurs électro-hydrauliques différents du véhicule, soit ceux de la base rotative, de la
fleche et du balancier, a partir de la modélisation des composantes individuelles. Une
nouvelle approche est alors proposée pour combinér les modéles dynamiques des corps
rigides aux modeles dynamiques des actionneurs afin d’obtenir un modele complet de la
machine.

La méthode des moindres carrés est utilisée en différée pour I'identification des
parameétres. Une série d’expériences a €t€ effectuée afin d’obtenir les valeurs numériques de
parameétres impliqués dans les modeles du syst¢me. Le montage expérimental détaillé est
décris, et de nouvelles procédures sont justifiées. Les études de validation du modéle
démontrent que les modéles mathématiques décrivent trés bien les caractéristiques des
systémes.

Le concept de commandes coordonnées dans les téléopérations est étudiés. La stratégie
de commande du type de la vitesse du mouvement résolue, démontre sa supériorité face aux
modeles d’asservissement conventionnels basés sur les articulations, et ce pour les
machines forestiéres a usage intensif. Deux schéma de commande, celui de la matrice
Jacobienne inversée avec la vitesse du manipulateur, et celui d’un modéle asservi en
position, sont introduits et évalués sous diverses conditions d’opération. Le résultat fournit
des lignes directrices pour la conception et la réalisation de modéles d’asservissement pour

le véhicule.
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1. Introduction

1.1 Motivation

The forest sector is Canada's most important industry in terms of net contribution to the
economy (in 1990, its contribution to the trade surplus was $19 billion, and it generates
3.1% of the GDP), numbers employed (293,000 jobs, of which 49,000 are in forest
operations), and socioeconomic importance (300 communities are solely dependent on this
industry), [3].

Forestry machines, typically located in remote areas, operating in rugged and arduous
conditions set high demands for productivity, reliability, efficiency and operator safety and
comfort.

Forestry machines, particularly feller machines, manufactured in Scandinavian
countries are more technologically sophisticated and ergonomical. However, different
operating conditions, sizes of trees and attached cutting tools slow down their penetration

to the North American market. Nevertheless, we are facing direct competition and
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therefore, many improvements should be made given the current development stage of
forestry vehicles.

One of the most needed improvements is a better control strategy and man-machine
interface. For some older machines, operators are required to use both feet, hands, knees
and elbows simultaneously to actuate the throttle, winch clutches and brakes in order to
complete one working cycle. In current machines, control requires individual command of
each link by an operator, which in turn, requires significant visual feedback, judgment and
skill. Both situations keep operators extremely busy with low-level mechanical
manipulations instead of making high-level decisions, such as planning tree-cutting
operations or choosing appropriate trees. Coordinated control, by which operators are
enabled to command desired end-effector motions directly along axes relevant to the task
environment, greatly decreases demands on operators, and thus, workload is reduced
dramatically.

Tree-cutting operations involve highly repetitive working cycles. Tool engaging,
cutting, delimbing and collecting are necessary steps in operations. With the advancement
of computer technology, the procedures can be programmed or remembered. Ideally,
intensive manual operations will be replaced by a single push button or single joystick
commands. To accomplish these objectives, the dynamic behavior of the vehicles, of their

actuation systemns and of their manipulators must first be well understood.

1.2 ATREF Project

ATREF, a French acronym for "Application des Technologies Robotiques aux
Equipements Forestiers” (Application of robotics technologies to forestry equipment), has

been carried out since 1994 with these goals in mind. The project is partly funded by the
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Quebec government's SYNERGIE program, whose objectives stress the acceleration of
technology transfer from Quebec's research community to the private sector. The remainder
of the funding comes from the project's industrial partners: the Forest Engineering
Research Institute of Canada (FERIC), Denharco Inc. and Autolog Inc. The research
members are the Centre de recherche informatique de Montreal (CRIM), McGill
University, and Université Laval.

The test vehicle of the project, a modified FERIC C-180 forwarder, is shown in Figure
1.1. Both mobility and maneuverability of the vehicle come from hydraulic systems
powered by a diesel engine sitting at the back of the vehicle platform. Four wheels are
independently driven by four hydraulic motors. The bogies connected to these wheels are
designed to minimize tilt of the overall machine when the vehicle is climbing slopes. An
articulated three-degree-of-freedom manipulator is actuated by a hydraulic motor and two
cylinders. The stick, the link which rests on the ground as shown in the picture, was
extended on the tip to increase the reachability of the manipulator. The end-effector, not

shown in the picture, will be attached to the stick.

Figure 1.1 The test vehicle - modified FERIC C-180 forwarder.
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Four main activities were planned for the project. Activity | is the preparatory stage. It
involves modifying C-180 forwarder, comprehensive modelling and parameter
identification of the test vehicle, and generating a database of current feller machines on the
market. Activity 2 focuses on the computerized control of the machine. A Coordinated
control strategy is to be implemented and tested. Activity 3 concemns designing a graphical
simulator with a multimedia component, to be used for novice operator training. Finally, in
activity 4 interactive CAD tools are developed to assist designing similar type of forestry

equipment in the future.

1.3 Related Work

The starting point for designing good control laws is to mathematically model the physical
system such that the system can be controlled as accurately as possible in the following
stage. Modelling methodologies vary mainly depending on the purpose of modelling and
on individual preferences. While the majority is using classical modelling tools and ad hoc
approaches, systems methods, such as linear graph and bond graph methods, used to
derive lumped-parameter models of multi-domain systems in unified ways, are gradually
becoming important. With the advancement of computer technology, detailed dynamic
models studies which require substantial computing power can be carried out systematically
and easily.

The linear graph methodology [28], represents the topological relationships of lumped
element interconnections within a system. The term linear in this context denotes a
graphical lineal (line) segment representation, and is not related to the concept of

mathematical linearity. A linear graph is used to represent system structure in many energy




CHAPTER I INTRODUCTION 5

domain, and is a unified method of representing systems that involve multi-energy
domains. They are similar in form to electrical circuit diagrams.

A significant amount of research efforts has been directed towards understanding the
dynamic characteristics of electrohydraulic actuation systems through the implementation of
mathematical models. The majority of previous work has been focused on modelling of
servovalves, transmission lines and actuators separately. Often only linear models have
been derived due to the complex nature of the systems. More recently, McLain e? al/ [23]
developed dynamic models for an electrohydraulic actuation system by taking into
consideration non-linearity, such as valve hysteresis, orifice area, and piston damping. The
level of accuracy of the models shown makes them a potentially valuable tool in analysis
and design of electrohydraulic actuation systems. However, the models were derived for a
single-stage, four-way, suspension-type of valve, which is not used in industry.

Electrohydraulic actuation systems are complex non-linear systems. It is difficult both
to obtain accurate dynamic models, and to identify the corresponding physical parameters.
The high cost of hydraulic actuation systems, the additional cost of data-acquisition
systems and sensors, and the lack of experience in hydraulics, intimidate many robotics
research laboratories from having hydraulic actuation systems with reliable sensing and
acquisition capabilities. Even those who can afford to carry out experiments, very often
deal directly with linearized models only, which limit the range of validity of models. The
consequence of this approach results in extra difficulties during the controller design stage
[41], [21]. Nevertheless, different identification methods for transmission lines {40}, [19],
actuators [38], and servovalves [22], [25], were proposed and implemented, and some
specific servo actuation systems were investigated [23], [13].

Forestry operations demand heavy-duty machines which have articulated mechanical

structures, actuated through coupled and complex hydraulic actuation systems to perform in
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diverse and harsh environments. Operators often find themselves in a situation that requires
significant visual feedback, judgment and skill for low-level felling operations. However,
there is not enough time to spend on higher-level decision making, such as choosing trees
and planning cutting paths. Whitney [39] proposed a resolved motion rate control method
such that operators are enabled to call for the desired end-effector motion directly along
axes relevant to the task environment, which substantially reduces the complexity of
operations.

For the control of relatively slow, wide-workspace telemanipulators like forestry feller
machines, Kim [17] later compared human operator performance by using two modes,
position and rate control, under different workspace sizes. Rate control (regulating
manipulator velocity signals) is found preferable to position control (regulating manipulator
position signals). Das et al. [7] further evaluated operator performance with seven manual
control modes in teleoperation, which are combinations of manual position or resolved
motion rate control with alternative control schemes for force reflection and remote
manipulator compliance. The resolved mode teleoperated control method was implemented

successfully by researchers at UBC on excavator machines [20], (30], [32].

1.4 Thesis Outline

The thesis begins with a survey on components of electrohydraulic actuation systems and
design guidelines used in mobile machines. Then two types of dynamic models of the
actuation systems on the test vehicle are derived. Once the models are given, the procedures
to identify parameters involved in the models are described. The results of experiments then
lead to model validation studies. The valid dynamic models finally allow for the design of a

resolved-motion controller.
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The organization of this thesis is as follows:

Chapter 2 gives the fundamentals of mobile machine actuation systems. The
comparison of hydraulic systems to other actuation systems is illustrated. The choices of
power sources, valves, and actuators are discussed.

Chapter 3 introduces the linear graph method, which is implemented in deriving
mathematical models of three actuation subsystems used on the vehicle, namely, the swing,
boom and stick subsystems. The nonlinear state-space models are presented. Also, the
integration of the actuation system dynamics with manipulator dynamics equations is
discussed.

Chapter 4 describes the experimentation involved to estimate physical parameters
required in the dynamics models derived in Chapter 3. The data-acquisition system,
experimental setup and measurement procedures are described. Model validation studies
and a refinement of the proposed hydraulic actuation models are described. An analysis of
the experimental data and comparison studies are presented.

Chapter 5 addresses the concept of teleoperation. Formulation and design of the
coordinated control strategies based on validated dynamic models of the vehicle are
discussed. Computer simulation results are also presented.

Chapter 6 concludes the thesis with a summary of the work done. Some further

research developments concerning the project are mentioned.



2. Electrohydraulic Actuation Systems

The term hydraulics is defined as that branch of engineering that deals with fluids as a
transmitting medium for energy. While the use of hydraulic power goes far back in the
history of man's effort to harness nature, it was not until the first few decades of the
twentieth century that hydraulic power came to prominence. With the help of sophisticated
electronics, electrohydraulic actuation systems are widely applied in high-power-demand
applications, such as aerospace and heavy-duty mobile equipment.

In this chapter, the fundamentals of mobile machine electrohydraulic actuation are
presented. A comparison of hydraulic systems to other actuation systems is illustrated first.
An overview of components used in hydraulic actuation system follows next, including the
choices of fluid power sources, valves, actuators and other related components. Some
modifications of the electrohydraulic systems of the experimental vehicle are also

described.
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2.1 Why hydraulics?

There are many unique features of hydraulic actuation systems compared to others, e.g.
electrical, mechanical, etc. These fundamental features explain the dominant presence of
hydraulics in the aerospace, forestry, construction, mining, and agriculture sectors. Some
of the advantages are:

1. Efficient cooling. Heat generated by internal losses is a basic limitation of any
machine. Lubricants deteriorate, mechanical parts wear down, and insulation breaks down
as temperature increases. Hydraulic components are superior to others in this respect
because the working fluid carries away the heat generated. This feature permits the use of
smaller and lighter components. Hydraulic pumps and motors are currently available with
horsepower to weight ratios greater than 2000 W/kg. Obviously, small compact systems

are attractive in mobile and airborne installations.

Piezoslectrical Actuator

dc/ac Motor

Hydraulic Cylinder i |

Pneumatic Cylinder

Low-Pressure Actuator

Stepper Motor

Electromagnet

1000 5000
W/kg

Figure 2.1 Power-to-weight ratios for common actuator principles, [10]
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2. Large force or torque output. There is no phenomenon in hydraulic components
comparable to saturation and losses in magnetic materials of electrical machines. The torque
developed by an electric motor is proportional to the current through its windings and is
limited by magnetic saturation. The torque developed by hydraulic actuators (i.e., motors
and cylinders) is proportional to the pressure difference and is limited only by safe stress
level. Therefore, hydraulic actuators develop relatively large torque or forces for
comparatively small devices.

3. High stiffness. Hydraulic actuators have higher stiffness, that is, inverse of slope
of speed-torque curve, compared to other drives. Hence, there is little drop in speed as
loads are applied. In closed-loop systems, this results in greater positional stiffness and
less positional error.

4. Fast speed of response. Hydraulic actuators have a higher speed of response with
fast starts, stops, and speed reversals. Torque to inertia ratios are large, resulting in a high
acceleration capability. On the whole, higher loop gains and bandwidths are possible with
hydraulic actuators in servo loops.

5. Superb lubrication. The hydraulic fluid also acts as a lubricant and makes possible
long component life.

Although hydraulic actuation systems offer many distinct advantages, several
disadvantages limit their application.

1. Hydraulic power is not so readily available as electrical power. This is not a threat
to mobile and airborne applications but most certainly affects stationary applications.

2. Small allowable tolerances result in high costs of hydraulic components.

3. It is almost impossible to maintain the working fluid free of dirt and contamination.
Contaminated oil can clog valves and actuators and, if the contaminant is abrasive, cause a

permanent loss in performance and even failures.
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4. Basic design procedures are lacking or are difficult to use because of the complexity
of the system. For example, there is no single law to describe the hydraulic resistance.
Some of the components introduce highly non-linear behavior. This factor limits the degree
of sophistication of the controllers for such systems.

Overall, the outstanding characteristics of hydraulic actuatiorn systems, combined with
their comparative stiffness at low power levels, make them indispensable in high-power-

demand systems, such as aerospace and heavy-duty mobile applications.

2.2 Positive-displacement pumps

Positive-displacement pumps are energy-conversion devices that convert mechanical energy
to fluid energy, [12]. In the rapidly expanding field of hydraulic power, positive-
displacement pumps of widely varying designs have been developed to meet the demands
of high-pressure, high-speed applications. These designs are based upon three main types,

which are designated as gear, vane and piston pumps as shown in Figure 2.2.

(a) Spur gear pump (b) Sliding vane pump (c) Axial piston pump

Figure 2.2 Three basic types of positive-displacement hydraulic pumps.
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Up to a few years ago, pressure ratings for gear and vane pumps were well below
those of piston pumps, due to strength limitations and unbalanced pressure effects. The
situation, however, has been changing gradually. High pressure gear and vane pumps with
maximum pressure ratings of 200 to 250 bar are now available (Note that, still, piston type
of pumps can provide 400 bar or higher if desired). As the majority of the hydraulic
actuation systems operate within this range, the determining factor in choosing a pump will
often be a compromise between volumetric efficiency and cost. Gear pumps are, as a rule,
cheaper than comparably rated piston pumps, while vane pumps occupy the middle
ground. The high volumetric efficiency of piston pumps can not normally be matched by
either gear or vane pumps.

Three types of pump operating modes are used in practice, namely, constant flow,
constant pressure, and load-sensing modes. A constant flow system provides full flow at
any value of pressure. A constant pressure system has a mechanism to keep constant
pressure at different flow rates. When no flow is needed, the pump delivers just enough
fluid to make up for internal leakage. A load-sensing system provides only the flow and
pressure demanded to meet load requirements. Almost no energy is wasted.

Although constant flow pump systems have been a common choice for a wide range of
machines in the past few decades, the trend is towards constant pressure or load-sensing
systems. With the requirements of energy efficiency and increasing demand for fast
response and sophisticated control systems, more designers turn to these two pump
systems. A comparison of energy consumption of the three types is shown in Figure 2.3.
Although a load-sensing system demands less energy, the speed of response is slower than
that of a constant pressure system. Since fast speed of response is one of the design criteria

in our project, we decided to use a constant pressure system.
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Fiow igom)

(a) Constant flow pump (b) Constant pressure pump (c) Load-sensing pump

Figure 2.3 Power consumption of typical hydraulic systems, [12].

2.3 Valves

Hydraulic control valves are devices that use mechanical motion to control a source of fluid
power. They vary in arrangement and complexity, depending upon their functions. Control
valves are mechanical, electromechanical or hydromechanical devices, and knowledge of

their dynamic performance is very important for design and analysis purposes, [24].

2.3.1 Valve configurations

Valves may be divided into three classifications: sliding, seating, and flow dividing.
Examples of these are the spool, flapper, and jet pipe valves, respectively, which are
shown schematically in Figure 2.4.

The most widely used valve is the sliding valve employing a spool type construction. It
can be further classified by (a) the number of 'ways' flow can enter and leave the valve, (b)
the number of lands on spools, and (c) by the type of centering when the valve spool is in
neutral position. Because all valves require a supply, a return, and at least one line to the
load, valves are either three-way or four-way (two-way valves cannot provide reversal in
the direction of flow). A three-way valve requires a bias pressure acting on one side of an

unequal area piston for direction reversal. A four-way valve would have two lines to the
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load. The number of lands on a spool vary from one in a primitive valve to the usual three
or four, and special valves may have as many as six lands. If the width of the land is
smaller than the port in the valve sleeve, the valve is said to have an open center or to be
underlapped. A critical center or zero lapped valve has a land width identical to the port
width. Closed center or overlapped valves have a land width greater than the port width
when the spool is at neutral. The typical flow vs. orifice opening profiles (the slope is

defined as the flow gain) is shown in Figure 2.5 for these three types of centering

positions.
Supsly .
- |
e= To osd
(a) Spool valve (b) Jet flapper valve (c) Jet pipe valve

Figure 2.4 Typical hydraulic control valves.
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Figure 2.5 Flow gain of different center types.
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Spool valve manufacture requires that close and matching tolerances be held, thus the
valves are relatively expensive and sensitive to fluid contamination. Tolerances required for
flapper valves are not as stringent. However, the relatively large leakage flow limits their
application to low power levels. Flapper valves are used extensively as the first stage in
two-stage electrohydraulic and hydromechanical servovalves.

Jet pipe valves are not used as widely as flapper valves because of large null flows.
Their characteristics are not easily predictable and the speed of response is slower than that
of the flapper type. The main advantage of jet pipe valves is their insensitivity to dirty
fluids. However, the more predictable flapper valves have similar performance

characteristics and are usually preferred, [24].

2.3.2 Valves in closed-loop control

For closed-loop control purposes, critical center type is always desired due to the linear
flow gain. However, the high manufacturing cost and safety considerations have prevented
its implementation in certain applications. Closed center is not desirable in closed-loop
control because of the deadband characteristic in the flow gain. Deadband results in steady
state error and, in some cases, can cause backlash which may lead to stability problems.
However, with the assistance of electronics, the deadband can be well compensated during
operation.

Historically, electrohydraulic closed-loop applications for controiling position, velocity
or pressure have been left to industrial servovalves, which, in closed-loop control allow
operation as precise-metering and fast-acting elements. Servovalves have critical center
configurations. With the internal mechanical feedback loops, their bandwidth can be over
100 Hz. However, high cost, high sensitivity to contamination, and relatively high

pressure drops across ports, make room for state-of-the-art proportional valves, which
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have been improved to the point where they can be used as cost-effective and less-
troublesome alternatives to servovalves.

Proportional control valves are directional control valves designed to meet commercial
performance standards. They include interfacing and pilot stages resulting in proportional
control characteristics, i.e. infinitely variable positioning of a control element in a defined
relationship to an input signal, [12]. Like servovalves, proportional valves convert an
electrical input signal e.g. voltage V or current i, into a proportional, hydraulic output, e.g.
a corresponding spool position. The traditional design of a proportional valve is much more
tolerant of contamination than that of a servovalve with sacrificing precision and fast
response. However, with features such as additional spool position control and two-stage
pilot-operating, disturbances created by flow forces and friction on the main spool are
substantially eliminated. Operating the valve through the entire signal range generates such
low hysteresis that it often cannot be measured. In addition, valves of this type demonstrate
much quicker response than older types. For valves which have an overlap in the neutral
position to minimize internal leakage, additional electronic deadband compensators in the
external control loop can assure a smooth transition when changing flow direction. In
consideration of the characteristics described above, proportional valves were chosen in

this project for controlling the three-degree-of-freedom articulated manipulator.

2.4 Actuators

The function of actuators in hydraulic systems is to convert the hydraulic energy supplied
by the pump and processed by the control elements into useful mechanical work. Actuators
have either a linear or a rotary output and can be classified into two basic types:

(1) Cylinders.
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(2) Motors.

2.4.1 Cylinders

The most commonly used hydraulic actuator is the cylinder or jack. A cylinder can be either
single-acting or double-acting. Single-acting cylinders are power driven in one direction
only, whereas double-acting cylinders are power-driven in both directions. Cylinders can
be constructed as single-ended or double-ended, as shown in Figure 2.6. Double-ended
symmetrical cylinders, Figure 2.6.(a), are frequently used for high performance servo
systems, but have greater overall body length and are more expensive than single-ended
actuators for the same work output. Because of lower cost and smaller size, single-ended
cylinders are widely used for both industrial and mobile applications. Although single-
ended cylinders are asymmetrical, they are suitable for closed-loop systems, provided the
effect of the asymmetry on performance and stability is taken into account when carrying

out a system analysis.
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Figure 2.6 Typical types of cylinders (a) double-acting. (b) single-ended.
(c) differential.
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2.4.2 Motors

Hydraulic motors are essentially hydraulic pumps in which the energy conversion sense is
reversed. While a pump converts mechanical energy supplied to its drive shaft by a prime
mover into hydraulic energy, the motor converts the hydraulic energy provided by the
pump into mechanical energy at its output shaft. Because of this basic similarity pumps and
motors are, except for some minor differences, identical in construction. Three groups fall
into the classification, namely, gear, vane and piston motors.

As with pumps, piston motors operate at the highest working pressure ranges among
the three. Motors can be further subdivided into two categories:

(1) High-speed, low-torque.

(2) High-torque, low-speed.

Once the required output power of the motor has been established, it has to be decided
which of the two is the most suitable for the given application. Industrial high-speed, low-
torque motors are considerably cheaper than high-torque motors of equivalent power
rating, although the former invanably necessitates the provision of reduction gearing,
which is considered to be a disadvantage for closed-loop applications. A high-speed, low-

torque motor was chosen in the original machine design, and we decided to stay with it.

2.5 Other Components

2.5.1 Filters

It is estimated that as much as 75 percent of hydraulic system failures can be attributed to

dirt or contaminants. A hydraulic valve on a machine tool stuck or jammed by
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contamination can place the tooling, machine, and/or operator in jeopardy. As the
sophistication of fluid power components and circuits has grown, so has recognition of the
need for high-efficiency filtration. Higher system pressures and faster cycle times means
tighter clearances between the moving surfaces of hydraulic components, and more stress
and shock for the components themselves.

Two types of devices are used to remove particles from hydraulic fluids: strainers and
filters. A strainer is generally a large-pore-size device used at the inlet of a hydraulic pump.
It employs a 100-mesh screen that removes particles bigger than 150 um. A filter is a
device that generally has a finer pore size than a strainer. The function of a filter is to
remove dirt and contaminants above a specific size from the hydraulic fluid. The degree of
filtration is generally determined by the needs of the most sensitive component in the
hydraulic system, which, in many cases, is a valve.

The multipass B, ratio is used for measuring the separation characteristics of a filter

_ Number of upstream particles larger than x um
* Number of downstream particles larger than x #m

(2.1)

Thus, a B, ratio of 1 indicates that no contaminant particles are being removed, and a filter

element with B, =100 is 99% efficient to remove particles size x pm and larger.

2.5.2 Conductors

The channeling of hydraulic fluids under pressure from point to point in a hydraulic system
is accomplished through a number of conveyance systems. These systems would include
pipes, tubing, hoses, couplings, drilled holes, adapters, and manifolds. The function of the

conveyance system is to provide a leak-proof carrier for the fluid that will be able to
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withstand vibration, extreme temperatures (both externally and internally), adverse
environmental conditions, and general abuse.

Conductors may be divided into three classes: pipe, tubing and hose. Piping and tubing
are rigid conductors. They are not suitable for applications requiring the two ends of a
conductor to move relative to one another. A typical example would be where machine
elements move during a work cycle. There is better selection of hoses to choose from than
for pipes or tubing. In addition to the freedom and convenience of relative motion between
components, hoses provide other advantages.

1. Absorb hydraulic impulse shocks and smooth fluid flow.

2. Compensate for manufacturing tolerances in piping.

3. Provide freedom in routing conductors on a machine.

The five basic types of industrial hoses are classified by the amount of fluid pressure
they can withstand. The type of reinforcement used is the chief difference between these
hose types because high-pressure hoses require stronger reinforcement to handle the
pressurized fluid in a system. Low pressure hoses are generally reinforced with a fabric
braid. Medium and high-pressure hoses have single and multiple-wire braid reinforcement
depending on need. Spiral-wire wrap hoses were developed for special, high-impulse

pressure applications.

2.5.3 Hydraulic fluids

Fluids used in hydraulic systems on mobile equipment are usually divided into two
categories: petroleum-based fluids and fire-resistant fluids. Petroleum-based fluids are the
most-widely used in mobile equipment systems, but there is an increasing demand for fire-

resistant fluids for mobile equipment used in hazardous locations.




CHAPTER 2 ELECTROHYDRAULIC ACTUATION SYSTEMS 21

A good hydraulic fluid serves a number of important functions:

(1) It transmits fluid power.

(2) It lubricates the components in a hydraulic system.

(3) Itis capable of resisting oxidation.

(4) It holds its viscosity through a wide range of temperatures.
The selection of proper hydraulic fluid is important, as it has a direct bearing on the
efficiency of the hydraulic system, the cost of maintenance, and the service life of the

system components.

2.6 Summary

The fundamental components of a hydraulic actuation system were reviewed in this
chapter. The advantages and disadvantages of the hydraulic components and technology
described in this chapter were taken into account during the modification of the project's
test vehicle, the FERIC C-180 forwarder. Some of the components used in the
electrohydraulic actuation system are listed in Table 2.l. In addition., the detailed
understanding of system components provided the foundation for the comprehensive

dynamic modelling presented in the next chapter.

Table 2.1 Related hydraulic components of the C-180 forwarder test vehicle.

Constant Pressure Piston Pump

Rexroth - AIOV045DF R/30L -PSC62N00

Proportional Valves
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[ %
Moog 641-204B "

Motor Fixed Displacement Piston Motor

Rexroth - Model AA2FM45/6 1 W-PSDS52

Cylinders Single-ended Cylinder
l Hayes-Dana 024-8849-0 (boom)
Hayes-Dana 024-8848-0 (stick)

Hoses Very High Pressure - 4000 psi'
SAE 100R12 - 4 Spiral Steel Piles

Hydraulic fluids PetroCanada Harmony Plus

Filters for propulsion HYCON Beta Spin Filter
IL system MFBN 160/1

" Filters for valves PALL 9660 S, =2 200
m

' psi=6.895x10° Pa=6.895x 107> bar



3. Modelling of the Electrohydraulic
Actuation Systems of the FERIC
Machine

The main objective of modelling physical systems is to describe and predict their
performance characteristics operating under specified environmental conditions. Valid
models, then, can be used in designing various controllers, developing systematic design
tools, or developing graphical simulators for training.

There exists two basic modelling approaches. When modelling from fundamental
principles, important physical processes taking place in the system are identified, and
equations are written to describe these processes and their interrelations. Then the
parameters involved in the equations are estimated by experiments. At the other end, lies
the black-box approach: actual inputs and outputs are observed. and a model is fitted based
on observations without considering the internal mechanism or physics involved.

A significant amount of research efforts has been directed towards understanding the
dynamic characteristics of electrohydraulic actuation systems through derivation of

mathematical models. With the advancement of measuring instruments and computer
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technology, the complicated dynamic behaviors are observed and studied. Systems
methods, which represent the topological relationship of interconnections between different
systems and assist in developing series of lumped-parameter models in a unified fashion,
are gradually gaining importance in modeliing these systems. Such methods include bond
graph, and linear graph, which are used in this thesis.

In this chapter, the linear graph method is implemented in developing a set of dynamic
models for various components involved in the electrohydraulic actuation systems of the
modified FERIC C-180 test vehicle shown in Figure 1.1. Then two different models are
derived for the swing, boom and stick actuation subsystems, based on models of individual
elements. Finally, the integration of the electrohydraulic actuation system with the

manipulator dynamic models is presented.

3.1 Actuation Systems Overview

The experimental vehicle, the modified FERIC C-180 forwarder, was originally designed
to collect trees felled and left by other machines and to carry trees out from the forest. In
this project, a processing head is attached to the end of the stick through a Hooke-type
mechanism. Therefore, it now functions as a single-grip harvester instead of a forwarder,
i.e. it can fell trees and process them with its need. As described in Chapter 1, both
mobility and maneuverability of the vehicle come from the hydraulic system powered by a
diesel engine sitting at the back of the vehicle platform. The four wheels are independently
driven by four hydraulic motors. The bogies connected to these wheels are designed to
minimize tilt of the overall machine when the vehicle is climbing slopes. An articulated
three-degree-of-freedom manipulator is actuated by a hydraulic motor and cylinders. The

stick is extended to increase the reachability of the vehicle and the processing head is
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attached to the stick. Commands, issued by a human operator sitting inside the cabin, are

processed and sent to the actuators by an on-board computer system.

Extented Stick ]

\ t\
R+

{3} |
UL e 1))

n Swing

Multi-funtional head

Figure 3.1 Schematics of the modified FERIC C-180 forwarder.

The swing actuation subsystem of the modified FERIC C-180 test vehicle consists of a
two-stage, four-way proportional spool valve coupled with a hydraulic motor as shown in
Figure 3.2. Voltage commands sent to the valve modulate the position of the spool which
serves to regulate the orifice areas of supply and return paths. The hydraulic motor actuates
the swing through a gear train. Except for the type of actuator used, the boom and stick
subsystems have a similar setup, i.e. instead of a hydraulic motor, cylinders are connected

( to the boom and stick valves, as shown in Figure 3.3.
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Swing Motor Actuation

Figure 3.2 The swing actuation subsystem.

Stick Cylinder

Valve
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Stick Cylinder Actuation

Figure 3.3 The stick actuation subsystem.

The actuation systems operate at 3,000 psi, provided by two constant pressure pumps

which, in turn, are driven by a diesel engine, rated 152 hp' at 2,500 rpm®.

' | hp = 745.7 Watts
2 1 rpm = 0.1047 rad/s
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3.2 Electrohydraulic Components

3.2.1 Pump

Two pressure compensated, piston pumps provide hydraulic power to the test vehicle. An
ideal power source is capable of supplying constant pressure at any flow required. Real
pressure sources, on the other hand, have limits on the power that they can supply. In
practical hydraulic pump analysis, leakage flows and friction are counted as sources of
power loss as shown in Figure 3.4. Although this is certainly true in reality, hydraulic
machines are quite efficient. For piston pumps, their efficiencies are always around 90%
within the normal operating range. The test vehicle is operated in a way such that the pump
saturation point is normally avoided. Therefore, we assume that the pumps are ideal

sources of pressure.

Ideal Pressure Source Real Pressure Source
F A P ? Power Limit
_—- S Power Loss
\ Due to
Leakage etc.
—>
Q ™ Q

Figure 3.4 A comparison between ideal and real pressure source.

3.2.2 Valves

Three two-stage, four-way proportional spool valves are used to actuate the swing, boom

and stick subsystems. Overlapped spool-port setup is chosen due to safety considerations
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in spite of the undesirable resulting deadband. By using external compensation circuits,
e.g. a small magnitude of voltage added to the normal operating command, the deadband
effect can be eliminated. In such a case, valves can operate as critically centered, an
essential requirement for closed-loop control.

One of the criteria in selecting valves is to consider their response time. If the resonant
frequency of the spool is sufficiently high, its dynamic behavior is negligible compared to
the relatively low resonant frequency of the controlled system. A typical industrial
manipulator has a natural frequency in the range of | to 5 Hz, while the cut-off frequency
of the selected proportional valves, when operating under maximum command is about 10
to 15 Hz. Thus only the resistive effect of the valves is considered.

The fluid resistance, resulting when fluid passes through a valve orifice, is given by the
orifice equation. Two assumptions are made for further analysis:

(1) The fluid is ideal.

(2) The geometry of the valve is ideal.

3) The flow is turbulent.
The assumption of an ideal non-viscous and incompressible fluid is close to reality under
most conditions, and is also justified as far as phenomena inside the valve are concerned.
At normal operating pressures, the finite compressibility of real liquids has only a
negligible effect upon the flow through the metering orifices, although it is often very
important in other parts of the system, [3].

'Ideal geometry' implies that the edges of the metering orifices are sharp and that the
working clearance is zero so that the geometry of the orifice is independent of valve stem
positions, [3].

Under these assumptions, the orifice equation that relates pressure drop across the

valve and flow rate through it is of the form
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AP=C, 0|0 3.1

where the coefficient C, is a function of fluid density p, the orifice area A, and the orifice

discharging coefficient C,

p
C,=—7HF— 3.2)
F2.crA (

For the geometry of most sliding-type valves at small openings, C, is fairly constant

when the Reynolds number is greater than 260. If the orifice edges are sharp as assumed

previously, C, =0.60 to 0.65. If they are rounded or truncated by even a small flat, C,

will be 0.8 to 0.9 or higher, [24].
Therefore, valves are modelled as variable resistors. Input voltage commands modulate

the orifice areas, which, in turn, affect the magnitude of C,.

3.2.3 Transmission lines

Traditionally, transmission lines are modelled by distributed-parameter methods in the form
of partial differential equations. They are difficult to derive and troublesome to employ in
computer simulations. Lumped-parameter line models can be integrated easily into the
control engineering domain provided that the frequency of oscillations in the system is
significantly less than that corresponding to wave propagation, [36]. Therefore, if f is the

frequency of oscillation that exists, and / is the line length, then a single lump model is

valid provided that:
f< G and C = E (3.3)
2 -1 p

where C, is the velocity of sound in the fluid, and f is the bulk modulus. For a typical
hydraulic oil with 8 =1.6x10° N/m*, and p=970kg/m’, and for the longest hose on

the test vehicle of 4 meters, the wave propagation frequency fis 51 Hz, which is far above
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the frequencies possibly occurring in the actuation system. In addition, this calculation
further ensures that only one lump is required for any of the hoses used on the test vehicle.

Several assumptions are made before deriving the detailed model:

(1) Turbulent flow is assumed (non-linear pressure-flow relationship) for the boom and
stick model. In contrast, laminar flow is assumed for the swing model because the
hoses for the swing subsystem are very short, and turbulent flow can not develop
completely.

(2) Fluid compressibility and line compliance effects are linear. They hold for relatively
small pressure fluctuations from the steady state pressure and for small expansions
in the hoses.

(3) In defining fluid inertance, the momentum of the fluid on the inlet and outlet sides
of the control volume is assumed to be the same.

There are many alternatives of arranging inertance, capacitance and resistance elements.

For specific problems, one scheme may be better than another. A commonly used T' type

model is chosen for modelling purposes, as shown in Figure 3.5.

Figure 3.5 'T' type hose model.
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3.2.4 Hydraulic Cylinders

Two single-ended type of cylinders are used to actuate the boom and stick subsystems.
Cylinders seem to be relatively simple fluid power components. Mathematical models of
different types of cylinders are provided in the literature. However, the single-ended type,
which is the most commonly used in mobile machines, is often neglected. Here we are
proposing its mathematical model in the linear graph form.

Several assumptions are made before the model derivation:

(1) The cylinder chambers are assumed to be rigid, i.e. no compliance in the wall. The
stiffness of the cylinder chamber is more than 10 times higher than that of the
hoses. Therefore, when operating at the same pressure range, the compliance effect
from cylinders is negligible.

(2) Viscous friction effects in the piston seals are assumed. Hydraulic oil lubricates
gliding passages in the cylinder and greatly reduces the effect of coulomb friction.
Viscous friction is considered to be dominant.

(3) There is no significant leakage past the piston. Under normal operating pressure,
the volumetric efficiency for cylinder is usually around 85-90%. The amount of slip
flow is minimal for well-designed cylinders. In addition, the single-ended type of
cylinders further prevent any internal leakage.

Hydraulic cylinders are devices transferring fluid energy to its mechanical form, i.e. the
pressure difference at two chambers drives piston to move around. The linear graph
identify this type of elements as transducers. However, due to the single-ended
configuration, the general two-port element transducer can not be applied directly. Instead,
a combination of two two-port elements are formed to model this device, as shown in

Figure 3.6.
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Fluid Mechanical Fluid

Figure 3.6 Cylinder model in the linear graph representation.

In this figure, P, and P. represent the inlet and outlet pressures of the cylinder. and

gy,. g, are the areas on each side of the piston.

3.2.5 Hydraulic Motor

A fixed-displacement. piston motor is used to drive the swing subsystem. Contrary to
cylinder modelling, hydraulic motors are typical transducers which can be modelled easily
as two-port gyrators.
Several assumptions are made as follows
(1) Viscous friction of the motor is lumped into the damping of the gear train connected
to its output shaft.
(2) Both internal and external leakage exist inside the motor, and slip flow is laminar.
Although. in general. the volumetnic efficiency of hydraulic motors is quite high. at
low speeds the slip flow effect becomes more prominent. Very often. the motor on

the test vehicle is working within this speed range.
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The linear graph model of the hydraulic motor is shown in Figure 3.7.
P

Fluid Mechanical

Figure 3.7 Hydraulic motor model.

F, and P, represent inlet and outlet pressures in the motor, R, is the resistance of the
internal leakage, R, is the resistance of the external leakage, and D, is the volumetric

displacement of the motor.

3.2.6 Other Related Components

There are a few other hydraulic components which need some consideration. Filters and
check valves in the circuits behave as fluid resistance and may affect the accuracy of the
models. However, the manufacturing specifications show that their resistance is smaller
compared to that of valves, actuators and hoses, and therefore, their effects are neglected at

the modelling stage.

3.3 Swing Subsystem
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Based on the system'’s configuration and the modelling assumptions made in the previous

sections, a swing subsystem model is formulated in the form of a linear graph as follows.
Hose dynamics

Cr(v)

// P=0

Hydraulic domain Mechanical domain

Figure 3.8 The swing subsystem model.

The parameters showed in Figure 3.8 are defined as:

P : pump pressure.

Ce . Cr: valve orifice resistance modulated by input voltage.
I, supply and return line inertance.

C.G: supply, return line capacitance.

R .R,: supply, return line resistance.

R,.R,.R,: internal and external leakage of the motor.

D, : volumetric displacement of the motor.

N : gear ratio of the gear train.
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B, : viscous damping coefficient in the gear train.

4. - angular velocity of the swing.

As shown in Figure 3.8, high pressure oil is pumped through the valve whose orifice is
modulated by the input voltage. Then it arrives at the inlet of the motor through the entry
hose. The motor shaft drives the manipuliator through the gear train. Some leakage flow is
generated inside the motor due to its construction. Finally the fluid is pushed from the
outlet of the motor back to the tank through the returning hose and valve. Note that the
swing link interacts with the hydraulic subsystem through the swing angular velocity q_, .
This angular velocity will be specified by the non-linear manipulator dynamics similarly to
the element equation d<2,/dt =1/J -1 ,, although it is shown as a velocity source in Figure
3.8. Also the dynamics structure of the entry and return hoses are arranged in a symmetric
way to simplify the computer simulation on direction variations of swing motion. The
switch of R, and 7, will not affect the orders of the system, although the values of these
parameters might change in order to reflect the behavior of the actual system.

From the graphical representation, dynamic equations are derived using the linear graph
procedure as follows. First, elemental equations are written for each linear graph element
involved in the graph. Then, an equal number of constraint equations are derived from
interconnection laws for these elements, namely, continuity and compatibility equations.
These equations are used to result in a group of state equations in terms of state variables
and inputs. The states of elements can then be represented in terms of the state variables.

For the swing subsystem, four state variables are chosen to represent its characteristics,

namely, F,, £, , Q.. and Q, . F. is the pressure across the capacitance C; of the entry
hose, F,, is the pressure across the capacitance C, of the return hose, Q, is the flow rate

through the inertance 7, of the entry hose, and @, is the flow rate through the inertance /,
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of the return hose. Four state equations are derived and pressure drops across other

elements and flow rates through them are expressed in terms of the state variables as shown

below.

Elemental Equations

L_lo P, =Cy 0, sign(Q,) 0, ==

d C * f " = R,

dP. 1

dt: =C_1QQ B, =Ry Qs Q =D, W
d—fti=[il1>,-, Po, = R0y, t==D, R

o, 1 - Gy
=1k Pey = Cp-Qc, - sign(Qc, ) W,=N-W,

P
QR‘=E'- t,==N-t;
O, b, t,=B,, W,
"R,
Continuity Equations Compatibility Equations
=P, +P+P,

O, =0 F =P +Fh +F +F,
0,=0, +0, By, =Po + Py +P,
QR, =0+ QR,,, + QR,, PR,_ =A
Or, =CQr,, + O, +Cs, (3.5) P, =P, +F, (3.6)
O, = Qs +0c, +0, + 0, P =P +F.,
0, =, W, =W
T,+7,=0 W, =4,
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State Equations

ch, _ 1 © PC‘-PR,,—PR;-PCI
dt ¢ R
dP. 1 B =P —Py —F, B +F +F F, + By, 0)
dt G R R, R, "
) . (3.7)
d—Qi——l-(P-C -Q,*-sign(Q, )~ P-)
dt [] 5 R 1) g iy C,
dg, 1 :
2 =7 Pe = Cr 07 5ign(@,)
and
l 1 e, —Fe, F, Fe
P, =R _,-|R (et —) (e e
R, eq l: eq3 eql ( l Rtl) ( R‘ Rel Rez)
P.-P,-P. P, +P. P
PR =R,,,|'( G R, C R, c: c:)
R, R R

(3.8)

Y P S T B

“ Rm RI Rtl

P.-P. P
R,=—+—___p N
eq 3 R| Rel m qrw
| | |

R, =1 R, - (—+—)

o /(Rqu ! (RI Rzl))

The pressure drops across the hydraulic motor and flow going through it are calculated as

follows.

" (3.9)

1
?

tl
Q0

]
o
Z
Q
2
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3.4 Boom/Stick Subsystem

Based on the system configuration and modelling assumptions made in the previous
sections, the boom and stick subsystem models are formulated in the form of the linear

graphs as follows.

Hose dynamics Hose dynamics

Hydraulics domain Link dynamics Hydraulic domain

Figure 3.9 The boom and stick subsystem models.

The parameters shown in Figure 3.9 are defined:

P pump pressure.

Ce Cr: valve orifice resistance modulated by input current.

1,1, supply and return line inertance.

G.G: supply, return line capacitance.

R ,R,: supply, return line resistance.

&Y, 8 : rod and head side areas of the piston, gy, =A, and gy2=A,.

B: viscous damping coefficients in the cylinders, B, or B, .
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x: pistons velocities, x, or x,,.

From the graphical representation, dynamic equations are derived as follows.

Element uation
dP. | 2 .
a'rI =EQc. Fe,=Cr Qc, -sign(Qc,) Fy=B-Y,
1
dP. 1 s .
o Py = R0y -sign(Qy,) 0=-en Y
dg. 1 s .
7‘7_ - I_ i PR: = Rl : QR; ) SIgn(QR: ) Fz = gyl ' Pl
1
de. 1 R
_Ci?—-—— [—I)': PC;:' = CR’ . QCR' .Slgn(QCp') E = gyl ' P“
0, =-g» -V,
Continuity Equations Compatibility Equations
P=F +P +P
0. =0, D
0. =0 P, =P, +F
R, = ¥
0,=0,+0 nTh
o . XC, 1
(3.11) F,=F +F.
0, =0, o
2 R V.=x
Qs ==, V =x
=
+0 +0. =
Q¥ Qx: QC: 0 ‘/3 =x

39

(3.10)

(3.12)
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State Equations:

o L o

I C%((Zl 8y " Xx)
dF, 1 (v, - i

i C ot Q.)

i} (3.13)

-d%-—i(P—C -Q,* -sign(Q, )— P, )

dr [l 5 R fy 8 £ G
g, 1 :
_Z':Z(Pc: _Ck 'Q,":- -sxgn(Q,.: )]

The pressure drop across the piston and flow going through either side of the cylinder are

calculated as follows.

P,,, = P] = Pc, +R| (&N 'X): - sign(x)
P, =P =R, (gy, %) -sign(¥)+F,

out

i (3.14)
Q. =0 =-gy x
Qma =Q¥ =_gy2 x

3.5 Integration with Manipulator Dynamics

One of the objectives of modelling the electrohydraulic actuation systems is to predict the
dynamic behavior of the articulated links on the test vehicle by combining actuator and
manipulator dynamics. The dynamic models of the manipulator, i.e. for the swing, boom
and stick subsystems, were derived by S. Sarkar, [29]. We propose two procedures to
integrate the swing, the boom and stick subsystems into the dynamic equations of

manipulators. By given the amount of voltage commands to valves, the manipulator
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dynamics can be computed to predict system response. The overall dynamic equations of
the manipulators have the following form

M(q)-4+V(@.@)+G(Q@)=T (3.15)
where M(q) is the mass matrix, V(q,q) includes Coriolis and centrifugal terms, G(q)

includes gravity terms, and 7 is the input torque provided by the actuators.

3.5.1 Cylinder Actuation
Cylinder actuation exists in the boom and stick subsystems. Their configurations are

shown in Figure 3.10.

Figure 3.10 Cylinder actuation in the boom and stick subsystems.

From the knowledge of manipulator dynamics, we have the following well-known
relationship:
x=J-q

3.16
oI F (3.16)



CHAPTER 3 MODELLING OF THE ELECTROHYDRAULIC ACTUATION SYSTEMS 42

where X is the vector of piston displacements, q is the vector of manipulator joint angles,
F includes the forces generated by actuators, T is the corresponding torque. Since each

link is independently actuated, the Jacobian J is a diagonal matrix. The complete Jacobian
expressions of the boom and stick are given in Appendix A.

For single-ended type of cylinders, we have

Pin_bm
k. Ain_hm —Ama_bm 0 0 Pmn_bm
(F;k)-—_( 0 0 A’in_rk —Aou(_sk]' Pin_xk
P _w
) (3.17)
Qin _bm Y
Qin_sk - — 0 A’fn sk . ('ibm )
Qo om | | Amem 0| L
Qnu!_sk O Amu_:k
where A, ... A, om» An_ > A g are inlet and outlet areas of the boom and stick

pistons, F,, , F, are the forces generated by boom and stick cylinders. Similarly, P

w_bm?

P

out _bm*

P, 4. P, . are pressures at inlet and outlet of the boom and stick cylinders, and

O tmr Qows_om+ Cin_wr Cou_u are flow rates. The negative sign in the second equation

comes from the assumption that the energy in two-port transduction process is lose-less. A

schematic diagram of the cylinders is shown in Figure 3.11.

la.

Figure 3.11 Schematics of cylinder actuation.
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Thus
in_bm
tbm T BT Fbm T ) A,-,,_bm _A,,u,_b,.-, 0 0 . Rm:_bm
[t:k)-'] (q) F_J (q).(ﬁk)—J (q) ( 0 0 Ain,.lk _Arm:_:k Rn_:i:
Puur sk
; X I/A. 0 .
[q.b"')=J"(Q)-(x_'"")=—1"(q)-(/ o J(Q""‘) (3.18)
q,,, x,‘; O l/ Ain_xk Qin_xk

-1 I/Amu_bm O va:_bm
S G o)

our _ sk
Therefore, the relationship between pressures of actuators and torque output to links is
set up. Also the flows at the cylinders are determined by the angular velocities of the boom

and stick.

3.5.2 Hydraulic Motor Actuation

By following similar procedures, hydraulic motors can be modelled as a gyrator for which
the constant of gyration is the volumetric displacement of the motor, D, . Here, the
relationship is simpler because of the equal area configuration for the motor. Note also
there is a gear train, with gear ratio N, connected directly to the output shaft of the motor in
order to amplify torque output to the swing of the machine. By the definition in the linear

graph, the gear train is a transducer of the transformer type. The transduction equation

i) ( O DN\ (B =Py .. i1
t.) \-~v-yp, o )| q. (319

Up to this step, the relationship between manipulator dynamics, in terms of variables T

becomes

and q and electrohydraulic actuator dynamics, in terms of variables P, Q are set up. The
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overall dynamic equations for the three-degree-of-freedom manipulator, the swing, boom

and stick are in the form of

q, =9,

is=m(a) {Aave)-ofa)+]

By o =(C ) (O _me = (Pey o = P (Gu) = Po, — P, _o)/R))
B o =(Con) (B = Pr ()= Pe, ~ P, ,)/R,

~(Pe (o) + Be, + By )[Ry —(Bry o+ Pr )[Ry = Q)
0w =Vl ) (P ~Ca-Q, 0 5ign(Q, )= E, )

O o

(V1,_0) (P, o —Cr-Q, .0 sign(Q, )

(3.20)
VG, o) (Q,_om = 81 " om )

ey bm) (gy" Lo —Qi-._bm)
1/11 bm) (P C Q bm Sign(Qi,_hm)_Pc,_bm)
Y1, hm) ( om — Cr ‘sz_bmz 'Sign(Qi:_bm))

n=(
n=(
n=(
th(

e =(YC_w)(Q e — 8- %)

 =(VC ) (892 %u - O, )

=W ) (B =Ce 0, s -sign(Q, u)-P, )
(Vo) (P = C Q -sign(Q, )

:xk

and q-.lz[qsw 9om qu]r' ‘E=[Tw Tom Trk]r'

The first two equations describe the dynamics of the manipulator mechanical structures.
They contain three sets of first-order differential equations of the swing, boom and stick.

The remaining equations illustrate the dynamic characteristics of the hydraulic actuation
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subsystems. Three sets of first-order differential equations are listed for the swing, boom
and stick actuation subsystems. The interconnection between the manipulator mechanical
structure and the actuation systems is bridged by the piston velocity x,,_, x,, for the boom
and stick subsystems and ¢g,, for the swing subsystem. A SIMULINK file written for
simulating the overall dynamic behavior of the three degree of freedom manipulator, i.e. the

swing, boom and stick, is given in Appendix B.

3.6 Summary

The linear graph method was selected and implemented to model various components
involved in the electrohydraulic actuation systems on the modified FERIC C-180 test
vehicle. Then, two sets of models, namely, the swing, boom and stick models were
derived based on models of individual components. The integration procedure of the
electrohydraulic actuation system models with the manipulator dynamic models were
presented. The validity of these models is verified in the parameter identification stage. The

detailed procedures are explained in Chapter 4.



4. Parameter Identification

In the previous chapter, two sets of dynamic models were derived for the swing, boom and
stick actuation subsystems. However, good mathematical models depend not only on the
structure of the equations, but also on the values of the physical parameters involved.
Parameter identification can be considered as part of the process of constructing valid
mathematical models for dynamic systems.

A brief discussion of the fundamentals of parameter identification is presented first.
Then the data acquisition system, the experimental setup and measurement procedures used
are described. Model validation studies are described by comparing computer simulation

results with experimental data. A summary of the chapter follows.

4.1 Basics of Parameter Identification

4.1.1 Definition

Historically, parameter identification has been motivated by the need to design better

control systems. In most practical systems, such as industrial processes, there is seldom
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sufficient a priori information about a system and its environment to design an effective
control strategy. Very frequently, we are faced with the necessity of experimentally
determining some important physical parameters such as heat transfer coefficient, chemical
reaction rate, damping ratio, and so on. The need for highly accurate models has been
testified by the development of optimal and adaptive control theories, [15].

A wish to predict is a common and powerful motive for dynamic modelling. Prediction
by a mathematical model is considered to be one of the final objects of the modelling stage
in control system design. After the structure of the model is derived, parameters involved in
the model have to be estimated by experiments. Therefore, parameter identification is

the process of measuring parameters, which are involved in a mathematical model of a

dynamic system, from observations of physical experiments.

4.1.2 Procedures

In general, we would like to identify parameters individually in order to reduce errors to a
minimum. This requires that experiments are setup according to the definitions of
parameters. Based on the sensors that are available and the electrohydraulic system
configurations, simple analysis shows that we can design specific experiments for most of
the parameters. However, standard identification procedures are demanded for other

parameters. The following two sections give an overview on this topic.

4.1.2.1 Methods

Two methods are generally used to identify system parameters: on-line and off-line
identification methods. Off-line identification assumes that systems are time invariant, i.e.

parameters do not change with respect to time. It determines a model of a system using a
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batch of measured data, where the whole batch is available at all stages of the procedure.
On-line identification, on the other hand, infers the model at the same time as the data is
collected. The model is then updated at each time instant when some new data becomes
available. On-line methods have been adapted for use in adaptive control and filtering. For
the actuation systems we are dealing with, the physical parameters involved are considered
to be time-invariant. Therefore, off-line estimation procedure is chosen for processing the
experimental data. A detailed comparison between on-line and off-line estimation is shown

in Table 4.1.

Table 4.1 Comparison of off-line and on-line estimation.

—

Off-line estimation On-line estimation

Available after a finite number of elementary|| Available after (in principle) an infinite

operations number of elementary operations

Requires considerable memory Requiring less memory

Not available in an approximate form as anff Available in an approximate form as an

intermediate result intermediate result

In open loop with respect to estimation In closed loop with respect to estimation

4.1.2.2 Algorithms

Once the off-line identification approach is chosen, numerical values of the parameters are
sorted by fitting the observations according to a deterministic measure of error between

model output and observed output, totaled over all the observations. Least-squares
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estimation is the simplest, yet most powerful, approach among several methods under this
estimation framework.

The least-squares method estimates the numerical value of parameters of a given model
through minimizing the sum of the squared errors between the model output and the
observations of the output. There are two apparent advantages of it. First, large errors are
heavily penalized: an error twice as large is four times as bad. The other advantage is the
mathematical tractability. The formula giving the least-squares estimates is obtained by
quite simple matrix algebra, and the estimates are computed as the solution to a set of linear
equations, [26].

Whenever noise is present in the observations from which a model is estimated, the
value of parameters are affected by it and are therefore random variables: taking another set
of observations would not give precisely the same results. For white-noise, the least-
squares method is considered to be sufficient enough to eliminate its effect. For other types
of noise, depending on the amount of prior knowledge available, different levels of
procedures can be implemented. These include the Markov estimator, the maximum

likelihood estimator and the Bayes estimator.

4.2 Data-Acquisition System

4.2.1 Sensors

The experiments focus on identifying parameters of the electrohydraulic actuation systems,
namely of the swing, boom and stick subsystems. Sensors are selected based on the
structure of the proposed dynamic models. Summarized information on the sensors used is

given in Table 4.2,
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Table 4.2 Selected sensors for parameter identification.

Types of Measurements

No. of Sensors

.

Specifications of Sensors “

Hydraulic measurements

12

Pressure transducers - TransInstruments
2000-BG-H50-02-A10A
Range: 0 ~ 5,000 psi.

Accuracy: +0.01% of full scale.

Flow meters - EG&G FT-16AEU2-LEA-2
Range: 0.85 ~ 50 gallon/min.
Accuracy: * 0.05% of measurements.

Time constant: 10 ms.

Thermocouples - Thermokinetics K-125-
316-S4-A-720-YM2

Range: —270 'C ~ 1360 C.

Accuracy: £0.2 'C.

Mechanical measurements

o

w

Resolvers - Fasco 1 |1 BRCX-300-C 10m
Range: O ~ 360 degree.

Accuracy: £ 7/60 degree.

Magnetostrictive  linear transducers -

Balluff BTL-2-L1-0914-Z-S50
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Range: 0 ~ 36.5 inches.

Resolution: + 0.04% of full scale.

I Prime mover 1 Tachometer - speed of the diesel engine

4.2.2 Data-Acquisition System

Various types of sensors were selected for the purpose of experiments and control. A
schematic drawing of the data-acquisition system is shown in Figure 4.1. Analogue signals
from pressure transducers, spool sensors, cable sensors and inclinometers are digitized by
A/D converters. A special A/D converter is used for digitizing signals sent by the
thermocouple. Signals picked up from resolvers are processed by a R/D card, a special
electronic card to generate reference signals and convert the readings into digital values.
Magnetostrictive linear transducers, flow meters and the tachometer are connected to a
Motorola HC11 micro-controller because their output needs to be processed and digitized
before it is sent to the embedded system, a Ziatech-8902, 486 DX-2 computer installed at
the back of the cabin on the vehicle. The STD-32 bus was chosen to transfer data within the
embedded system, and the QNX real-time operating system is used for the experiments.
Eventually, the on-board computer will function as the controller of the manipulator, i.e.
processing sensor information and operator's inputs, monitoring the state of the vehicle,
issuing commands to the actuation system and self-diagnosing possible malfunctions. The
data sampling rate can go as high as 200 Hz. However, at the experimental stage, it is
mainly used to collect sensor readings, buffer and send off data to another computer via

Ethernet. This second 486 DX-2 computer is remotely located and it is also running the
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QNX real-time operating system. Its main function is to store and process the experimental

data. A picture of the embedded system is shown in Figure 4.2.

[ pressure transducers

r spool sensors
A/D

L cable sensors Ethemet connection

r inclinometers
i T/D

l thermocouples r

Ziatech-8902 ‘
—> 486DX-2 66 Mhz [ 486DX-2 100 Mhz

li resalvers 'f R/D
PP STD-32 system PC svstem
Magnetostrictive )
ransducers QNX embedded system QNX operating system
l flow meters HCI11

i tachometer

Figure 4.1 Schematics of data-acquisition system.
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[ .\“ﬂm

LA -
! .
L. >\ -

Figure 4.2 Embedded system.
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4.3 Experimentation

Experiments were designed so that the parameters needed in the models of the
electrohydraulic actuation system could be identified. These include parameters related to

the hoses, valves, cylinders and motor.

4.3.1 Sensor Calibration

This is the preliminary stage of the experiments. The objective is to test the data-acquisition
system and ensure that the sensor readings are within sensor nominal error bounds.
Various methods were implemented to calibrate pressure transducers, flow meters,
thermocouples, resolvers and magnetostrictive linear transducers. Pressure transducers
were calibrated by measuring the ambient atmosphere pressure. One of the two flow meters
was calibrated by the manufacturer, and the other one was calibrated by comparing its
measurement with the first one. Thermocouples were calibrated by measuring both

ice/water mixture and boiling water.

4.3.2 Valve Configurations

4.3.2.1 Objective
Here, the objective is to estimate the relationship between voltage input V to the valves and
their coeffictents C. Since the three valves used in the swing, boom and stick actuation

are identical type, only one of them is tested and C is measured.
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4.3.2.2 Approach

For incompressible flow through orifices, the orifice equation relating pressure and flow is
given as

AP=F, ~F, =Cp-Q-|Q 4.1)
where the coefficient C, is a function of the fluid density p, the orifice area A, and the

orifice discharge coefficient C,.

p
C.(V) = ——-— 4.2
#(V) 2C,7 - AY(V) -2)

By varying the magnitude of the input voltage command, several groups of pressure

P

n?

P, and flow rate Q were collected. Then, a MATLAB curve-fitting algorithm was

implemented to find a polynomial relationship of Cj as a function of the voltage input V

— Pin — Pnul (42&)

e

Note that although measurements for only one valve port are described here, the other

Ce

port was also tested. It was found that the two port characteristics are very similar.

Required measurements: Pressure P, P, at inlet and outlet of the valve

Flow rate Q across the valve

Voltage V sent to the valve
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4.3.2.3 Experimental Setup

Tank

Voltage input V

Figure 4.3 Apparatus setup for valve configuration measurement.

4.3.2.4 Results
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Figure 4.4 Valve characteristics.
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The solid line stands for the experimental results and the dotted line results from curve
fitting. Note that the flat region between 0 and 1 volt in the first half of the figure is due to
both the lower measurement limit of the flow meter and the mechanical deadband (closed
center) of the valve. The signal from the flow meters can only be picked up if the rotation
frequency of blades inside them is greater than 31 Hz, which is equivalent to 0.85 gallon

per minute. Any values less than 31 Hz are ignored and assigned a value of 31 Hz.

4.3.3 Hose Resistance

4.3.3.1 Objective

To estimate the sratic relationship between pressure and flow rate, i.e. the resistance, for

all hoses used on the test vehicle.

4.3.3.2 Approach

Given a nominal flow rate and hose dimensions, the approximate Reynolds number
calculation shows that the flow is turbulent under normal operating conditions of the
vehicle. For incompressible, fully developed turbulent flow, the equation relating pressure

and flow is given as, [24]

0.75
L

0.25
AP=aE—,£—75—Q”5 (43)

Where « is a constant depending on the units, u is the absolute viscosity, p is the fluid
density, L is the pipe length, and D is the inside diameter of the pipe. The factor Q'”° can
be further approximated by Q-|Q{. Therefore, for a given specific fluid, we have the
equation in the form

AP = P = Lour = Rflﬂ.\'( ) Q : IQI (44)

§
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where fluid viscosity, density, hose diameter and length are lumped into a single parameter

R,..- Note also that R,

hose

is proportional to hose length.

The SAE 100R 12 very-high-pressure hydraulic hose is the only type of hose used on
the vehicle. For hoses with different diameters and lengths, their resistance can be
calculated by a linear approximation according to Equation (4.3).

By varying valve opening conditions, a set of flow rates and the corresponding
pressure differences across the hose were measured. Note that data must be collected when
flow dynamics die out to eliminate the effects of fluid inertance and capacitance.

P at the entrance and exit of the hose.

out

Required measurements: Pressure P,

in?

Flow rate Q through the hose.

4.3.3.3 Experimental Setup

Pin Pou
———®  Testing Hose
Flow
4_9_ Q
44—
Valve

||

Voltage Input V

Figure 4.5 Hose resistance measurement.
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4.3.3.4 Results

The least-squares method is used to find the value of R, _ as shown in Equation (4.4). For
a SAE 100R 12 very high pressure hose with length of 4 meters and diameter of 3/4 inches,
the relation of AP and Qis shown in Figure 4.6 by using the estimated value of R, . The
solid line represents the experimental measurements and the dotted line represents the
estimation. Again, the flat region at the beginning of the experimental curve comes from the

measuring limitation of the flow meters and the mechanical deadband of the valve.

x10° pressure vs. flow - SAE100R12 hose
T 4

3 —r

[
T

Pin - Pout (Pa.)
i

o] 02 0.4 0.6 0.8 1
square of flow rate (M3/sec.}'2 x 107

Figure 4.6 Resistance measurement of a SAE 100R12 hose with length of 4
meters and 3/4 inches diameter.

4.3.4 Inertance and Capacitance

4.3.4.1 Objective

To estimate the dynamic characteristics of the given transmission lines, i.e. capacitance and

inertance.
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4.3.4.2 Approach
If the fluid is assumed incompressible and frictionless, that is, if it is assumed to have only

inertia, application of Newton’s second law of motion to the fluid control volume yields

AP = .Iil’g (4.5a)
dt

where [ is called the fluid inertance, and depends upon the pipe geometry and fluid

properties. According to simplified theoretical considerations, [28]

= E_} (4.5b)

where p is the fluid density, L is the length of the hose and A is the hose inner diameter.
After measuring the inertance of a given hose, its value for other hoses can be
approximated based on the hose length and size. Because of the coexistence of capacitance
and inertance in hoses, inertance effect can not be measured independently. The
experimental procedure is described after the discussion of fluid capacitance.

For a hose in which only the fluid capacitance is considered, that is, in which the fluid
density is negligible, the following equation relates the incoming and outgoing flow rate
with the time rate of change of pressure:

0= C% (4.6)

The capacitance, C, is a combined coefficient of fluid compressibility and wall expansion in
hoses. Detailed calculations were shown in [27] for cylinders by knowing the values of
Young's modulus E and Poisson's ratio v of the material. For flexible hoses, those values
are hardly available. The inertance and the capacitance of various hoses on the test vehicle
can be estimated by knowing the capacity of a standard hose and their length and diameter.
The following is the data-processing procedure used to compute inertance and capacitance

of the same hose used for estimating resistance.
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Required measurements: Pressure P at the entrance and exit of the hose.

Flow rate Q at the entrance and exit of the hose.

Linear Graphs Model Data Processing

l. Calculate P, by adding P, to the pressure drop

across R, ,=R-Q, -

Q|+ P,
2. Calculate C by the definition C = (@ -2 4P,/ dt

3. Caiculate [ by the definition / = (A=-A) dQ, /dt

4.3.4.3 Experimental Setup

Q Q;
P P>

—_— Testing Hose

Valve

||

Voltage input V

Figure 4.7 Inertance and capacitance measurement setup.
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4.3.4.4 Results

For a SAE 100R12 very high pressure hose with length of 4 meters and diameter of 3/4
inches, four groups of data were collected for the inertance and capacitance measurements.
Note that some negative values appear in the capacitance and inertance calculation. These
are due to the phase difference between AQ and AP, in C, AP and dQ, in / in the
measurements. Their effects are minimized by taking the average value of each group of
experimental results. The final values of [ and C are the average of these mean values of the

four measurements.
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Figure 4.8 Capacitance and inertance estimation for a SAE 100R12 hose
with length of 4 meters and 3/4 inches diameter.

4.3.5 Motor Leakage

4.3.5.1 Objective
To estimate the internal and external leakage of the piston motor in the swing actuation

subsystem.
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4.3.5.2 Approach

Leakage flow and friction are the causes of power losses in hydraulic motors. The friction
effect is lumped into the gear train connected to the shaft of the motor, and it will be
considered in the next section. In general, two types of leakage flows exist inside motors:
internal or cross-port leakage between higher and lower pressure chambers and external
leakage from each motor chamber passing pistons to case drain. Because all mating
clearances in a motor are intentionally made small to reduce losses, these leakage flows are
laminar and, therefore, proportional to pressure.

The internal leakage is proportional to the pressure difference across the inlet and outlet
ports of a motor, and may be written as:

AP=PR-P,=R,-Q, (4.7)
where R, is the internal or cross-port leakage resistance, and AP is the pressure difference
across the two ports of a motor as shown in Figure 4.9.

The external leakage in each piston chamber is proportional to the particular chamber
pressure and may be written as:

131 = Re.\' : Qe.rl

(4.8)
[)2 = Rex : Qe,xl
where R,, is external resistance, F, is pressure in the forward chamber and P, is pressure

in the return chamber.

From the definition of an ideal motor we have
Q=D,-6, (4.9)
where D, is the ideal volumetric displacement and available from motor specification
sheet, while 8, is the motor shaft speed which can be measured using a resolver.

Required measurements for external leakage:
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Pressure £, . P. at the inlet and outlet of the motor.

Volume of oil collected from the case drain in a period of time for measuring slip
flow rate.
Data processing:
The external leakage can be calculated from Equation (4.8)as R, = (P + P.}/Q,,.
Required measurements for internal leakage:
The manipulator is turned 90 degrees from its normal forward position with respect
to the swing motor axis. Then. the platform of the test vehicle is tilted in order to
use gravity force to push the swing motor. Due to the existence of internal leakage.
the manipulator is rotating slowly under the effect of gravity even when the swing
valve is completely shut. In addition. external leakage does not exist in this
situation. Two types of measurement are needed: pressure P, . P. at the inlet and
outlet of the motor and swing resolver reading.

Data processing:

The flow rate of internal leakage can be calculated as Q_ = D, 8.
Then R, =(R - P)/Q,.

4.3.5.3 Experimental Setup

Figure 4.9 Leakage measurement setup.
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4.3.5.4 Results

TR A . =
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Figure 4.10 Internal and external leakage measurements.

4.3.6 Piston and Motor Damping

4.3.6.1 Objective

To estimate damping coefficient B of the cylinders and the gear train attached to the

hydraulic motor.

4.3.6.2 Approach
By assuming that the contacting surfaces are sufficiently lubricated, only viscous damping
effects inside the cylinders and gear train need to be considered. For an ideal viscous
damper, the constitutive relationship is in the form
F=B-v or T=B-® (4.10)
where B is defined as the damping coefficient.
The physical connections of the manipulator prevent the actuators from being

disconnected from the structure. Therefore, we can not estimate B without considering the
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effect of other parameters. Values of B are estimated after other parameters are identified,
and accumulative errors are lumped solely into them. The procedure for identifying the
damping coefficient for the swing, boom and stick subsystems is described next.

The general form of manipulator dynamic equation can be written as

i=M@" {~V(q,0)-G@)+1} (d.11)

where q is the angular acceleration of the links, which can be calculated by differentiating
the resolver readings twice. M(q) is the mass matrix and is a function of link mass and
geometry properties and joint angles, and can be found by proper modelling and
measurements. V(q,q) contains Coriolis terms and joint damping. G(q) is the gravity
matrix. It is also a function of link mass and geometric properties and joint angles. The
torque term T, which is defined in Equation (3.20), connects the hydraulic actuation
systems to the manipulator and can be calculated based on measurements of pressures,
flow rates and actuator velocities. Least-square estimation, then, is used to estimate the
damping coefficient of the gear train in the swing subsystem and of the boom and stick
cylinders.

Required measurements:
Pressure P,, P, at the inlet and outlet of the swing motor, boom and stick

cylinders.

Resolver readings of the swing, boom and stick motion.

Data processing:
Reformulate §=M(q)™" - {-V(q,9)—G(q)+ 1} into the form of q, -B=a for

the swing subsystem, and x- B =a in the boom and stick subsystem cases. Also
we assume that the mass and geometric properties are known and joint angle

measurements are valid.
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Then we have B = [qTq]" q‘aor B= [irk]_l x'oL.

4.3.6.3 Results

66
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Figure 4.11 Damping coefficient measurement for the gear train and the

stick cylinder.

4.4 Model Validation Studies

The capability to predict is the ultimate validation criterion for derived dynamic models. Up

to this point, all the parameters involved in the electrohydraulic actuation systems have been

identified. The inertia properties of manipulators were estimated by S. Sarkar, [28] using a

solid modelling package available in AutoCad. Computer simulation results are compared

next with the actual system response to various types of input.

4.4.1 Swing Subsystem

Input to the swing system and its state variables are shown below. The solid line stands for

actual measurement and the dotted line is the prediction from the derived dynamic models.
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Figure 4.12 Model validation studies for swing model.
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The prediction for the angular displacement and angular velocity are very close
compared to the actual ones. The prediction for flow rate is also very good because of its
relation to angular velocity. The predicted pressure profiles are close to the real ones,
although part of the peaks were missed. The inertia properties were estimated by using
AutoCad. Any discrepancies between the actual and the calculated mass components could
cause inaccuracies in the estimation of the inertia matrix. Furthermore, just before
conducting the experiments, a 2-DOF pendulum mechanism was attached to the end of the
stick link. Therefore, the periodic motions of the manipulator caused swinging motions of
the pendulum. Although its mass properties are known, the dynamic effects of this motion
were neglected due to the lack of sensing capabilities. A more complicated friction model

might also contribute in improving the results to some extent.

4.4.2 Stick Subsystem

The commanded input to the stick system and its associated variables are shown in Figure
4.10. Same line symbols are adopted, i.e. the solid line stands for actual measurement and
dotted line is the prediction from dynamic models.

The predictions for the angular displacement and angular velocity are very close to the
actual ones. The prediction for flow rate is also very good because of its relation to angular
velocity. The predicted returning pressure profiles, however, are not close to the actual
ones, although the driving pressures are close. The same reasons as that of the swing case
can be applied to explain those minor discrepancies. Note also that the 2-DOF pendulum
mechanism is assumed to be a point mass in the dynamic models. Its inertia properties,

which have a bigger effect on the stick than on the swing, were not taken into account here.




CHAPTER 4 PARAMETER [IDENTIFICATION 69

input command angle displacement
10
8 L
o 6t
o
S
©
> 4}
2
0 -2.2
0 1 2 3 4 5 0 1 2 3 4 5
time (sec.)
angular velocity x 10° driving pressure

Figure 4.13 Model validation studies for stick model.
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[n addition, the overall inertia properties of the stick need to be reconsidered. The reason
for the bumpy shapes of the returning pressure are not clear to us. Some further analysis
showed that they could be attributed to the interaction of the single-ended cylinder
configuration with symmetrical spool in the valves.

Although the dynamic model of the stick can not predict accurately the returning
pressure, the main objective of these studies was to provide good prediction for angle
displacement and joint angular velocity of manipulators. From this point of view, both the

swing and the stick models are well-behaved and sufficient.

4.5 Summary

An overview of parameter identification was given first, including definitions, procedures
and algorithms. Then, the sensors and the data-acquisition system used for the experiments
were described. The detailed procedures and experimental setups for identifying each
parameter were explained followed by the results. Discussions were provided explaining
the model validation studies.

Two comprehensive dynamic models, i.e. the swing, boom and stick subsystems,
were verified through a series of experiments. These models can be used to design control

laws to improve the overall performance of the test vehicle.




5. Coordinated-Motion Controller
Design

System modelling and parameter identification provided us with the foundation for model-
based controller design. The test vehicle, the modified FERIC C-180 forwarder, like many
other heavy-duty machines, has an articulated mechanical arm, actuated through coupled
and complex hydraulic systems. The present control of these machines is by an operator
who is actuating each link individually. This type of control requires significant visual
feedback, judgment and skill to complete tasks. The operator is very busy with low-level
mechanical manipulations instead of concentrating on high-level tasks, such as planning
tree-cutting operations and choosing proper trees. Better control strategies that can ease the
operating burden, are therefore needed.

In this chapter, some of the control strategies for teleoperation are reviewed and
compared. Then several controller structures for resolved motion rate control schemes are
evaluated from computer simulation results. Some guidelines for designing controllers for

the test vehicle are given at the end.
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5.1 Control Strategies in Teleoperation

Extensive studies have been carried out on the subject of teleoperation in the last two
decades. Many control algorithms were proposed for different applications. Therefore, we
have to identify which control modes are preferable in the heavy-duty forestry vehicles, and
how they should be designed.

Position and rate control are the two common manual control modes in teleoperation.
Kim et al evaluated the two modes based on the results of human operator performance,
[17]. Position control is recommended for small-workspace teleoperation tasks. Such
applications can be found in nuclear reactor teleoperators, surgical micromanipulators, and
small dexterous telerobotic hands attached at the end of a main telemanipulator. Rate
control, on the other hand, is suggested for slow wide-workspace teleoperation tasks. Most
felling forestry tasks belong in the later category.

Currently, the control strategy implemented on heavy-duty forestry machines is a one-
to-one mapping between lever displacements and corresponding link motions. This type of
control, although easy to implement, requires the experience and skill of the operator to
produce coordinated-motion necessary for most routine operations. The operator is
required to learn what joint speeds are necessary at each instant to obtain the desired
direction and speed of the end-effector. Since the control levers in these machines do not
directly translate the intuitive actions initiated by the operator into the end-effector motion,
the operator is kept busy with low-level adjustments. Not only lengthy and costly training
periods are required, but also much of the operator's concentration is demanded to
concurrently accomplish the work at hand while avoiding damage to the machine, or worse
yet, inflicting personal injuries.

In 1969, Whitney proposed the resolved motion rate control algorithm to assist

amputees to learn the usage of artificial prostheses and to perform contact tasks. Resolved



CHAPTER 5 COORDINATED-MOTION CONTROLLER DESIGN 73

motion means that Cartesian space commands or trajectories are resolved to individual
actuator commands, so that coordinated motion in Cartesian space is achieved, [38]. This
algorithm was further implemented by Lawrence to control excavator-type machines. With
the help of computer-control technology, the multi-lever system is reduced to a single
joystick. The computer translates desired direction of motion of the end-effector from
movement of the joystick into the necessary motion of each manipulator joint to achieve the
desired end-effector motion.

Several advantages of resolved motion rate control can result if implemented to forestry
machines:

1. Simplified machine operation. The controls are intuitive and relate intuitively to the
tasks. Machine operation will be much simpler.

2. Improved productivity. Easier operation requires less correction to the position of
the links of the machine and therefore, the task can be completed more rapidly.

3. Reduced learning time. Simpler operation allows novices to concentrate on task
planning as opposed to learning the operation of the machine.

4. Improved safety. Operator's concentration is devoted to plan tasks and observe
surroundings. Therefore, less accidents should occur.

Several advanced control modes were studied and operator performance in teleoperation
was evaluated. Das et al. evaluated seven manual control modes which are combinations of
manual position or resolved motion rate control with alternative control schemes for force
reflection and remote manipulator compliance, [7]. It was found that force reflection
significantly improves operator performance in all the tested control modes. However, the
studies were conducted for a particular task, the repair of the Solar Maximum Satellite
using teleoperators. The application of their results to forestry operations might not be

appropriate due to the complex and different nature of these tasks. Even if applicable, non-
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technical reasons, such as cost, may also prevent application of force feedback. For the
needs of this project, it was decided to implement a resolved motion rate control without

force reflection.

5.2 Coordinated-Motion Control Schemes Evaluation

5.2.1 Choices of Control Schemes
The objective of resolved motion rate control is to make the end-effector follow joystick
commands given by an operator in Cartesian coordinates. A highly simplified control

schematic diagram is shown in Figure 5.1.

——— o~ - — — — - Feedback Loop
f | i
! ! Hydrauli Manipulator
i ydraulic :
| Controller | Subsystem Dynamics >

Figure 5.1 Generalized control schematic diagram.

In general, implementation of control laws requires knowledge of the kinematics, and
the dynamics of the manipulator and hydraulic actuation system. However, a simplified
three-degree-of-freedom manipulator model mimicking the swing, boom and stick
operation is set up for the purpose of this evaluation. A first-order system model
(manipulator velocity output to voltage input to valves) with natural frequency of 2 Hz is
used for the three degree-of-freedom manipulator and actuator dynamics. However, the

actual kinematics relationship is preserved.
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The resolved motion rate control can be implemented by using either a position servo or
a rate servo for each link. The basic difference between position and velocity servo is what
type of output the controller is responsible for. The position servo uses a position signal
and regulates manipulator joint positions, while the velocity servo uses a velocity signal
and regulates manipulator joint velocities. In the resolved motion control regime, the
desired manipulator joint velocity is integrated once before it is fed back to position servo
and that is not required for the velocity servo.

Four possible control schemes can be composed by using inverse Jacobian or inverse
kinematics in conjunction with a position or velocity servo, as shown in Figure 5.2.
Among them, inverse kinematics seems to be an intuitive choice for position servo at first
glance, see Figure 5.2(b). However, in order to integrate the end-effector velocity signals,
its position has to be continuously fed to the integrators. This requires the measurements of
the joint angles and performing forward kinematics computation to convert joint positions
into end-effector positions. Therefore, extra computing time is demanded and can cause
problems in realization of real-time control algorithms. In Figure 5.2(a), the combination of
inverse kinematics and a velocity servo model needs a differentiator to process position
signals within the control loop, which is not preferred in practice due to noise concerns.
Note also that there are integrators in (b) and (d). However, they are outside of the control
loops and are present only to calculate the end-effector velocities in computer simulations.

Eventually, two control schemes, (c) and (d), were chosen for further evaluation. Note that

K" is a pre-loop shaping gain aiming at bringing the steady-state error to zero.
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Figure 5.2 Control schematics for velocity and position servo controllers.

The symbols used in Figure 5.2 are defined as the following
9: joystick deflection angle

0 s Oues: actual and desired manipulator joint position

éw, 0,..: actual and desired manipulator joint velocity
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X et actual end-effector position

X._.» X,.: actual and desired end-effector velocity

G: joystick position and velocity gain

It Jacobian and inverse Jacobian relationship between actuators and
end-effector

K™: pre-loop shaping gain

The position and velocity servo controllers per manipulator degree-of-freedom are
shown in Figure 5.3. The gains in the feedback loop were chosen such that both models

have the same closed-loop frequency for comparison.

e 1 Bactual

. @ . K > s+4r

Kpj«

(b) velocity servo model

e 1 8actual 8actual
K F—»» e 1 - —
Kp |—
Kp &
(a) position servo model

Figure 5.3 Schematics of simplified velocity and position servo controllers.

As shown in Figure 5.2, end-effector desired velocities indicated by joystick

deflections are directly transformed to desired joint angular velocities (e.g. swing) or
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As shown in Figure 5.2, end-effector desired velocities indicated by joystick
deflections are directly transformed to desired joint angular velocities (e.g. swing) or
translational velocities of joint (e.g. boom and stick) by employing the inverse Jacobian
transformation. The desired velocity of each joint is then applied to the position or velocity
servo controllers. Then the actual end-effector position or velocity is obtained using either a
Jacobian or direct kinematics.

Computer simulation results of end-effector velocity and position comparison are
shown in Figure 5.4 and Figure 5.5. Note that in the first four graphs of both figures, the
solid lines represent the desired end-effector velocity or position, and dashed lines are for
velocity servo while dotted lines for position servo. Then, in the last four graphs, the solid
lines represent velocity servo error, and the dashed lines are for the position servo error.
Step inputs are given in the x and z axis at different times, and a sinusoidal command is
specified for the y axis end-effector motion. By comparing the end-effector velocity and
position response of both models in Figure 5.4 and Figure 5.5, it can be observed that the
velocity servo has faster response than the position servo. Therefore, much smaller velocity
error is generated, and in correspondence, more accurate positioning resuits for the end-
effector. If the linear manipulator model is known exactly, by carefully choosing pre-loop
shaping gains, the combination of inverse Jacobian with velocity servo shows superior

characteristics compared with the combination of inverse Jacobian with position servo.

5.2.2 Effects of Manipulator Natural Frequency

In the nominal linear model, we assumed that the natural frequency of the system is 2 Hz,
which is a reasonable frequency for the mechanical system. However, actual manipulator
systems have nonlinear characteristics and the natural frequencies change at different

operating conditions. For the worst case scenario, the natural frequency of the system is
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assumed to decrease 10 times to 0.2 Hz. After readjusting the pre-loop shaping gains for
both models, simulation results show that velocity servo model is superior over the
position servo, although the error in both cases increases comparing to the system with
natural frequency at 2 Hz, as shown in Figures 5.6 and 5.7. In these two figures same line
symbols are used for each variables as in the previous figures. For the first four graphs of
both figures, the solid lines represent desired end-effector velocity or position, dashed lines
are for velocity servo and dotted lines for position servo. Then, in the last four graphs, the
solid lines represent velocity servo error and the dashed lines are for position servo error.
As we observed from the figures, the velocity error in the y-axis increases slightly from
0.20m/s to 0.25m/s for the velocity servo, and from 0.4 m/s to 0.5m/s for the
position servo. Also, the corresponding position error increases from 0.025 m to about
0.035m for velocity servo and from 0.065m to about 0.075m. The result can be
explained by evaluating the transfer functions of the systems. Since the poles move closer
to the origin, the system response is slower and this sluggishness deteriorates the tracking

capability of both systems.

5.2.3 Effects of the Accuracy of Manipulator Models

A linear dynamics model was chosen to evaluate the two control schemes discussed in the
previous sections. The pre-loop shaping gain is adjusted according to the model. However,
the non-linearity of the actual system makes a fixed pre-loop shaping gain effective only for
operations in certain ranges. As shown in Figures 5.8 and 5.9, by using the nominal pre-
loop shaping gain, the superiority of velocity servo model disappears even with only a 20%
variation of the natural frequency in the systems. The position servo model, on the other

hand, is very robust to this test. Note that in these two figures same line symbols are
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used for each variables as in the previous figures. As we observed from the two figures.
the control scheme with velocity servo model does not behave properly, especially to a step
input. The end-effector can not follow the input commands in the x and z directions as
closely as in the previous situations. That results in a bigger error in these two directions,
as compared to the control scheme with position servo. Also, the corresponding position
error simply drifts away in response to the step inputs, which results bigger end-effector
position error than that with the position servo.

We have evaluated two control schemes, using an inverse Jacobian with a position and
a velocity servo scheme, and employing a linear dynamic model. The control scheme with
velocity servo results in a faster response and generates more accurate end-effector velocity
and position than that with position servo model, provided that the system dynamic models
are known or do not deviate much from the nominal operating conditions. Due to time
constraints, the performance of the system with actual dynamic models is not evaluated in
this thesis. Nevertheless, computer simulation on both schemes are necessary before

implementing either of them on the test vehicle.

5.3 Summary

Controller design follows naturally after completion of modelling and parameter
identification. For heavy-duty forestry machines, like the FERIC forwarder, the resolved
motion rate control strategy offers advantages over conventional joint-based control in the
sense of improvements on productivity, operation easiness and operator safety. Under this
framework, four control schemes, i.e. the combination of inverse Jacobian and inverse

kinematics with velocity and position servo, were introduced and evaluated. Two of them,
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employing an inverse Jacobian with either a position or a velocity servo were further
studied under various conditions. The velocity servo scheme resulted in a faster response
and generated more accurate end-effector velocity and position than that of the position
servo scheme, provided that the system dynamic model! is known or does not deviate much
from nominal operating conditions. The results can be further analyzed by using the actual

non-linear dynamic models of the swing, boom and stick systems.



6. Conclusions

Fundamentals of the electrohydraulic actuation in mobile machines were reviewed.
Comparisons of hydraulic systems with other actuation systems were illustrated in terms of
their merits on important characteristics such as high power-to-weight ratios, high stiffness
and fast speed of response. Those advantages make hydraulics widely applied in high-
power-demand systems, such as aerospace and heavy-duty mobile equipment. An
overview of components used in hydraulic actuation systems, including choices of fluid
power sources, valves, actuators and some other related parts were explained in detail.

A mathematical model that closely describes system characteristics can be implemented
in designing controllers, for developing CAD tools, and in this project, developing
graphical simulators for training novices. The linear graph method, which represents the
topological relationship of interconnections between different systems and assists in the
development of a series of lumped-parameter models in a unified fashion, was employed to
develop a set of dynamic models. Individual models for each electrohydraulic components

were derived under some mild assumptions. These include models for pumps, valves,
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transmission lines, hydraulic cylinders and motors existing on the test vehicle. Then, two
sets of fourth-order state-space nonlinear dynamic models of the swing subsystem, and of
the boom and stick subsystems were derived based on the models of individual
components.

One of the objectives of modelling the electrohydraulic actuation systems is to predict
the dynamic behavior of the articulated manipulator of the test vehicle by combining their
dynamics with manipulator dynamics. The relationship between pressure difference across
actuators and torque output to links, corresponding angular velocity generated from torque
and flow rate in the hydraulic systems, is setup in gyrator form by the linear graph method.

A valid mathematical model not only has the right structure, but also the numerical
values of the parameters involved must be also accurate. Identification methods were used
to identify all the parameters in the actuation models. Off-line least-square identification
methods were implemented. The experiments were designed to estimate the smailest
possible number of parameters at one time. A series of new experimental procedures for
identification were proposed and explained. The model validation studies show that the
values of parameters are accurate and the two models closely represent the characteristics of
the systems.

Finally, accurate models provide the foundations for controller design. For heavy-duty
mobile machines, like the modified FERIC forwarder, the resolved motion rate control
strategy shows superiority over the conventional joint-based control in the sense of
improvement on productivity, operation easiness and operator safety. Under this
framework, control schemes, namely, an inverse Jacobian with velocity and position servo
controllers, were introduced and evaluated under various assumptions. The velocity servo
scheme results in a faster response and generates more accurate end-effector velocity and
position than that of a position servo model, provided that the system dynamic models are

known or do not deviate much from nominal operating conditions.
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Several interesting issues remain to be further explored and developed from the
present work. The results of control strategy studies can be further analyzed by using non-
linear dynamic models of the swing, the boom and stick systems instead of a first-order
transfer function. Eventually, the results of this study will guide the implementation of
controllers on the test vehicle. Further analysis for the prediction of returning pressure
profiles on the boom and stick subsystems are needed for the sake of perfecting the model,
although from a control point of view, accurate prediction of joint angle and joint velocity is

far more important.
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The kinematics relationship from the position of the boom and stick cylinders to the boom

and stick joint positions.

Ly + lop™ = Xgm" :
Qpm = acos(-2—3>— 50 ) _delta ~si2
2'![ 'lzb

o

-+

l -+ll‘-_x"‘-)—n:—sil
7.

= acos(-L
qsk [I _l_,

s =S

The Jacobian from the velocity of the boom and stick cylinders to the boom and stick joint

velocity.
{q.bmJ = [.jbm 0 ] . !:xbm]

q:k O jsk x:k

- 'r m
jbm = -

- lux 'Lzb ’ \jl —(llhz + Lu;: —xbml):/(""lm1 'Lzbz)

Re
< sk
-, sk

[lJ : l'.’x ' ‘\/(1 - (Il.rz + I‘ZJZ - 'rtkz)l/(4 : llxz ’ IZS:)

Constant terms in the above equations:

[,, =1.933956 m
l,, = 0.884292 m
l,, =0.5625397 m
I,, =1.786382 m
sil=2.5-n/180
si2=0.31-n/180
delta=61.7-n/180
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% swing-boom-stick file

$This is the M-file to simulate the dynamical characteristics of the

shavester with numerical values of parameters estimated from experiemtns.

function xdot = sbs_real (x)

toperation of valves - inputs to the system

Crvl_sw = %x(19);
Crv2_sw = x(20);
Crvl_bm = x(21);
Crv2_bm = x(22);
Crvl_sk = x(23);
Crv2_sk = x(24);

Ps = x(25)*6894.7; $actual pump pressure

$Assign estimated numerical values to parameters

lamda = 0*pi/180;

= 9.81;
gx = 0;
gy = g*sin(lamda);
g2 = g*cos{lamda);
mls = 544.32; % mass of stick in kg (1200 1lbs)
B m — mmmm e e e e m e e e e oA e e e e e e e e e e —mcmmm——mm——

m3 = m3s+m4;

m2 = 635.04; % mass of boom in kg (1400 lbs)
ml = 907.2; % mass of base in kg (2000 lbs)
x3s = 1.6971698; % c.m. of stick in m page 34d
yis = .193368;

z3 = 0;

11 = .1524; % length of base inm (6 *)

12 = 4,11B356; % boom length in m (162.14 )
13 = 4,2991; % stick length in m

x3 = (m3s*x3s+m4*13)/m3;

y3 = mis*yis/m3;

x2 = 1.9882162;

y2 = ,1453077;

z2 = 0;

x1l = ,053975;

yl = 0;

% LINKAGE GEOMETRY

11s = 1.933956;

12s = .884292;

11b = .5625397;

12b = 1,786382;

sil = 2,5*pi/180;

si2 = .31*pi/180;

delta = 61,7*pi/180;
1 = sqre({{x3-x3s)~2+{y3-y3s)"2);

% INERTIA MATRIX

13zzs = 867.20018;

I3yys = 535.22412;

13zz = I3z25+m3s*1°2+md*({(13-x3)*2+y3"2);
I3yy = 13yys+m3s*{x3-x3s)"2+m4*(13-x3)"2;
I2zz = 833.6518;

N

I2yy 56.0469;
I3xx
I2xx
I3xy
I2xy
I3yz
I2yz
I3xz
I2xz
Tlxx
Ilyy
Ilzz
Ilxy
Ily2
Ilxz

7
0

.524792;

LI T O T L Y T | S (O [ { B T
COONSCOOOOoODODOO

o e . \1-. av ms e wi e e wa e o=e

S213
c23
sl
cl
s2
c2
s3]
c3

sin(x({7)+x(13));

cos(x(T)+x(13)});
sin(x(1));
cos(x(1));
sin{x(7));
cos(x(7));
sin{x(13)});

o

[ TR L I T [ [ 1

cos(x{13)});

mil = (Mm3*{11%2+1272+Cc2"72+x3"°2°C23"2+y3°2°823"2+2"11"12*Cc2+
2*11*%x3°C23-2%11*y3*S23+42342+412*x3*(2*c2*C23)- ..
12*y3*(2*c2*523)-2"%x3*y3*(S523*C23)) +m2*(11"2+y2" 2'52 2+
X272%C2724227°242%11*%X24C2-24X2*y2*524C2-2%11*y2"*82)+
ml* (x172+y1°2)+T1z2+12xx*82°2+12yy"c2"2-2"12xy*s2°c2+
I3xx*S23°2+13yy*C23°2-2*13xy*(823+C23)});

ml2 = (-m3*23*(x3*S23+y3°C23+12*52)-m2*22*{Xx2*52+y2*c2)-(13x2*S23+
I3yz*C23+12x2z%82+12y2*°c2));

mld = (-m3*"z3*(x34S23+y3+C23)-13x2*523-13yz*C23);

m22 = (M3*(x372+y372+12°2+2°12*%x3*c3-2"12*y3"83)+m2"(X2"2+y2"2)+
I3zz+12z2);

m23 = (m3*(x3%2+y3°2+12*x3*c3-12*y3*s3)+I13z2);

m33 = (m3*(x3°2+y3°2)+I13z22);

denominator = (- {m13%2*m22) + 2*m12*m13*m23 - mll*m23*2 -
ml2+2*m33 + mll*m22*m33);

% ELEMENT OF INVERTED MASS MATRIX

imll = (-m2372 + m22*m33)/denominator;
iml2 = (m13*m23 - ml12*m33)/denominator;
iml3 = (-(ml13*m22) + ml2+*m23)/denominator;
im22 = (-m1372 + mll1*m33)/denominator;
im23 = (m12*ml13 - mll*m23)/denominator;
im33 = (-m1272 + ml1*m22)/denominator;

Gl = {((m3*s1*(-11-12*"c2-x3*C23+y3*S23)+mi*23*cl+m2s1*(-11-x2"c2+y2*s2)+
m2*z2*cl-ml*(x1*si+yl*cl))*gx+(m3I*cl*(11+12*c2+x3*C23-y3*S23)+
mi*z3*sl+«m2*cl*(l1+x2"c2-y2*s2)+m2*z2*sl+ml*(x1*cl-yl*sl)) gy);

G2 ((m3*(12*c2+x32C23-y3*523)+m2*(x2*c2-y2*s82))*gz-

(M3es14(12982+%34523+y3*C23) +m2481* (x2°52+y2°¢2) ) *gy-
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{m3*cl* (12*s2+x3*S23+y3*C23)+m2*Ccl*(xX2°s2+y2*C2))*gx);
G3

(m3*(x3*C23-y3*S23}*gz-{m3*sl*(x3*S23+y3*C23))*gy-
(m3*cl*(x3*S523+y3*C23))*gx);

V1

((m3*(-2+11+12*52-2"11*%3*S23-2"11*y3*C23-2*12*y3*(c2*C23-52*S23)-
2+*x3*y3*(C2372-52372)-2712"2*52*Cc2-2*12*x3* (Cc2*523+582*C23)- ...
2*x37°2*(S23*C23)+2*y3I"2*(S23*C23))+m2*(-2*11*x2*s2- ..,
2*11*y2%c2-2*x2*y2*(C2°2-82"2)-2"X2"2*52%C2+2*y2"2*52*C2) -
2*I2xy*({c2°2-52"2)+2*I2xx*"s2*c2-2*12yy*s2*c2-2*13xy* ..
(C2372-82372)+2*I3xx*{523*C23)-2*13yy*(S23*C23))*x(2) x(ﬂ)¢
(m3*(-2*+11*x3*823-2*11"y3°C23-2*12*y3*c2*C23- ..
2*x3*y3*(C23°2-5232)-2*12*x3*c2*523-2*x3" 2'(523'C23)o
2*y3°2*(523*C23))-2*I3xy"(C23°2-82372)+2*I3xx"(S23*C23) -
2*13yy*(5823*C23))*x(2)*x{(14)+(2*m3*23* (-x3*C23+y3*523)-
2*13xz*C23+2*13yz*S23)*x(8)*x(14)+
(m3*z3%(-12*c2-x3*C23+y3*823)+m2*22* (-X2*°c2+y2*s2)-13x2"C23+
I3y2*S23-12xz*c2+I2yz2*s2)*x(8) "2+ ...

(m3*23* (~x3*C23+y3*S23)~13Xx2*C23+13y2*523)*x(14)"2);

V2 = ((m3*(11*12°52+11*x3*S23+11*y3*C23+12*y3*(c2*C23-52*523)+
X3*y3* (C2372-82372)+127252*c2+12*x3* (C2*S23+82*C23)+ ...
(x3°2-y372)*{S23+C23))
+m2* (11*X2%52+11*y2*c2+x2°y2*(Cc2°2-82°2)+(x2"°2-y2"2)*s2*C2)+
I3xy*(C2372-823"2) +(I3yy-I3xx)*(S23*C23)+ ...
I2xy* (Cc272-52°2)-I2xx"52*Cc2+12yy*s2*c2)*x(2)"2- ...
2*m3*12*(x3*s3+y3*c3)*xX(8)*x(14)-m3*12*{x3*s3+y3*cI)*x(14)"2);

V3

((m3*(11*x3*523+12*x3%c2*S23+11%y3*C23+12*y3+c2*C23+
xX3*y3*(C23%2-823"2)+x372%(523*C23)-y3~2*(823*C23) )+
I3xy* (C23°2-823°2})+(-I3xx+13yy)*{S23+C23})*x(2)"2+
{m3*12*(x3*s3+y3*c3))*x(8)"2);

%assign estimated numerical values to parameters (hydraulic part)

LSWING

ratio_swl
ratio_sw2

non

17/ 4;
17/ 4;

fparameters for hose #1

cl_sw = 1.585e-12*ratio_swl;
il_sw = 3.062e7*ratio_swl;
rl_sw = 3.032%e8*ratio_swl;

fparameters for hose #2
c2_sw = 1.585e-12*ratio_sw2;
i2_sw = 3.062e7*ratio_sw2;
r2_sw = 3.0329e8*ratio_sw2;
b_sw = 2.4964e4;

d_sw = 4.5064e-5/(2*pi);

Ri = B.035ell;

Rel 2.119el2;

Re2 = Rel;

~

N = (35.16*82) / 13; %gear ratio

ttwo predefined terms
A =17/ (1/r2_sw + 1/rl_sw + 1/Rel + 1/Re2);

B 1 / (Y/Ri + 1/rl_sw + 1/Rel);

C = (x(3)-x(4))/rl_sw - x{(4)/Rel - N*d_sw*x(2);

D=1/ (1/B - A*(l/rl_sw ¢+ 1/Rel}"2);

PRi = D * (C - A*(1l/rl_sw + 1/Rel)*((x(3)-x{4))/rl_sw - X{4)/Rel
x(4)/Re2));

Pr2 = A * {(x{3)-PRi-x(4))/rl_sw - (PRit+x(4)})/Rel - x(4)/Re2);

tforce terms
omega_sw = X{2);

torque_sw = N * d_sw*PRi - b_sw*omega_sw;

%BOOM

ratio_bml

.6
ratio_bm2 2

1 !/ 4;
2.2/ 4;

noy

tparameters for hose #1
cl_bm = 1.585e-12*ratio_bml;
il_bm = 3,062e7*ratio_bml;
rl_bm = 4.987e5"2*ratio_bml};

fparameters for hose #2
c2_bm = 1.585e-12*ratio_bm2;
i2_bm = 3,062e7*ratio_bm2;
r2_bm = 4.987e5"2*ratio_bm2;

tparameters for cylinder
GY1l = 1.824e-2;
GY2 = 1.368e-2;

b_bm = 1.0303e5;

$the force arm
xb_bm = sqrt(l1lb*2 + 12b*2 - 2+*11b*12b*cos(x{(7) + delta + si2));

theta_bm = acos((11b*2 + xb_bm~2 - 12b~2) / (2*11lb*xb_bm)});

arm_bm = 11b * sin{theta_bm);

ffigure out force
vs_bm = arm_bm * x{(8);

F_bm = GY1*(x(9)-rl_bm*(GYl*vs_bm)"2*sign{vs_bm)) -
GY2*(r2_bm* (GY2*vs_bm)"2*sign{vs_bm)+x(10))
- b_bm*vs_bm;

torque_bm = arm_bm * F_bm;
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% STICK N xdot (6) = {(1/i2_sw) * (x{4) - Crv2_sw"x(6)"2*sign(x(6))}:
FLLVL2VIVLLVLL2LLVLBLLU222LARLLFLLLDLLLLLL2RVLLBRVLLBVLTRBNLY
ratio_skl = 3.8 / 4;
ratio_sk2 = 4.9 / 4;
fparameters for hose #1 SLBVBBLBRLLABLLRLLBRLHLVVLVELLBL2ERLLLBLLALLURBRB2LL2BRB28228%
cl_sk = 1.585e-12*ratio_sk1*2; $BOOM
il_sk = 3.062e7*ratio_skl1*2;
rl_sk = 4.987e5%2*ratio_skl; xdot (7) = x{8B);
$parameters for hose #2 xdot (B) = iml2*R1+im22*R2+1m23*R3;
c2_sk = 1,585e-12*ratio_sk2*2;
i2_sk = 3.062e7*ratio_sk2*2; xdot(9) = (1/cl_bm) * (x(11) - GYl*vs_bm);
r2_sk = 4.987e5"2*ratio_sk2;
xdot (10) = (l/c2_bm) * (GY2*vs_bm - x(12));
$parameters for cylinder
GY1l = 1.824e-2; xdot {11) = (1/il_bm) * (Ps - Crvl_bm*x(11}°2*sign(x(11)) - x(9));
GY2 = 1,368e-2;
xdot (12} = (1/i2_bm) * (x(10) - Crv2_bm*x(12)"2*sign(x(12)));
b_sk = 1.0303e5;

%the force arm
xs_sk = sqrt(l1s°2+12s”2+2*11s*12s*cos(x(13)+sil));

theta_sk acos{(lls"2+xs_sk~2-12s"2)/(2*11s*xs_sk));

arm_sk l1s * sin(theta_sk);
$figure out force

vs_sk = arm_sk * x(14);

F_sk GY1* (x(15)-rl1_sk*{GYl*vs_sk)*2*sign{vs_sk}) -

GY2* (r2_sk* (GY2*vs_sk) “27sign(vs_sk)+x(16)) - b_sk*vs_sk;

torque_sk = arm_sk * F_sk;

Rl = torque_sw - V1 - G1;
R2 = torque_bm - V2 - G2;
R3 = torque_sk - V3 - G3;

$the state equations

FRBLLLLFLLLUFLLLRLLAB2LLLLVRLIVLLP2L2VBLLLLL2LRL2R22022888%
$SWING

xdot (1) = x(2);

xdot(2) = iml1*R1+im12*R2+iml13*R3;

xdot(3) = (1/cl_sw) * (x(5) - (x(3)-PRi-Pr2-x(4))/rl_sw);

xdot (4) = (1/c2_sw) * ((x(3)-PRi-Pr2-x(4))/rl_sw - (PRi+Pr2+x(4))/Rel
- (x(4)+Pr2)/Re2 - x(6));

xdot (5) = (1/il_sw) * (Ps - Crvl_sw*x(5)"2*sign(x(5)) - x(3));

TALLILRLLLLLLLLLILD2LH2BLR2LDLUIBLUL220BBL0LD2022300232B2834888

THRUALRVLRLLVVLVRLLLBLRLVLBLLLLBLVLLBLULVLVLALLLU2BLLLULLURBAGB4Y
$STICK

xdot (13) = x{14);

xdot{14) = iml3*R1+im23*R2+im33*R3;

xdot (15) = (1/cl_sk) * (x{17) GYl*vs _sk};

xdot (16) = {1/c2_sk) * (GY2*vs_sk - x(18));

xdot (17) = (1/i]1 _sk) * (Ps - Crvl_sk*x(17)"2*sign(x(17)) - x(15));
xdot (18) = (1/i2_sk) * (x(16) - Crv2_sk*x(18)"2*sign(x(18)));
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