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Abstract

Many machines that are used in forest, mining and construction industries, are mo-
bile, heavy-duty and carry hydraulically-actuated manipulators. They constantly
interact with unstructured environments and experience different loading. As a re-
sult, these machines are susceptible to tipping-over. This thesis is concerned with
the development of a suitable algorithm for computing the margin of stability of such
mobile manipulators in real-time. The margin of stability shows the proximity of the

machine to tipping-over condition at each instant.

The stability analysis algorithm developed in this thesis is an extension of the
method by Messuri and Klien (1985) and is able to quantitatively reflect the effect
of all relevant factors on the machine stability. These factors include the location of
the centre of gravity, spatially placed contact points with ground, presence of sub-
stantial forces and moments arising from the manipulation of the implement, and
rough terrain condition. The algorithm first determines the instantaneous unstable
configuration about each axis of potential overturning of the machine. A new concept
called ‘equilibrium plane’ is defined for this purpose. When the machine is hypothet-
ically rotated around the edge until the center of gravity falls in this plane, the net
moment around the edge becomes minimum in the absolute sense. The amount of
the work necessary to bring the machine from the current stable position to this verge

of instability is then computed to determine the margin of stability.

The methodology and algorithm developed in this thesis is exemplified with an
excavator-based log loader. The algorithm is implemented in a simulation program
written in C language and real-time aspect of it is studied. Simulation studies of
the candidate machine clearly show that the forces and moments arising from the
manipulation of the implement are important in stability status and thus cannot
be overlooked. Furthermore, a simple two-dimensional graphical display format is
proposed for quantitative demonstration (to the machine operator) of the proximity

to instability at each instant.
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Chapter 1

Introduction

Forest, mining and construction industries use a wide variety of machines, each adapt-
ed to particular operating conditions and functions. Recently these industries have
applied teleoperation concepts to improve the performance and efficiency of their ma-
chineries. In teleoperation, the operator’s demands (position and velocity) are passed
to a computer which is interfaced to the machine and performs the actual control.
This approach has many potential benefits. For example, repetitive tasks can be
performed automatically and operators can be relieved from some of the low-level
decisions (equipment operation) to concentrate more on high-level decisions (task

planning).

Almost all the machines that are used in such primary industries have the com-
mon characteristics that they are mobile, heavy-duty, have hydraulically-actuated
manipulatof—like structures (see Figure 1.1), and constantly interact with the envi-
ronment. Therefore, they are susceptible to instability. Here by instability we mean
the tipping-over of the machine. Although modern equipment protects the operator,
accidents such as machine tipping over still results in personal injury and equipment

damage [1].




Gripper

Figure 1.1: Typical mobile heavy-duty hydraulic machine.

The objective of this thesis was to first establish a scheme suitable for determining
the potential of tipping over for the class of machines that are usually used in primary
industries. Such a scheme can be used as part of a fault diagnostic system in order to
relieve the operator from often non-intuitive and exhaustive task of maintaining the
stability of the machine especially in the presence of large loadings or interaction with
the environment while performing different tasks. The algorithm can also be used
within a simulation program at the design level. This simulation program can provide
an inexpensive, fast and safe method to fine tune the design details of different parts
of the machine based on the stability criteria. One example of these design details is

the amount and location of the counterweight.

Initial work on stability of mobile vehicles was only concerned with the static

2




stability as applied to slow moving walking machines. McGhee and Frank [2] defined
a measure of stability for machines walking over an even terrain. Their work was
later modified by Song and Waldron [3] to include the effect of motion over rough
terrain or sloped ground. Messuri and Klein [4] introduced a different measure of
stability termed “Energy Stability Margin”, which could evaluate the level of stability
of the machine including the effect of the vertical position of the centre of gravity
[5]. Davidson and Schweitzer [6] developed a method based on screw mechanics for
stability assessment which included the effect of inertial and external loads originating
from the manipulator-like tool attached to the machine. These methods though
valuable, have limited application to the type of machines subject to this study.
The reason is that none of these methods can take into consideration all factors
affecting the stability of the class of mobile heavy-duty hydraulic manipulators under
investigation. These factors include the location of centre of gravity, spatially placed
contact points with ground, presence of substantial inertial and external loadings and

rough terrain condition.

As a part of this thesis, a new measure of stability is introduced which is in fact
an extension of Messuri and Klein’s method. Compared with the existing methods,
the method presented in this thesis can quantitatively reflect the effect of all factors

contributing to the stability status of the machine.

The thesis is organized as follows. In Chapter 2, existing measures of stability for
moving base manipulators are reviewed and evaluated. In Chapter 3, a new measure
of stability is introduced and a software package for real-time stability analysis pf
a 215B Caterpillar excavator is developed. Chapter 4 includes simulation studies
of the stability characteristics of the excavator-based machine, using the algorithm
developed in Chapter 3. Finally a graphical display concept which quantitatively
shows the stability condition of the machine at each instant is presented in Chapter

5 which is followed by conclusions and suggestions in Chapter 6.




Chapter 2

Literature Review

Most of the work concerning the stability of vehicles has been done with static stability
of legged locomotion systems in mind. However, when non-sliding contact with the
ground is assumed, it doesn’t make any difference whether the vehicle is legged,
wheeled or a combination of both [6]. In this chapter, we first study existing measures
of stability and investigate the potentials and limitations of each technique. The
primary criterion for evaluating these measures is the ability to reflect the effect of all
relevant factors on stability including the terrain condition, centre of gravity position
and general destabilizing forces and moments applied to a vehicle. For machines used
in forestry and construction industries, the destabilizing forces and moments originate
from the manipulator-like arm carried by the vehicle. In this chapter, it is shown that
none of the existing measures of stability fulfills the above criterion and a need for

developing a new measure of stability is discussed.



2.1 Static Stability Based on Projection Method

Until recently most of the research on static stability of vehicle locomotion was based
on McGhee and Frank’s definitions of static stability. Studying the legged locomotion
in 1968, they developed a series of definitions and theorems to determine the static
stability of a walking machine while moving over an even terrain [2]. The static sta-
bility assessment criterion is established through the following definitions:
Definition 1 : The support pattern associated with a given support state is the mini-
mum area convex point set in the support plane such that all of the leg contact points
are contained [2].

Definition 2: An ideal legged locomotion machine is statically stable if all legs in
contact with the support plane at the given time remain in contact with that plane
when all legs of the machine are fixed at their locations, and the translational and
rotational velocities of the resulting rigid body are simultaneously reduced to zero.
Definition 3: The magnitude of the static stability margin for an arbitrary support
pattern is equal to the shortest distance from the vertical projection of the centre
of gravity to any point on the boundary of the support pattern. If the pattern is

statically stable, the stability margin is positive; otherwise, it is negative.

Figure 2.1 shows the application of these definitions to a case study. Here S,
and Sg are the magnitudes of the static stability measure for rear and front edges of
the support boundary, respectively. Note that stability as defined by S, and S are
related to the moments of weight force around the sides of the support pattern. A
zero restoring moment means the body is on the verge of instability. Note also that
the expression for the static stability does not include the walking height H (centre
of gravity height). H which is also referred to as top-heaviness, is expected to have

an effect on the stability of the vehicle [4,6].

Working on the Adaptive Suspension Vehicle project at Ohio State University,
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Figure 2.1: McGhee and Frank’s definition of static stability margin.

Song and Waldron studied static stability of walking machines [3]. They generalized
the projection method to include the case of walking over rough terrain. A rough
terrain situation is when supporting feet contact points do not fall in a horizontal
plane. The following definitions establish the generalized projection method for static
stability assessment:
Definition 4.: A support pattern is a two-dimensional point set in a horizontal plane
consisting of the convex hull of the vertical projection of all foot points in support
phase [3].
Definition 5: The stability margin is the shortest distance of the vertical projection of
the centre of gravity to the boundaries of the support pattern in the horizontal plane
[3].

The application of these definitions for the case of a vehicle on a slope with gradient
angle of § is shown in Figure 2.2. Note that a similar condition can also occur when
the vehicle is moving over a rough terrain. According to above definitions, the static

stability for rear and front edges of the support boundary are [7],
S, = (Se — Htanf)cos (2.1)

S = (Se + Htan®)cosb (2.2)

Therefore the effect of moving over a rough terrain is included in this definition. The

maximum gradient, 0,4, before the onset of instability, can be calculated by putting

6



Figure 2.2: Song and Waldron measure of static stability.

S, = 0 and solving for 4 ;

S
T —— —=e 2.
s =t (52) 2.3)

Although this definition is an improvement over McGhee and Frank’s measure for
static stability, it is still a qualitative measure in the sense that it cannot reflect,
quantitatively, the effect of top-heaviness for all cases. For example consider the case
of locomotion over a gradient with a levelled body as in Figure 2.3. Based on Song
and Waldron’s definition of static stability, the margin of stability is at maximum
(S; = 85 = S,). Therefore the effect of H is again ignored. Note also that these
measures of stability predicts the same level of static stability for front and rear side,
however, it seems to be easier for the vehicle to tip-over downhill rather than uphill
[4]. Another limitation of this method is that the effect of destabilizing forces and
moments other than gravity cannot be included. Despite the above shortcomings,
the projection method has been very useful in the gait studies of walking locomotion

[8,9,10).

2.2 Energy Stability Level Concept

The measure of stabilities defined so far were not able to fully take into account the

effects of uneven terrain [4]. To overcome this problem, Messuri and Klein defined a

7
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Figure 2.3: Static stability margin for levelled body on a gradient.

quantity called “Energy Stability Level” [4]. The measure of stability based on energy

stability level concept is defined by the following statements:

Definition 6: The support boundary associated with a given support state consist

of line segments connecting the tips of the support feet that form the support pattern.

Definition 7. The energy stability level associated with a particular edge of a
support boundary is equal to the work required to rotate the body centre of gravity,
about the edge, to a position where the vertical projection of the body centre of

gravity lies along that edge of the support boundary.

Definition 8 The energy stability margin for an arbitrary support boundary is
equal to the minimum of the energy stability levels associated with each edge of that

support boundary.

Figure 2.4a shows the application of these definitions for the case of a vehicle with

levelled body over a level terrain. Here the energy stability level is
E=mgh=mgQ (11— cosy) (2.4)

where F is the work necessary to bring the centre of gravity over the edge. Note that

the centre of gravity height H is implicitly included in Equation (2.4) by the following



(a) ()

Figure 2.4: Energy stability margin.

relation,

Y= cos‘lg— (2.5)

Figure 2.4b shows the application of the above energy stability level concept for the
case of a levelled body over a gradient. Here the energy stability level for the rear
edge is mgh; which is less than the energy stability level for the front edge mghs. This
shows a greater possibility of tipping over around the rear edge. Stability assessment
based on the energy stability margin is therefore more accurate since there is no
projection of the centre of gravity involved, and effects of top-heaviness and motion

over rough terrain are also included.

The limiting gradient angle for the case of locomotion over a gradient with a fixed
body height can be computed from Figure 2.5. From previous analysis, the minimum
stability is associated with the rear edge. The stability level for this edge, therefore,

determines the energy stability margin. ¢ and 0 are related such that
P = tan“l(i) —8 (2.6)
H

On the verge of instability we have 9 = 0, and the limiting gradient angle is obtained

as,

S
. = tan” (= .
Omar = tan ™ (32) (2.7)

Note that this is the same result obtained by using Song and Waldron’s method. This
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Figure 2.5: Maximum gradient using energy stability margin.

again confirms the fact that Waldron and Song’s definition of stability can correctly
show the onset of instability. The only drawback of the energy stability level concept is
that Messuri and Klein did not include the effect of destabilizing forces and moments

other than the weight force in their formulations.

2.3 Stability Measure Using Screw Mechanics

Measures of stability described so far deal with cases where the only destabilizing
forces and moments are due to the weight force. In the case of heavy-duty mobile
manipulators which are equipped with heavy tools, having large moment of inertia
and subjected to considerable external loads, other factors come into play. In fact
a large portion of destabilizing forces and moments could be due to the inertial and
external loads. To incorporate these effects, Davidson and Schweitzer developed a
method for stability margin calculations based on the theory of screws [6]. As this
method pﬁma,rﬂy seems to provide the necessary tools for stability analysis of the
machines subject to this study, a more detailed examination of it will be presented.

First a brief introduction of the screw theory is presented here and in Appendix A.

Consider a rigid body with general forces F; 1, fg, ..., and general moments 1\7[1, 1\7[2,

acting simultaneously on it. We can transfer all the forces while preserving the di-
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Figure 2.6: Definition of wrench.

rection of the lines of action so that they all act through an arbitrarily chosen point
A. The shift to a common point produces corresponding moments JV-:[Al, N_]Ag, ... All
the shifted force vectors F. Al F_;AQ, ..., can be added vectorially to give the resultant
force F 4 passing through A. Similarly all the moments both applied M’l, 1\2/2, ey and
produced as a result of shifting M4y, Mas, ..., are added to give the resultant moment
1\71A (see Figure 2.6a). In general F 4 and M are not parallel. We can resolve 1\7[A
in two components, M parallel to F4 and M, at right angle to it (see Figure 2.6a).
We then shift F 4 by a distant |F| to a line W parallel to it in the plane perpendicular
to M, such that (see Figure 2.6b),

Fx F=—-M, (2.8)

Line W is unique [11]. When the resultant force F (|F| = [F4|) lies along W, the
free vector representing the corresponding resultant moment M is parallel to W and
therefore parallel to F. This force-moment combination is called a wrench, associated
with the line W. It is also called a wrench-axis or a screw. A wrench has a scalar

pitch h of dimension length, such that
hE =M (2.9)
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h is positive when the force and moment vectors are directed in the same sense
according to the right-hand convention [11]. ]F‘I is called the intensity of the wrench.
A concise method of representing a general wrench is provided by six Pluker line
coordinates (see Appendix A for details on the Pluker coordinate system). Using the

Pluker notation, a general wrench is represented by
|F|$p = |F|[ag; &,] (2.10)

where $p represents the screw axis W. ap is the unit vector in the direction of the
screw axis, and §°F is the moment vector of the screw axis around the origin of
the coordinates frame. A Pluker coordinate system allows to combine the force and

moment parts of a wrench in one notation (note that, |[F|ap = F and [ﬁ|§oF =M).

The results for the statics of a rigid body can also be applied to instantaneous
kinematics of rigid bodies. An instantaneous movement of the body can be expressed
as a resultant angular velocity & about a unique instantaneous screw axis, together
with a resultant translational velocity ¥ parallel to the instantaneous screw axis. The

screw axis has a unique pitch A of dimension length, such that
hid =V (2.11)

This combination of linear and rotational motion is called a twist [11]. A twist has

an intensity of ||, and using the six Pluker line coordinates, is represented as
1018 = [&][aw; &, ] (2.12)
where $,, is the screw axis.

To apply screw theory to the stability analysis of moving base manipulators,
Davidson and Schweitzer treated each mode of instability as a pure rotation about
the axis defined by two adjacent points of the support boundary [6]. Therefore each
potential tip-over axis is represented by a virtual twist |&|$,,, consisting of pure ro-

tation only (i.e., a zero pitch). Figure 2.7 shows the tip-over axes ($,) for a four
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Figure 2.7: Describing potential tip-over axes using screw theory.

contact point support boundary. Similarly all forces and moments applied to the
base, including gravity, inertial and external loads are represented by a wrench |ﬁ|$F
The method calculates the virtual power produced by the action of the total wrench
upon the virtual twist corresponding to each instability mode [6]. In screw theory
terminology, the power P, produced by a wrench |F|$F = fﬁl[ﬁF;ioF] acting on a

twist ||, = |&|[4; &,,] is computed from (see Appendix A for details)
P=(F-V+3-M)=|F||&|(ap - &, + & - Gop) (2.13)
which can be rewritten as,
P = [F|][3.]" [A]($#] (2.14)
A is defined as

A=| (2.15)

[13] is a (3 x 3) identity matrix. A, in fact, performs the necessary order interchange

in $,, row vector. The quantity |F||@| is called the power amplitude.

Davidson and Shweitzer used normalized power (i.e., with unity amplitude) and

defined the normalized virtual power for each edge of the support boundary as,
Ki; = [$;]"[A][8¥] (2.16)
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where subscript ‘5’ refers to each tip-over axis. A negative virtual power implies
stability and the magnitude of each normalized virtual power represents the level of

stability for respective edge of the support boundary.

Figure 2.8 shows the application of this method to a simple case study. The
body is acted upon by a concentrated force F , a moment M and the weight force
mg. The screw axis $;5 for the zero-pitch twist (pure rotation) is obtained from the
coordinates of two adjacent contact points (see Appendix A). These coordinates are
(%1, y1, 21, w1) and (22, Yo, 22, w2) where w; and wy are homogeneous coordinates and
are normally taken as unity. The coordinates of the screw axis are calculated as six

(2 x 2) determinants from the array

w; T1 W 2 (2 17)

Wy T2 Y2 22

Using the formulation in Hunt [11] and assuming z; = —0.5 and 2, = 0.5 we have
$12 - [07 07 17 _H7 Zla O]T
Wrenches for the weight mg, force F and moment M are

|W|$W = mg[O, _1) 07 07 07 O]

)

LT
1
]
—em '
- Rk L T

Figure 2.8: Stability analysis using screw mechanics.
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|F|$5 = |F|[—cos6, sin6,0,0,0, lysind + (I3 — H)cosd)
|M$, = |M][0,0,0,0,0,1]
Therefore
|F|$F = IV—V|$W + |ﬁl$p -+ II\/j|$M
= [~|Flcosd,|F|siné —mg,0,0,0,| M|+ |F|(lzsiné + (I3 — H)cos§).18)

$r is obtained by normalizing Equation (2.18):
0.0.0 | M| + |F|(lystnd + (I3 — H)cosd)

norm norm norm

—|F|cosé |F|sin§ — mg

$p = | ] (2.19)

where

norm = \/(-—!FICOS(S)Q + (|F|siné — mg)?

Finally the normalized virtual power for tip-over axis $15 is computed from

000100 =1L cod
000010 [Flsiné—mg
000001 0

Ko = 1001 -H |1, 0
100000 0
010000 0
001000 IM|+|Fl(lasiné+(I3—H)cosé)

13| F|cosé — lymg + |F|(l; + l2)sind + | M|

V(=1 Flcos8)? + (|F|siné — mg)? (2.20)

Note that the numerator of Equation (2.20) is in fact the summation of moments
around the support boundary edge. It is seen that the walking height (centre of
gravity height H) is absent from Equation (2.20) for Kj,, indicating that this method
can not reflect the effect of top-heaviness. In fact one can conclude that the method
presented by Davidson and Shweitzer is based on computing the moment of all forces
and moments acting on the vehicle around the edges of the support boundary which

can impose some restrictions on the application of this method.
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Figure 2.9: Evaluation of screw theory method.

Now consider the case of motion with levelled body over a rough terrain. Referring

to Figure 2.9, the contact points have the following coordinates in zyz coordinates,

($A7 Ya, 24, W4

) =
(8,yp,25,w5) = (-1,2,-1,1)
(zc, 2o, 2, we) (

) =

(xD, YD, Zp,Wp

The only acting force is assumed to be the gravity force passing through the origin

of the zyz frame. Therefore we have,
|ﬁ|$F = mg[oa Oa _]-; 07 07 0]
Twist axes for sides AB and CD are,

$46 = [-1,0,0;0,-1,2]7
$cp = [1,0,0;0,2,2]7

'The normalized virtual power for these two axes of potential tip-over is computed as
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[0 00100][ o]
0000710 0

) 00000T1]|]|-1

AAB:[—~1OOO—12 = -2
100000 0
010000 0
(001000]/]| 0]
(0001 00]] o]
0000710 0
00000O0T1]]|—1

Kep=11000 2 2 = —2
100000 0
010000 0
(001000 0]

This predicts that both sides AB and CD exhibit the same level of stability which

does not seem to be correct [4].

To summarize, the main advantage of this method is the ability to include desta-
bilizing forces other than the gravity force . But we also noted some drawbacks. The
method cannot reflect the effect of top-heaviness and walking over rough terrain on
the stability of the body. Therefore, although this method has been found to be the
only available scheme that includes external and inertial loads in the stability evalu-
ation, it is not further studied in this thesis. A method similar to the one discussed
above is presented in [12]. In this method the resultant moment around each edge of
the support boundary is used as the measure of stability. This measure of stability

again cannot include the effect of top-heaviness.
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Chapter 3

Stability Analysis of Mobile

Manipulators

The literature survey in Chapter 2, showed that the energy stability margin defined
by Messuri and Klein is the only measure of stability which can include effects of
top-heaviness and locomotion over rough terrain on the stability calculation of the
vehicles. The method, however, is confined to stability analysis of vehicles subject
to weight forces only and does not consider cases when other destabilizing forces and
moments are present. The objective in this chapter is to extend the definition of
energy stability level by Messuri and Klein so that it could include the effect of all
possible destabilizing forces and moments. This requires the study of the contribution
by external and inertial loads, to the energy stability level of a general support bound-
ary representing spatially placed feet contacts. These loads are non-conservative in

nature and have arbitrary orientations in space.

Section 3.1 is dedicated to development of an extended measure of stability which
includes the effect of all relevant factors in the stability of a mobile machine. The

computer software, developed for stability analysis of the class of machines subject
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to this study (see Figure 1.1), is described in Section 3.2. As mentioned before these
machines carry heavy-duty hydraulic manipulators and one of the contributing factors
in determining the stability in these machines, is the forces and moments exerted
by the manipulator-like linkage part. The algorithm presented in Section 3.2 first
calculates these forces and moments, then uses the measure of stability formulated in

Section 3.1 to compute their effects on the stability of the machine.

3.1 Extended Measure of Stability

3.1.1 Methodology

Figure 3.1 shows a schematic two dimensional view of a vehicle moving over a gradient.
The machine is subject to gravity loading (mg), force F and moment M. Based on
definitions 6,7 and 8 by Messuri and Klein, in the absence of M and F, the energy
stability level for the rear edge of the support boundary f;, would be equal to mgh;.
'This is the amount of work necessary to bring the centre of gravity to a vertical
plane over the rear edge. Note that since the weight is a conservative force, the work
done to rotate the centre of gravity depends only on the change in the height and
not the path travelled. Also note that when the centre of gravity is in the vertical
plane the moment around the edge of the support boundary f; is zero and the body

is considered to be on the verge of instability.

Now consider the case when M and F are present as shown in Figure 3.1. In-
tuitively, the amount of work necessary to bring the body on the verge of instability
should be less since M and F are in the direction of rotation and tipping over around
the rear edge appears to be easier. This observation suggests that the effect of desta-
bilizing forces and moments should somehow be reflected in the definition of energy

stability level. In this work we include such effects by calculating the amount of work
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Figure 3.1: Extended measure of stability (concept).

done by these forces and moments during the hypothetical rotation of the body to
the point of instability. The onset of instability occurs when the summation of all
moments around the edge of a support boundary becomes zero. In the absence of M
and F', this would happen when the centre of gravity is brought to a vertical plane. In
the presence of M and F, the zero moment condition will be satisfied when the centre
of gravity is rotated to a plane E (see Figure 3.2) which in general is not a vertical
plane. Plane E is herewith called the equilibrium plane. The work calculations for
determining the energy stability level should therefore be based on the hypothetical
rotation of the body centre of gravity to the equilibrium plane. For the simple case
depicted in Figure 3.2, the angle ¢ which defines the equilibrium plane E is obtained
by putting the summation of all moments around f; to zero, i.e.,

S M=FR +M+mgR,; sin(—¢) =0 (3.1)
S

where F; is the component of force tangent to the circular path. The angle ¢ in this

figure, is found from the following relation:

. _1FtR1+M
=sm

= ) (3.2)

Note that a destabilizing moment has been assigned a positive sign in Equation
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Figure 3.2: Concept of equilibrium plane.

(3.2). Equation (3.1) is constructed based on the assumption that the direction of
the force F' does not change relative to the body during the hypothetical rotation to

the equilibrium plane.

Now consider the situation depicted in Figure 3.3. The summation of all moments

around f; is,

> M=mgrsing—F1I (3.3)
f1

For F> mgr/l, the sum of the moments around the point f; will never be zero and
consequently, ¢ can not be found from Equation (3.2). This case represents a stable
situation, for foot location fi, in the sense that the body will never be on the verge of
instability if rotated around this particular edge of the support boundary. However,
in order to be able to include this special case in the deﬁnition of energy stability
level, we simply define the equilibrium plane where the net moment around the edge
of the support boundary is minimum in its absolute sense. In Figure 3.3 we note that
for the case when F> mgr/l equilibrium plane is described with an angle of ¢ = 90°

from the vertical plane.
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Figure 3.3: Equilibrium plane for a simple case.

Concepts presented above are now generalized for developing an extended mea-
sure of stability in following definitions. Definition of support boundary and energy
stability margin here is the same as the one used by Messuri and Klein [4] (Definition
6 in Section 2.2).

Definition 9: The equilibrium plane associated with a particular edge of a support
boundary is a plane containing the edge and with an orientation with respect to the
vertical plane such that if the body is rotated around the edge until the centre of
gravity falls in this plane, the net moment of all present forces and moments around

the edge becomes minimum in the absolute sense.

Definition 10: The energy stability level associated with a particular edge of a
support boundary is equal to the work done to rotate the vehicle body (which is
subjected to gravitational as well as external and inertial forces/moments) about the

edge, until the center of gravity reaches the equilibrium plane.

In computing the amount of the work, it should be noted that the gravity force
is conservative while all other forces and moments are non-conservative. The energy

stability level as defined above is a negative quantity for a stable condition. To be
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consistent with the work of Messuri and Klein, we use the negative of this quantity,

i.e., a positive value of energy stability level for a stable situation.

'The main application of the extended measure of stability is for vehicles carrying
a manipulator-like arm with considerable inertia such as those used in forestry and
mining industries. Implementing this extended measure of stability would be easier if
all destabilizing forces and moments other than weight are transferred to a common
base. For vehicles carrying a manipulator-like tool, the manipulator base seems to be

the best choice for this purpose.

3.1.2 Formulation

The calculation of energy stability level according to the definitions outlined in the
previous section consists of three steps; finding the equilibrium plane, calculation
of the work done to rotate the centre of gravity to the equilibrium plane (in the
presence of only gravity loading), and finally calculation of the work done by all
other destabilizing forces and moments other than gravity loading during the same
rotation of the machine. Work calculations can also be classified as calculation of
work done by conservative and non-conservative forces and moments. The gravity
force is conservative which means the work done by it depends only on initial and
final positions. The work done by other destabilizing forces and moments which are
non-conservative, depends on the path travelled. The path chosen here is a circular
curve which is formed when the machine is rotated around an edge of the support

boundary.

Coordinate systems. Figure 3.4 shows the general coordinate systems used in
the formulations. Frame XYZ is called ‘machine coordinate frame’ and is attached
to the vehicle body at point P. This frame moves with the body. The selection of

point P is arbitrary. For machines subject to this study which carry a manipulator
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Figure 3.4: Machine and gravity coordinate frames.

arm the manipulator base is the most convenient selection (see also Figure 1.1). We
assume that all forces and moments arising from the manipulation of the implement
are known in this frame. Coordinates of contact points are also known in the machine

frame.

Gravity frame XYZ is defined with the origin always at the centre of gravity of
the machine. Z is in direction opposite to acceleration of gravity, X and X are in
parallel planes; so are Y and Y of XYZ frame. As the centre of gravity moves with
respect to frame X'YZ, so does the base of the gravity frame. When machine is in a

horizontal position machine frame XYZ is parallel to the gravity frame XYZ.

In general, these two coordinate systems are separated by three translations,
Tca, Yo and zgg which are coordinates of the centre of gravity with respect to the
machine frame XYZ, and two attitudinal rotation angles for roll ¢, and pitch by,
both with respect to the machine frame (see Figure 3.5). Knowing the location of

contact points f; and f, in the machine frame XYZ, their location with respect to
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Figure 3.5: Roll and pitch rotations.

the gravity coordinate system XYZ are obtained from the following relation

fl.'c -
fly

flz
1

{fik} = = ROt(yy ¢y)R0t($7 ¢m)TTanS(_$C'GJ —Yca, ’"zCG){fl} (34)

S
]
N

f2l‘
f2y

f22

I | ...
L 1XYZ

(7Y = = Rot(y, ¢y )Rot(z, ¢, )Trans(—zce, —yca, —2ca){fo}  (3.5)

Rot(y, #y), Rot(x, ¢,) and Trans(—zca, —yca, —2ce) are homogeneous transforma-

tion matrices defined as [13],

cosp, 0 sing,

0 1 0

Rot(y,¢,) = (3.6)

—sing, 0 cosg,

0 0 0

|l o B o B e
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(1 0 0 0
0 cosp, —sing, 0
Rot(z,¢,) = & ¢ (3.7)
0 sing, cos¢, 0
| 0 0 1]
(10 0 —z00 |
01 0 —yeg
TT(Z??,S(—:L'C'G,—~yCG,——ZC(;) = (38)
0 0 1 —Zog
000 I

Vector description. The vector description of the system is described with reference
to Figure 3.6. Here XYZ is the machine coordinates and point P is where all the
forces and moments other than the weight are transferred to. XYZ is the gravity
frame and CG is the location of the centre of gravity of the whole machine including
the load at a given instant. f; and f, are the two adjacent contact points forming
one edge of the support boundary. b is the unit vector in direction of line connecting

f1 and fy and is described in XYZ coordinates as,

b= (o= /) (3.9)

|fo — fil
where f; and ]?2 are the position vectors of points f; and f, described in XYZ frame.

R is a vector defined in XYZ frame, and is orthogonal to fi fo. Note that,

e

R-b=0 (3.10)

We then define the vector C’}l connecting point C'to point fi. C’—}l can be defined

as,

Cfi=\b (3.11)
where ) is a constant depicting length of the vector C-}l. Knowing that,
A+X=-R (3.12)
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Vertical plane

then,
Mo+ f)-b=R-b=0 (3.13)

and

g Gt VAL (3.14)

where b2 =1. Therefore R could be found from,
R=(fi-0)b—fi (3.15)
Unit vector # which is perpendicular to plane PC'f; is now computed,

f=bxF (3.16)
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where 7 = 1s the unit vector in the direction of R.

e

l

Similarly vector Q is computed in the gravity coordinates XY Z. Note that C_j is
orthogonal to line f) fo and is connected to the centre of gravity of the machine CG.
fik and ]?5 are the position vectors of points f; and f, in XYZ frame. m is the unit

vector in the direction of line connecting f; to fo in XYZ coordinate system and is

given by,
= ifz;j—) (3.17)
|f5 = fil
Again we have the following condition:
g -m=0 (3.18)
Therefore @ could be found from,
Q = (ff -y~ f; (3.19)

Z in Figure 3.6 is a unit vector in the direction of Z and represents upward vertical

direction.

Equilibrium plane. Equilibrium plane as described in definition 9, is a plane con-
taining the support boundary edge f; fo and the centre of gravity with an orientation
so that the summation of all moments around the boundary edge is minimum. Figure
3.7 shows the equilibrium plane for a general three dimensional case. The plane is
described with an inclination angle of ¢ from the vertical plane. In this plane the
following relation holds,

> M= (F-DIR|+M-b+ mg|G|cosa sing =0 (3.20)
around fi fa

note that a destabilizing moment has been assigned a positive sign. From Equation

(3.20), angle ¢ is found as

¢ = —sin iy : (3.21)




Equilibrium plane

/Verﬁcal plane

Figure 3.7: Finding the equilibrium plane.

Note that in Equation (3.21) vectors in the numerator are defined in XYZ frame

and Cj in denominator is defined in XYZ frame.

The only unknown in the right hand side of Equation (3.21) is the angle & repre-
senting the angle that support boundary edge, fif2, makes with a horizontal plane.
To find «, we first find 7 which is the normal to a plane constructed by # and 7 in

XYZ frame (see Figure 3.7),

(3
=T

X
X

(3.22)

n =

™2
g

Another outer product between m and 7 yields the vector § which is in the vertical

plane and perpendicular to the line fi fo.

(3.23)

=

§=1m x
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The angle «, can then be found from

= cos™!(3- 2 (3.24)

|51
Note that when F and M are both zero, we would have ¢ = 0 meaning the vertical

plane is the equilibrium plane. Also note that Equation (3.21) has a solution only if
(F-D|R| + M- b < mg|Q|cose (3.25)

When the above condition does not hold and the summation of moments around the
support boundary edge is negative (special case), based on definition 9 the angle ¢ is

set to 90° (see Section 3.1.1). Therefore,

—sin“lm@ when (F-D|R +M b < mg|lO|cosa
¢ — mg|Q|cosa (_’ N)I —" . ~ - Jl?l (326)
90° when (F-t)|R]+M - b > mg|Q|cosa

Work calculation for conservative forces. Figure 3.8 shows the method of cal-
culating the first part of energy stability level from definition 10, which is the work
done when the centre of gravity is rotated around a support boundary edge to the
equilibrium plane. As the weight force is conservative, the work done depends only

on the vertical displacement of centre of gravity A
Wi = —mgh
where h is computed from the following relation,
h = |Q|(cos¢ — cosih)cosar (3.27)

the angle 1 between @ and the vertical plane is

| =

b = cos™!(q- =) (3.28)

W
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L Vertical plane

Figure 3.8: Work done by gravitational force.

where ¢ is a unit vector in direction of @ Note that all these vectors are defined
in the XYZ frame. Therefore the part of the energy stability level associated with

conservative forces based on definition 10 is computed from,
W, = —mg|@l[cos¢ — cosy|cosa (3.29)
Note that total hypothetical rotation of the machine is

0=¢+ (3.30)

Work calculation for non-conservative forces and moments. The second
part of energy stability level calculation consists of calculating the work done by
destabilizing forces and moments other than the weight forces. This is the work done
during the hypothetical rotation of the machine over a support boundary edge until

the onset of instability occurs. Figure 3.9 shows the same edge of support boundary
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Figure 3.9: Work done by non-conservative forces and moments.

shown in Figure 3.8. The work done by the resultant forces and moments can be

calculated from,

e :/(ﬁ-f)ds+/(M-l§)d0 (3.31)
where
ds = |R|do
Therefore,
Wy = / (F - 1) B|d0 + / (M - b)d8 (3.32)

vectors are defined in the XYZ frame. During the hypothetical rotation of the
machine over the edge of the support boundary, f; f2, the direction of external forces
and moments do not change relative to the machine frame XYZ. The reason is that
the direction of these forces and moments does not depend on the orientation of the

machine frame with respect to the gravity frame. Therefore the two inner products
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under integral sign remain constant, i.e.,

F - = const. (3.33)
M - b = const. (3.34)
and we have,

Wy = (ﬁ-£)|ﬁ|/cze+(1\71.5)/cze
= [(F-9)|B|+ (M-b)6 (3.35)

where 6 is determined from Equation (3.30),
Total energy stability level. According to definition 10, energy stability level for
each edge of the support boundary such as f; f5 is,

Energy Stability Levely, 5, = —(W; + W) (3.36)

Therefore at each instant, the energy stability level will be calculated for every edge of
the support boundary. Margin of energy stability is then the minimum of all energy

stability levels obtained for each edge of the support boundary.

3.2 Application to Mobile Heavy-Duty Machines

The extended measure of stability has been developed in Section 3.1. In this section
implementation aspects of the algorithm for stability analysis of mobile heavy-duty
hydraulic manipulators are discussed. From Section 3.1, we know fhat the energy
stability level for each edge of the support boundary is a function of the following

variables

Energy Stability Level = F(f1, fa, bz, Dy, Miotal, Rea, F, 1\7[) (3.37)
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f1 and f5 are the coordinates of feet contact points which form the adjacent points in
the support boundary. These coordinates are measured with respect to the machine
frame XYZ. ¢, and ¢, are the measured machine base deviations, from the level
position (roll and pitch angles). myqq represents the total mass of the machine
including the load. The location of the combined centre of gravity represented by
position vector ﬁcvg is another input variable to Equation (3.37). This position
vector is again computed with respect to the machine frame XYZ. Finally, F and M
represent external forces and moments, originated from interaction with environment

and/or movements of the arm of the machine manipulator.

Figure 3.10 shows the flow chart of a stability analysis algorithm for a mobile
heavy-duty hydraulic manipulator. The operator’s control commands (voltages) to
the hydraulic valves together with the physical parameters of the machine and exter-
nal loads determine the manipulator’s joint positions, velocities and accelerations. In

our study these quantities are produced by the simulation program.

Displacements of the manipulator arm change the location of the centre of gravity

according to the relation:

Welel " . N
0= - -
B - _ X M 8 4 Mioad®Sioad + MoehicteTvehicle (3.38)
CG = | Yeog - .
Yoty My + Mioaq + Myehicie
zZca
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Figure 3.10: Flow chart for stability analysis.
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where ﬁcc: is the position vector of the centre of gravity and 0%, is the position vector
of the ith link of the manipulator, both expressed in the machine frame XYZ. The
location of the centre of gravity of each link is usually known with respect to the
frame attached to the link. To compute 03 kinematics of the manipulator must be
known. Kinematics of the manipulator is defined by the link frame attachments and
link parameters [15]. Once the link frames have been defined, the link transforma-
tion matrices,A;,* Ay, ..., 71 4;, which define the kinematics of the manipulator can
be computed from Denavit-Hartenberg (D-H) transformation technique for adjacent
coordinate frames [15]. D-H transformation matrices are then used to compute °3;

from the following relation:

- z -
0:?1‘ , , Yi
= 0A11A2...2_1Ai15i = OA,' (339)
1 Z;
L 1 B

where (Z;, ;, Z;) are the coordinates of the center of gravity of sth link in its own frame.
Myenicie and O%vehicle, in Equation (3.38), are the weight and the position vector of
the centre of gravity of the machine base, respectively. 0%)00q is the position vector
of the centre of gravity of the load in XYZ frame and is obtained from the following

transformation:

0% 0 load
Sload = AnnAload od Sload (340)

where "Ajouq is the homogeneous transformation between the load and the manipu-

lator’s last link frame.

In the next step, external force and moment vectors (ﬁ and 1\71) exerted on the
machine base must be computed. This includes the computation of the reaction forces
and moments produced at the manipulator base while carrying a load or interacting

with the environment excluding the gravitational components. This is in fact an
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inverse dynamic problem. Newton-Euler dynamic formulation [16] is adopted for this
purpose. This formulation represents an efficient set of equations of motion for a
manipulator. The method consists of an outward and an inward iteration loop (see

Figure 3.11).

In the outward iteration, first the rotational and linear velocity and acceleration
of each link is computed by propagating velocities and accelerations from the first

link to the last one. Angular velocity of manipulator links are calculated from:
G = "R(D + 20i41) (3.41)

where ‘R; 11 = (*"1R;)T is the rotation part of the Denavite-Hartenberg transforma-
tion matrix for each link, 6 is the joint angular velocity known from the trajectory

and Z; is defined as:

=10 (3.42)

Angular acceleration of the manipulator links are computed from:
H1Gi01 = R[S + 2obip1 + T X (Fbi1)] (3.43)

where 6 is the angular acceleration of the manipulator joint. Velocity and acceleration

of each link are calculated from:
i+177z‘+1 — (i+1wi+1) % (ORi_HP;?l) + i+1Rii?—)»i (3.44)

i = i x CRia ) + 0 x [H3i0 x CRi By + R, (3.45)
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Figure 3.11: Calculation of reaction force and moment exerted by the manipulator.
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and acceleration of the centre of the gravity ‘v; is obtained from:

T =10 x 154G x (@ x E) 4+ (3.46)

ORZ-P;* = | d;sina; (3.47)

d;cosq;
where d; and «; are kinematic parameters of link i (see Appendix B). Note that
Wy = cf)’o =75 = 0. We will also assign 15'0 = 0 since we are only interested in

calculating the reaction forces and moments excluding the gravitational effect. Inertial

forces and torques acting at the centre of mass of each link is calculated from the

relation
B = mig, (3.48)
'N; =L RS + G x (IR, (3.49)

where *I; are the elements of the inertia tensor matrix (see Appendix B). The reaction
forces and torques acting at each joint is computed in the inward loop of Figure 3.12.

It begins from the last link and is computed from the following relations:
zf; — i—}-lRii—i-li_';_'_l + zﬁﬂ; (3_50)
‘6, = iHRi[iHﬁiH + (ORi+1P;~*) X 2'Hf—';-u] + (ORiP:,_l + 25}) X ‘B ‘N, (3.51)
Note that

1 load 17 load
»t Nypyy = o Nioad; nt f71.+1 = ‘oad fload (352)

n 1s the number of links and ‘#dp,, ; and loed fioaa are respectively external moments
and forces due to contact with the environment and are expressed in the load frame.
Finally the resultant vectors of forces and moments exerted by the manipulator on

the machine base are

—

F= —Of) (3.53)
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M = -, (3.54)

The next step in the algorithm is the energy stability level calculations using the

formulation in Section 3.1.
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Chapter 4

Stability Study of An Excavator
Based Machine

4.1 Description of the Machine

In this chapter the algorithm developed in Chapter 3 is used to study the stability of
a typical mobile heavy-duty hydraulic manipulator. The machine, a 215B Caterpillar
excavator based machine, is shown in Figure 4.1. It is a mobile three-degree-of-
freedom manipulator with an end-effector. The end-effector can be a bucket or it can
be a gripper for holding and handling objects such as trees. The upper structure of
the excavator is turned on the carriage by a swing motor through a gear train. Boom
and stick are the other two links which, together with the swing, serve to position
the end-effector. Each link is é,ctivated by means of flow and pressure through the
main valves. Modulation of the oil flow in the main valves is controlled by a pilot
system through joysticks 1 and 2 (see Figure 4.1); forward, backward or side to side

movements of these levers provide individual control of the link motion.
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Figure 4.1: 215B Caterpillar excavator based log loader.

Figure 4.1 also shows the main actuation circuit. The output of the engine is used
to turn two pumps. The output flow of the pumps is used to operate the hydraulic
cyvlinders and the swing motor. Hydraulic oil from pump 1 passes through swing,
stick and boom cross-over valves to the tank. Stick movement controlled by the stick
main valve, cannot be achieved if the swing main valve is fully open. If the latter is
partly open, the stick can operate but at a slower speed. The motion of the boom
and the stick are coupled via cross-over valves. This will allow a faster movement
of one when the other is at less than full speed operation. When the total sum
of the pressures in the implement circuit becomes high enough. the pumps reduce
their outputs to prevent engine stall. This type of hydraulic circuit is known as a
torque-limited circuit. The machine dynamics is complex and nonlinear in both the
structure and the actuation. Kinematics and dynamic specification of the machine.

including link frame attachments and the D-H transformation matrices are described

in Appendix B.




For stability studies of the machine, the manipulator joints trajectories, i.e., joint
displacements, velocities and accelerations are required. This information is normal-
ly obtained by direct measurement from the manipulator. For this study however,
instead of the actual measurements we used the simulation model of the manipulator
developed previously [17]. The validity of the simulation program has been tested
before and has been reported elsewhere [18]. The simulation program was further
improved by adding two modifications. First, to investigate the effect of operation
over a gradient on the stability of the machine, it was necessary to include the ef-
fect of a non-level base in the dynamic behavior of the manipulator arm. This was
done by modifying the Lagrangian dynamic equation of the manipulator. Another
necessary modification was to model the end-of-stroke condition in the manipulator’s
hydraulic actuators. Since hydraulic actuators are known to generate a significant
dynamic shock force when reaching their limits [19], it was necessary to model this
phenomenon to be able to evaluate its effect on the stability of the machine. A sim-
ple yet effective method was proposed and was verified by experiment. Details of the

above modifications are included in Appendix C.

4.2 Simulation Studies

To explore the effect of different operating conditions on the stability of the machine
a number of simulations are performed. It is also shown how simulation studies can
be used to put necessary safety limits on loads, velocities and forces in different con-
ﬁgurétions so that the safety of the machine and operator is guaranteed. Presently
these kind of limitations only concern the load and radius of the end-effector position
(static stability) and velocity adjustments are left to the skill and experience of the
operator [1]. It is shown in this chapter that dynamic effects are sometimes as im-

portant as the static effects and put limitations on the machine operating conditions.
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Another application of such a simulation study is to provide the designers with an
inexpensive, fast and safe tool to fine tune the design details of different parts of the
machine based on the stability criteria. One example of these design details could be

the weight and location of the counterweight in the cabin of the machine.

4.2.1 Effect of a sudden stop

Figure 4.2 shows the results of a typical machine operation involving swing motion.
Note that XY in this figure represents the machine frame XYZ (see Section 3.1).
Given a step voltage command, the machine rotated from initial position § = 90°
and was brought to stop after one full revolution at § = 270°. Figure 4.2a shows the
swing valve’s spool displacement response to the voltage command. The response is
that of a first degree system with a time constant of 7. The changes in the input
and output pressures of the swing hydraulic motor are shown in Figure 4.2b. The
limiting pressure in the system due to existence of the relief valve was 27.6 (MPa.).
Pressures beyond this limit cause the relief valve to open. From stability point of
view the action of relief valve has both favorable and unfavorable effects which will

be discussed later.

Displacement, velocity and acceleration profiles for swing joint are shown in Figure
4.2c. Accelerations and therefore inertial forces and moments are much higher during
the start and the stop of the motion. Referring to Figure 4.2¢, when the command
voltage is set to zero (at t ~ 10 s), the acceleration goes to a minimum and stays flat
for a duration of time. This saturation is the result of the relief valve action mentioned
above. Note that after the command voltage has been set to zero (6§ = 450°), the

swing joint continued to rotate up to § = 459°. This overriding is
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Figure 4.2: Typical swing motion.
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again a result of the pressure saturation caused by the relief valve action.

Figure 4.3 depicts the reaction moments (Figure 4.3a) and forces (Figure 4.3b)
developed at the manipulator base during the motion. These moments and forces are
due to inertial, centrifugal and Coriolis forces produced at the manipulator joints.
Note that the reaction moment and force about the Z axis of the machine has no

effect on its stability.

Figure 4.4 shows the results of the stability analysis based on the machine response
demonstrated in Figure 4.2. Changes in the energy stability level as the swing joint
rotated is shown in Figure 4.4a. These are a result of changes in the centre of gravity
position and the reaction forces and moments produced by the manipulator. Figure
4.4b compares the energy stability level for two edges of the support boundary (edges
1 and 3) using the extended measure of stability developed in this thesis, with the
one obtained by the energy stability level concept as defined in [4] (i.e., without the
effect of inertial forces and moments). The largest deviation is at the instant of stop
when large inertial forces and moments were present. During the steady-state motion
of the manipulator (2 < ¢ < 10s), the inertial loadings were zero and the difference
in energy stability level was caused by the centrifugal and Coriolis forces/moments

(see Figure 4.3).

The software package used for this and other simulation studies in this chapter
was developed by implementing the algorithm in Section 3.2 and was written in “C”
language. The average running time on a Spark 2 Sun workstation for computation
- of energy stability levels for a four sided support boundary was approximately 0.0178
seconds. Calculation of the external and inertial forces and moments took approxi-
mately 0.0148 seconds of the total running time. Therefore the program can easily

run at a 50 Hz. sampling rate.
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Figure 4.4: Typical stability analysis results.
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4.2.2 Effect of swing velocity

From previous experiments it was observed that the main destabilizing occurs when
the machine is brought to a sudden stop. In this case study we applied differen-
t command voltages which brought the cab to different swing velocities. Once the
steady-state was achieved and the swing angle reached at 90° the command voltage
was set to zero. This way the only variable was the swing velocity. The experiment
was repeated with two different link configurations: In configuration (fpeem=43 and
Ostice=-115), and Out configuration (fheem=0 and sy,=-80). The results shown in
Figure 4.5a depicts the minimum margin of stability which has occurred for each
swing velocity ( in this experiment side 2 had the minimum energy stability level).
Figure 4.5a also shows that, for velocities less than 20 deg./sec., the stability de-
creases with the increased velocity, and the ‘out’ configuration shows a lower stability
level compared to the ‘n’ configuration. This was expected since the machine has a
larger inertia while it is in the ‘out’ configuration and therefore a larger destabilizing
inertial loading exists. For rotational velocities higher than 20 deg./sec. the margin
of stability is almost equal for both configurations and remains basically the same
with increasing the velocity. This can be explained by considering the acceleration
profile. Referring to Figure 4.5b, for velocities higher than 20 deg./sec., acceleration
reaches a saturation limit at the time of stopping for both ‘in’ and ‘out’ configura-
tions (Figure 4.5b compares the result for the swing velocity of 30 deg./sec.). This
happens because of the relief valve action in limiting the pressures in the hydraulic
line. When the command voltage is set to zero, the hydraulic motor tries to stop the
manipulator and the outlet pressure builds up (similar to situation depicted in Figure
4.2b). The moment M that the hydraulic motor can exert to stop the manipulator
is proportional to the pressure difference in hydraulic motor which is now limited by
the relief valve. Since M = I, the maximum deceleration produced by the hydraulic

system has a bound as shown in Figure 4.5b.
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Note also that combined moment of inertia is larger for ‘out’ configuration, i.e., (Lo, >
I), therefore we should have qouy,,., < Qiny,.., Which is consistent with the result
shown in Figure 4.5b. Therefore for swing velocities higher than 20 deg. /sec., the relief
valve smooths the stopping action and as a result keeps the inertial loadings within
a limit. This can be considered favorable for the machine stability purposes but may
result in overriding of the swing rotation (similar to situation depicted in Figure 4.2c)
which could be undesirable since the manipulator arm cannot be stopped at a desired
position. The slight increase in the stability margin for the ‘out’ configuration case
in Figure 4.5a is caused by the same overriding as a result of which the manipulator

passes § = 90° which is the position with minimum static stability.

4.2.3 Effect of the load mass

The effect of load mass on the stability of the machine is now investigated. Consis-
tent with the setup in the Section 4.2.2, we kept the swing velocity constant (= 30
deg./sec.) and increased the mass load carried by the manipulator. The swing was
brought to stop at § = 90°. Figure 4.6a shows the margin of energy stability for
three different loads ( the minimum energy stability level was associated with side 2).
Increasing the load decreased the static stability and at the same time reduced the
effect of inertial loading on the stability of the machine. As a result the dynamic and
static margins of energy stability approached the same value. Figure 4.6b shows this
trend clearly. The dampening of the dynamic effects is again the result of the limit
on the maximum pressure allowed in the hydraulic lines. As the load increased the
maximum deceleration and therefore inertial loadings at time of stopping the machine

decreased and so did the contribution of the inertial loads on the machine stability.
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4.2.4 Effect of the load inertia

Figure 4.7 shows the result of investigating the effect of the load inertia on the
stability of the machine. In this set of experiments, weight (1500 kg), location of the
centre of gravity and the swing velocity (= 30 deg./sec.) were kept constant while
the moment of inertia of the load was changed by varying the I, component of the
inertia matrix of the load. This resembles the pick and place task for logs of similar

mass but different length and thickness.

The difference between the two orientations of grabbing the log was also investi-
gated. Results show that orientation 2 (see Figure 4.7) is insensitive to the changes
in the load inertia in that the margin of stability remained the same with the increase
of the load inertia. For orientation 1 however, the margin of stability decreased with
the increase of the load inertia. Figure 4.7b shows the reaction moments produced
at the manipulator base for I,.,=11800 (kg.mQ). It is seen that the inertial loading is
higher in orientation 1 and that is the reason for the reduced stability. Components
of overall inertia matrix which produce the moments about X and Y axes, are in

general larger when the load is grabbed as in orientation 1.

4.2.5 Effect of top-heaviness

Effect of top-heaviness on the stability condition of the machine is shown in Figure
4.8. In this experiment a concentrated load is carried by the manipulator. In both
configurations 1 and 2, load (1500 kg), velocity (=30 deg. /éec.) and the position of
the centre of gravity in horizontal plane are the same. Therefore the only difference
between two configurations is the vertical position of the centre of gravity which
represents the top-heaviness. The difference between the vertical position of the

center of gravity for configurations 1 and 2 is 72.0 cm. The figure shows the margin
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of energy stability when the swing joint has completed a full turn. The result shows
that the margin of energy stability is reduced by increasing the top-heaviness. This
reduction cannot be shown by either projection method or the method of Davidson

and Shewitzer [6].

4.2.6 Effect of operation on a gradient

Machine stability when it is operating on a gradient is shown in Figure 4.9 (note
that « in Figure 4.9 is equal to —¢, as defined in Section 3.1). Here we simulated

a full rotation of swing with the same conditions as in Figure 4.2, i.e., constant step
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command voltage and load mass. The velocity was slightly different because of the
gradient effect. Comparing Figure 4.4b with Figure 4.9a a slight decrease in the energy
stability level for edges 2 and 4 is observed. The main difference occurs, however, for
edges 1 and 3 where the energy stability level for edge 1 has been increased because it
was on the uphill side, and the energy stability level of edge 3 has been dramatically
decreased. Figure 4.4b shows the simulation of the same maneuver by the swing joint
when the machine is positioned across the gradient. This caused the energy level of
stability for edge 2 to reduce significantly. Referring to Figure 4.9b, at times ¢ =~ 1
sec. and ¢ = 10 sec., the energy stability levels for side 2 were almost zero meaning

that the machine was on the verge of instability.

4.2.7 Effect of boom and stick motions

In this experiment we study the effect of boom and stick joint motions on the stability.
Referring to Figure 4.10a, boom and stick started from the lowest position with
average angular velocities of 9.0 and 16.0 deg./sec, respectively. The stick stopped
due to reaching the end of its travel limit (=-30 deg.) and the boom was brought
to a stop by setting the command voltage to zero when it reached at 50° (travel
limit for boom joint is 58°). Figure 4.10b shows the energy stability levels during
the motion. The rise in the vertical position of the centre of gravity increased the
top heaviness and thus reduced the stability for all edges of the support boundary.
When the stick reached its joint limit by the physical limitation of the mechanism, a
noticeable change in energy stability levels was observed. Similarly when the boom
motion was brought to stop at t=15, a sharp decrease in the stability occurred (side

4) which is the direct result of the inertial forces/moments produced.
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4.2.8 Effect due to closed-loop interaction

Figure 4.11 shows a case when the machine, equipped with an excavation tool, per-
formed a ditch digging operation. The force F, at the tool tip was modelled as a step
function of time in the direction opposite to Z in the world coordinates. The velocity
of the tool tip, v, was kept constant at 0.2 m/sec. Figure 4.11a shows the energy
stability level changes during the operation. Figure 4.11b shows the effect of the
external load by comparing the energy stability level with and without the external
force. The external load as modelled here significantly reduced the energy stability

level of edge 1.

4.2.9 Effect of support boundary change

Figure 4.12 shows a typical experiment designed to investigate the machine stabil-
ity behavior when working in an unstructured environment. Here we simulate the
situation when a rock is beneath one of the machine tracks while the machine is
interacting with the environment (pushing against a wall for example). In such a
case there are only three contact points with the ground and the support boundary
is therefore a triangle. Figure 4.12 shows the energy stability level changes during
the operation. External force is modelled as shown in the inset of Figure 4.12. This

example represents a static case with no motion involved.
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Chapter 5

Graphical Display

The magnitude of energy stability levels for edges of the support boundary can be used
towards providing a more efficient and hazard free operation of the machine. Ideally
the information about energy stability levels can be used as input to a computer
controlled system which limits the velocity and position of different joints so that
the energy stability level is kept above a predetermined limit at all times. A rather
simple alternative to the above approach for using the stability status information
is to present this information in form of a graphical display. The objective in this
chapter, is to find a suitable geometrical arrangement for the display. The display
should be simple and able to convey as much information as possible regarding the

stability condition of the machine.

5.1 Previous Work

Davidson and Schweitzer [6] suggested a graphical display based on their measure
of stability, i.e., normalized virtual power (see Section 2.4). Figure 5.1 shows the

display for a machine having four contact points with ground. Rectangle A BCD which
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Figure 5.1: Graphical display arrangement from Davidson and Shweitzer [6].

represents the support boundary is formed using four normalized virtual powers, i.e.,
Kig, Ka3, K34, K41. Point E, marks the position of the centre of gravity relative to
machine frame zy. In this arrangement, the effect of changes in centre of gravity
position is shown by the marker F and effect of external forces and moments are shown
by changing the size of rectangle ABCD. Therefore the display has two changing
elements; the centre of gravity and the boundary of the display. This might cause

some problems in industrial applications [6].

Messuri and Klein [4] introduced a different display arrangement based on energy
stability level. Figure 5.2 shows the display for a machine with five contact points
with ground. The polygon ABCDE is formed by horizontal projection of the support
boundary. The marker F, shows the projection of the centre of gravity location on
the horizontal plane. The dotted lines at each side of the polygon show the energy
stability level for that side and therefore the hazard of tipping over. Note that this

display has been primarily developed for walking machine applications. In these
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Figure 5.2: Graphical display arrangement from Messuri and Klein [4].

applications the motions and therefore changes in energy stability level are usualy

slow and the complexity of the display is not a problem [4].

5.2 Display Arrangement

In this section a graphical display arrangement is proposed which suits the measure
of stability developed in this thesis. The display has essentially two components. The
first component is the display boundary. It simply shows the projection of the support
boundary polygon onto the plane which coincides with the floor of the machine’s cabin
(ie., parallel to XY plane of the machine frame XYZ in Figure 3.4). This means
that the graphical representation of the support boundary will not change even when
the machine is working on a sloping ground. The effect of sloping ground and/or

spatially placed feet can be shown using another component of the graphical display
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Figure 5.3: Stability marker polygon.

to be discussed in the next paragraph.

"The second component of the graphical display is a marker indicating the current
energy stability levels for all support boundary edges. The extended measure of
stability defined in this thesis assigns a different value of energy stability level for each
edge of the support boundaiy depending on the inertial /external loadings, deviation of
the machine base from a level position etc. To convey all this information we introduce
the concept of “stability marker polygon”. Figure 5.3 shows how the stability marker
polygon for a four sided support boundary is constructed. The polygon has the same
number of sides as of the support boundary. When the machine is operating on a level
ground and in the absence of inertial or external loads, the stability of the machine is
determined by the position of the centre of gravity. In this case the stability marker
polygon is reduced to a point, showing the projection of the centre of gravity on the
display boundary. If other destabilizing loads appear or if the machine is on a sloping
ground, a polygon is formed. Let E; be defined as the energy stability level of one side

of the support boundary computed according to definitions presented in this thesis,
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and Ey be the energy stability level of the same side, if the machine was operating
on a level ground with no destabilizing load other than its weight. The length, d;,
of each diagonal of the polygon facing the respective side of the support boundary is

obtained from the following relations:

E,
Ai = (E)z (51)
(1 — Ai)ai Az S 1

0 A;>1
where 1is the number of sides of the support boundary and «; is the distance between
each side of the support boundary and the centre of gravity (see Figure 5.3). Note
that d; is zero when the load is such that it helps the stability of the corresponding
side of the support boundary. This will act as a factor of safety and at the same time

helps the display to be less confusing.

Example 1. Figure 5.4 compares the display when machine is standing on level
ground (Figure 5.4a) with the case when it is standing over a sloping ground (Figure
5.4b). The shape of the stability marker polygon reflects the lower energy stability
level for the side 3 of the support boundary caused by the slope. Note that in both

cases the display boundary remains the same.

Example 2. Figure 5.5 shows how the stability marker polygon reflects the effect of
forces and moments arising from moving the arm. The example is taken from Section
4.2.7 (Figure 4.10) in which the boom and stick are moving upward. The figure shows
the display at different instants. At t=0.05 the manipulator is stationary; at t=4.0
inertial loaaing is insignificant (constant velocity) therefore, the display only shows
the position of the centre of gravity. At other instants shown in Figure 5.5 large

inertial forces/moments are in effect, forming the stability marker polygon.

One of the advantages of the graphical display developed here is that the boundary

of the display does not change and all the changes in the stability levels are reflected
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on the stability marker polygon. Note also that because of the form of mapping used
here to construct the stability marker polygon, the d; does not have the same scale.
In other words if the stability marker polygon is in the same distance from two sides
of the support boundary, it does not necessarily mean that the energy stability level

is the same for those sides.

67



0= 0=15 deg.

(a) (b)

Figure 5.4: Effect of sloped ground on display; (a) machine on level ground; (b)

machine on a slope.
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Figure 5.5: Effect of inertial loading on display (based on the result of Figure 4.10).
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Chapter 6

Conclusions

6.1 Contributions of This Thesis

In this thesis a model which quantifies stability limits for a class of moving base
manipulators was developed. The method is specially suited for applications where
large forces and moments exist due to the interaction of the manipulator with the
environment. The concept of energy stability level defined by Messuri and Klein
[4] was extended here to include the effect of external and inertial forces/moments
originating from the manipulator. Compared with the previously developed method
by Davidson and Schweitzer [6], this new method can reflect the effect of all factors
contributing to the stability condition including, spatially placed contact points with

ground, rough terrain and top-heaviness.

The new model was then integrated within the simulator developed previously, in
order to examine the stability characteristics of a candidate machine — an excavator-
based log loader. The algorithm reflected the effect of forces/moments, arising from
the manipulation of the implement, on the stability of the machine. While perform-

ing pick and placing tasks, the inertial forces and moments produced by moving the

70



manipulator arms had a significant effect on the stability of the machine. These ef-
fects were more pronounced during start and stop of the motion. It was also found
that the action of the relief valves in the hydraulic system can influence the stability
characteristics of the machine. By limiting the maximum pressure in the hydraulic
system, a relief valve limits the inertial forces and moments. For a machine handling
massive loads, this means that the larger the mass, the less will be the importance
of the inertial loading on the stability. In other words, the stability of the machine
depends primarily on the location of the centre of gravity (static stability). Further-
more, when carrying a load with considerable inertia, the orientation of grabbing the

load was found to have a pronounced effect on the machine stability.

The average running time of the algorithm on a Spark 2 Sun workstation was
0.0167s. This included the time spent for computation of the reaction forces and

moments at the manipulator base which took = 0.0148s of the total running time.

When the manipulator interacts with the environment in a closed-loop fashion,
two cases could happen. First case is when it performs tasks such as scraping a
surface, where the operation can be modeled as action of external forces/moments
applied at the implement. In this case the effect of external forces/moments on
stability assessment is reflected in the same way that the effect of inertial loads are
considered. The second case is when the manipulator is used as a leg to form an
additional support. In this case force interactions between the tool tip and ground is

considered internal and should not be considered in the stability analysis.

A simple graphical display was also introduced for quantitatively displaying the
stability condition of the machine. The new display is advantageous over other exist-
ing displays in that, the boundary of the display remains unchanged for the class of
machines under investigation, and all the changes in the stability level are reflected on
the stability polygon inside the display . The display which can be used for training

or evaluation purposes is simple and can visually provide the human operator with
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essential information regarding the stability conditions of the machine. The feasibility
of applying the new display as compared to previously developed ones is, however,

subject to future studies.

6.2 Suggestions for Future Work

The results of this work, which is believed to be a further contribution to the stability
study of moving base manipulators, in general, and stability of heavy-duty machines
in particular, can be included as part of a fault diagnostic system to relieve the
operator from often non-intuitive and exhaustive task of maintaining the stability of
the machine particularly in the presence of large external and inertial loadings. Ideally
the information about energy stability levels can be used as input to a computer
controlled system which senses an imminent upset, limits the velocity and position
of different joints or even identifies correcting maneuvers and allowable payloads, so
that the energy stability level is kept above a comfortable limit at all times. For
example, if a loader is working on a slope and the computerized systems calculates
that moving a particular log as instructed would result in overturning the vehicle, the
system would advise the operator of the hazard in time for corrective action, thereby

increasing job safety.

During the simulation study, it was observed that stopping the manipulator while
in motion, can generate large inertial loading which negatively affect the stability of
the machine. These inertial loads are generated instantly and if the loading is large
enough to topple the machine, operator can do nothing to prevent it. It is therefore
necessary to be able to predict the trend of changes in the stability of the machine.
One method is to prepare a table with each entry containing a complete set of variables
defining the state of the machine (positions, velocities, accelerations, inclinations,

loads, etc.) and the margin of stability which would result if the machine was brought

72




to a sudden stop. The table can be constructed using a simulation program running
off-line. Therefore at each instant a table look-up algorithm can find the margin of
stability resulting from the effect of maximum possible inertia loading. Instead of the
look-up tabie, a learning system, for example an Artificial Neural Network (ANN),
can be trained to learn the relationship between the machine states and the margin
of stability resulting from a sudden stop. The ability to generalize for unlearned cases
and high processing speeds make the use of ANN attractive. The practicality of this

approach however, requires further research.
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Appendix A

Introduction to Screw Theory

There are two classes of vector quantities—free vectors and line vectors [20]. A free
vector is specified by its magnitude and its direction and can be positioned anywhere
in space without loss or change of its meaning. Examples of free vectors are vectors
representing relative translational displacements (see Figure A.la) or pure moments.
A line vector refers to a vector whose effect, in addition to its direction and magnitude,
is also dependent on its line of action. Examples of line vectors are those representing
angular displacements (see Figure A.1b) or forces. Note that a unit vector is all that is
necessary to specify a free vector while a line vector needs an additional specification

which will be defined in the following.

The distinction between free and line vectors can be made by using the six plucker
line coordinates [21]. Referring to Figure A.2, a line such as A can be uniquely
described using the six Pluker line coordinates.  The first three elements of the
coordinates are the components of a unit vector a coaxial to the line whilst the next
three elements are the components of the moment of the line about the origin o, i.e.,

F x & [11]. ¥ is a vector extended from origin o to the line A. The unit line vector A
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Figure A.1: Distinction between (a) a free vector and (b) a line vector [21]

associated with line A is then defined as,
A=[a;Txa]=[L,M,N;P,Q,R] (A.1)

which is defined as a wnit line vector. The six components constitute only four

independent parameters as they are related by the following relations:

a-a=1

and

a-(fxa=0

Plucker coordinates of a line which connects point [z1, y1, 21, w1]7 to point [z2, ya, 22, w1]T

-y

3
A
(o]
X y Ta
A

Figure A.2: The coordinates of a line in space
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is obtained from the matrix
wy T Y1 o~
(A.2)
Wy Tz Y2 29
where w) and wy are the homogeneous coordinates, usually taken to be unity. When
each column is struck out in turn, the six plucker line coordinates are obtained as six

determinants which are [11]:

w T wy Y Wy 23
L= , M = ,N =
Wo To W2 Yo Wo X9
Y1 2 21 I T1 W
P = s Q = , R —
Y2 22 Zy T2 T2 Y2

Now consider a force F which acts along a line with direction & (see Figure A3).
The moment of the force about origin o is given by |F|(F x &). The force can thus be

expressed as a scalar multiple of a unit line vector |F|[&;F x &).

The resultant of two general forces, | Fy|[a1; T x &1] and |Fp|[dy; T x &) acting on

a rigid body can be expressed by
IFHQF’;:;OF] = [.ﬁl + ﬁg; (f"l X ﬁl) + (I_"Q X ﬁ2)] (A3)

where [F| = |F}| + |F,). Generally the resultant is not a pure force. If we decompose

a8, to components parallel and orthogonal to &, the left hand side of the Equation

Figure A.3: Representation of a force using plucker line coordinates
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(A.3) can be rewritten as [21]
|F([ap; 8] = |F|[ar; &op — hag] + [F][0; has] (A4)

where h = (af - &,,)/(a - a). 0 is the null vector. The first term on the right hand
side of Equation (A.4) is a pure force while the second term is a moment parallel
to the line of action of the force. This combination of force and moment is called a
wrench with intensity If‘l and a pitch h. Note that for a pure force h = 0 and for a
pure rotation s = co. Referring to discussion in Section 2.4, [a;F x &| represents the

screw axis.

General motion of a rigid body consisting of rotation and translation can also be

expressed using unit line vectors
|9 [aw; &, ] (A.5)

where & is the rigid body rotational velocity vector, &,, = ¥ X &, and the pitch of
the screw axis h = (A, - d,,)/(4, - 4,). Here a pure rotation twist has a pitch of zero

and a pure translation is represented by h = oo [21].

The instant power produced by a wrench If‘l[é F; 4op] acting on a rigid body which

is constrained to twist about a screw, i.e. |J|[a,;d,,], is given by [21]
P=(F-V+& M) =[F||5](Er - &, + & - o) (A.6)
For a rigid body in equilibrium P = 0, therefore,

|E(|@|(&r - o, + 8y - &op) = 0 (A7)
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Appendix B

215B Caterpillar Excavator

Parameters

Figure B.1 shows the link frame attachment selected for the machine. The corre-

sponding link parameters are shown in Table B.1. Transformation matrices for all

the links of the machine are:

[ cosf#y 0  sinB, lj1cosb,
sinfy 0 —cosf; lj1sind
04, — 1 1l 1 (B.1)
01 0 0

00 0 1

coslly, —sinfy 0 Ilycosf,
' sind costy 0 lysind

14, = 2 2 2 2 (B.2)
0 01 0

0 00 1
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Figure B.1: Frame attach for links of the manipulator.
[ cosly —sinfs 0 I3cosfs ]
sinf cosf3 0 I3sinf
2A3 _ 3 3 3 3 (B3)
0 0 1 0
0 0 0 1

4 A}oqq Which is the homogeneous transformation between the load and the manipula-

tor’s last link frame is:

1 00 I
010 O
44’410(1d: (B4)
0 0 1 Iis
000 1

where [19 = 0.12m. Table B.2 shows the data for mass and location of the center
of gravity for each link of the manipulator. Note that the location of the centre of

gravity is given with respect to the frame attached to each link (see Figure B.1).

Table B.3 shows the components of the inertia tensor matrix (Equation B.5) for
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each link of the manipulator. Note that the inertia tensor is also defined with respect
to the frame attached to each link and therefore remains constant regardless of the

position of the link relative to the machine frame [15].

—Ixa:+éyy+-[zz _*_mijlg [a;'y I,
I = Ly Lo lyytles |y 2 I, (B.5)
L. I fetlole 4 mi7;
Table B.1: Link parameters.
Joint | variable | §;(deg.) | c;(deg.) | a;(m) d;(m)
1 01 0 90 l117=035|0
2 8o 0 0 lb=52 |0
3 03 0 0 I3=18 |0
Table B.2: Mass and centre of gravity data.
link | m(kg) | Z(m) | g(m) | Z(m)
Swing | 8031 |-14 |0 -0.16
Boom | 1830 |-29 (0.2 0
Stick | 688 -0.9 0.1 0
Table B.3: Inertia tensor data.
link Lo(kgm?) | L,(kgm?) | L.(kg m?) | L,(kgm?) | I.(kg m?) L.(kg m?)
Swing | 15700 0 200 0 0 0
Boom | 15400 100 0 -1100 0 0
Stick | 600 10 0 0 -70 0
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Appendix C

Contributions to the Simulation

Model

C.1 Effect of a Non-level Base.

To include the effect of operation over a non-level ground on the stability of the
machine, we needed to include the effect of a non-level base in the simulation model of
the machine . Note that this is a modification in structure subsystem of the original
model . The general dynamic equation of the manipulator derived by Lagrangian

method is in the form:
4 4

4 .. . .
F = Z Dii0; +> > " D0k + D; (C.1)

j=t j=t k=1

where Fj; is a generalized force, D;; is the effective inertia matrix, D;;, is the coeflicient
representing centripetal and Coriolis effects and D; is the term related to the gravity
loading. The only term in Equation (C.1) affected by a non-level manipulator base

is the gravity term D; which is computed from the following expression:

4 oT, .
D; = Z myg” 5 ef’rg (C.2)
p=i ¢
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where m,, is the mass, ¢ is the column vector representation of the gravity vector
g, T, is the related homogeneous transformation of manipulator links and 7P is the
position vector of the centre of gravity of the link in its own frame. To include the
effect of inclination, we only need to modify g In Section 3.1.2 we defined the base
deviations from level position by attitudinal angles for roll and pitch of the machine
frame XYZ with respect to the gravity frame XYZ (see Figure 3.5). The same
rotational transformations are used to modify § when the machine frame is in a

non-level position, i.e.,

g = Rot(y, —¢,)Rot(z, — ) 0 (C.3)
-9
where Rot(y, —¢,) and Rot(z, —¢,) are rotation matrices defined as [13],

cospy, 0 —sing,
Rot(y,—¢y)=1| 0 1 0 (C.4)
sing, 0 cosg, ]

r -

1 0 0
Rot(z,—¢s) = | 0 cosg, 5In¢, (C.5)

0 —sing, cosg,

Therefore we have,

cospy  singysing,  —sind,cosd, 0 81Ny CO5Pyg
g= 0 cOSP, Sing, 0= —sing,g (C.6)
SinGy —SING,Co8¢y  COSPyCOsP, —q —C05¢yCO5¢, g

Note that g is defined in XYZ frame. This modified & is used in the dynamic model

of the manipulator.
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C.2 Modeling End-of-Stroke Condition.

The importance of dynamic analysis of fluid power systems has been recognized for
a long time [22,23]. One of the discontinuous nonlinearities which occur in hydraulic
systems is when the actuators encounter end stops and a significant dynamic shock
force is generated (Figure C.1) [19]. As this kind of dynamic forces can affect the
stability of a machine carrying a hydraulically actuated manipulator, it was essential

to model this phenomenon.

To reduce the shock forces generated at the end of stroke, all hydraulic actuators
are usually equipped with one or another kind of hydraulic dashpots. The main
objective in using dashpots is to decelerate the piston with a controlled force, strong
enough to reverse the stroke swiftly but not so fast that it shocks other operating
components. Therefore to model the end-of-stroke condition, one should also model
the dashpot effect. One method to model the end-of-stroke condition is to assume that
the unit is brought to rest instantaneously. This simply implies stopping the integrator
and performing a restart which is unattractive due to the penalty in computational
effort [24]. Imposing a very high deceleration will make the system mathematically
stiff. Although gear stiff method is capable of coping with this stiffness [25,26], it
may involve significant computational effort. It is prudent to avoid stiffness at the
modeling stage. The second method at bringing the actuator to rest at appropriate
position involves reducing the driving force, increasing the viscous friction coefficient

and the introduction of a spring rate into the equations [27].

Here we introduce a rather simple, yet effective, model which in concept is similar
to the above approach but differs in implementation in that it maintains the actual
force at its true value and does not require to artificially introduce a spring rate or
damping into the model. In developing this model two important issues are consid-

ered; the capability of the model of being added to the existing simulation program
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Figure C.1: Undamped hydraulic cylinder.

without disturbing the description of other component models and, its capability of

allowing to employ large time steps without encouraging instability or divergence.

Referring to Figure C.2, when the piston reaches the end of stroke we have P, = P,
and P = P,, where P, is the maximum pressure allowed in the hydraulic line (set
by a relief valve) and P, is the return (tank) pressure. The manner in which the line
pressures arrive at the above levels depends on the dashpot characteristics. Here we
introduce a virtual pressure, P,;, which should in fact resembles the back pressure
in a dashpot. This pressure is activated at a distance § from the end-of-stroke and
is added to the line pressures (P; or P, depending on the direction of motion). The

virtual pressure changes linearly with the stroke (see Figure C.3), i.e.,

P(1 — 4m=Yy when Iy —1<6
P, = ( 5= : = (C.7)
0 when lym — 1> 6

Here [ is the piston displacement and lj;,, is the end of stroke length. § and P are the
two parameters which are to be adjusted for different types of hydraulic cylinders and
dashpots. P is normally chosen to be greater than the maximum pump pressure. It

should be large enough to bring the piston to a stop even in the presence of load. 6, on
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Figure C.2: Hydraulic cylinder near the end of stroke.

the other hand, is used to fine tune the expression for P,;, such that the decelerating

characteristics of a specific dashpot is simulated properly.

'To show the applicability of the above formulation for simulating the end-of-stroke
condition in hydraulic manipulators, two cases were studied. The first case was the
simulation of the up/down motion of link two of a Unimate MK-II hydraulic robot
(Figure C.4). The second case was the simulation of the in/out motion of stick link

of 215B Caterpillar Excavator (Figure 1.1).

P vir

» Distance

Figure C.3: Virtual pressure distribution.
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Figure C.4: Unimate MK-II robot,.

Case One: Unimate MK-II Robot. The experimental results are shown in Figure
C.5a where the measured joint angles and accelerations are plotted. The simulation
results are shown in Figure c¢.5b. The simulation results are in agreement with the
experiments. Figures C.6a and C.6b compare the pressure patterns. It is seen that
once the joint limit is encountered, the input pressure rises to its limit while the

output pressure drops to the atmospheric pressure.

Case Two: 215B Caterpillar Excavator. The second case, the stick was moved out
until it was brought to stop by hitting its joint limit (see Figure C.7a). Again the
end-of-stroke deceleration pattern was successfully simulated. The result is shown in
Figure C.7b. Comparing with the experimental observation, the joint limit condition
was simulated with reasonable accuracy. The changes in the acceleration observed
in the experiments were due to the changes in the input voltage originated from the
joystick controlled by the machine operator. In the simulation the input voltage to
the stick main valve was kept constant. The inset in Figure C.7b shows the effect

of varying the parameter ¢ in the simulation. A selected value of § = 5% gives an
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acceptable result. A higher § results in lower values for deceleration and a smaller &
produces a large deceleration effect. The simulated line pressures variations is also

included in Figure C.7c which is similar to the pattern shown in Figs. C.6a and C.6b.
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Figure C.6: Unimate MK-II robot pressure change; (a) Experiment, (b) Simulation.
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