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SUMMARY

Human-machine interfaces (HMIs) influence operaféctiveness and machine
efficiency. Further immersion of the operator itlte machine’s working environment
gives the operator a better feel for the statub®imachine and its working conditions.
With this knowledge, operators can more efficiectiytrol machines. The use of multi-
modal HMls involving haptics, sound, and visualdieack can immerse the operator into
the machine’s environment and provide assistivesabout the state of the machine.

To test new HMIs, the standard and new interfacest foe tested against one
another on machines doing the same task in the samenment. Changing the controls
on a machine is time consuming and can be experaiveder to bypass these
difficulties, simulators are constructed so thdtedent HMIs can easily be switched in
and out for testing purposes and so that the emwiemt is standardized for all tests.

This thesis develops a realistic excavator moda!imics a mini-excavator’s
dynamics and soil interaction during digging tagksealistic graphical interface is
written that exceeds the quality of current acadesimulators, such as [24] [28].The
graphical interface and new HMI are placed togettitr a model of the excavator’'s
mechanical and hydraulic dynamics into an openatwkstation. The operator
workstation is built as a tool for future tests aoafigured to allow new interfaces to be
easily implemented and tested. Two coordinatedrobschemes are developed for a
mini-excavator and preliminary tests are run to sneaincreases in operator
effectiveness and machine efficiency. Force feeklimapplied to both of the
coordinated control schemes and the effectivenesg®ticiency increases are measured

again, to show that the operator workstation candeel to test new HMIs.
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CHAPTER 1

INTRODUCTION

This thesis covers the development of an excawataulator constructed for the
measurement of the relative effectiveness of diffiehuman-machine interfaces (HMIs)
and discusses the results from preliminary testspesing four different HMIs.

Before the 1950’s, HMIs were mainly ways to makeadssible for a human to
control a machine using only human-scale forceshWie invention of the first
teleoperators, HMIs were no longer dependent osipallinkages from the controls to
the machine hardware. This gave designers morddmdo create different controls to
better match human capabilities to tasks. Howeateras quickly discovered that
operators depended on tactile feedback from thénamecal linkages to understand the
state of the machine. For example, when the firstait controls were mechanically
decoupled from ailerons and rudder by means otregtatmotors (the origin of the
phrase “fly-by-wire”), pilots no longer had a ‘fé&r the control effort of the plane [1].
In this case and others, artificial means of feellbvaere created in order to give
operators a ‘feel’ of what the machine was doing.

The field of haptics, which means “relating to asbd on the sense of touch”
focuses on giving touch-based or force feedbaekitoman operator in order to provide
more information about the state of the machinadpeperated [2]. Haptics range from
small devices, the most common current examplealsgbly the vibrate function of a
cell phone, to the very large, like the aircrafaple discussed above. In this example,

giving scaled force feedback to the pilot allowsho better control the plane. Better



control of an excavator can be measured in vamays. The metric for “better” control
in this thesis is increased operator effectivea@ssmachine energy efficiency.

HMIs can improve efficiency and effectiveness bjtdrematching human
abilities to task’ demands. Excavators and othdtirdagree of freedom devices have
non-intuitive kinematics that require extensiveraper training and experience to
perfect. Coordinated control schemes create mouéiire interfaces that reduce training
time and allow for better end-effector control.

More intuitive HMIs decrease the operator’s cogritioad, especially as the time
spent completing the task increases [3]. Redutiagbgnitive load reduces the number
of errors and allows the same task to be completésss time [3]. If the task is
completed more quickly, time and money will be shueess time per task converts to
less operator time to pay for, less machine wedrtaar per task, less machine rental
time, and shorter hold-ups for tasks waiting ondheent task’s completion. HMIs also
can increase machine efficiency by helping opesaimmove along more energy
efficient trajectories. Less errors being commanthdses less fuel to be consumed and
lower machine loads, which correspond to savindsehcost, lower emissions, and less
wear and tear on the machine. All of these savirfiget the costs of increased system
complexity expenses, such as force feedback ja&gstind increased computing power
onboard.

This thesis focuses on the construction of an eatcasimulator with a more
realistic model then the current academic standaydamic models of the excavator’s
hydraulic and mechanical systems are developed fnamufacturer data. A graphical

interface is written in C++ using the OpenGL liyrand includes such features as trees,



shadows, and actual CAD models to elevate the degfreealism. A new soil model is
created on a base of previous work but with addétitm expand the soil model’s
capabilities so that it can calculate the buckdtisteraction force for any trajectory.

A novel human-machine interface with a force feettljaystick to give the
operator of a mini-excavator a sense of the digfpnces, or to be more specific, the
force being applied to the bucket by the environtnisrconstruction using an off-the-
shelf haptic joystick and writing an interface gid++. Improvements from haptic
feedback in operator and machine efficiency aresssxl to demonstrate the simulator’s
ability to be a test stand to test new HMIs, algjiothe tests themselves are not
statistically significant.

The thesis is arranges as follows: Chapter 2 gaesckground and overview of
previous work done on HMIs for hydraulically aceéimulti-DOF machines. Chapter 3
discusses the excavator model and includes deyh&abf the mechanical linkage’s
kinematics and dynamics. The excavator's hydraygtem model and dynamics are
discussed in detail as well. The final section bagter 3 covers the novel soil model that
was developed for the simulation. Chapter 4 expléme HMIs and control schemes
developed. Chapter 5 discusses the preliminarg,tbsth how the tests were performed
and the test results. Chapter 6 offers a brief losian including the contributions of this

project and possibilities for future work.



CHAPTER 2

BACKGROUND

Mobile hydraulic machinery, such as off-road comdion, farming, and mining
equipment, has had the same basic human-macheréirg since its inception. For
excavators, the four main functions are controtigdwo two-DOF joysticks. Each
degree of freedom controls the flow into the aciuét hydraulic cylinder or motor)
controlling the joint angle of a single link. Thegition of the joystick is roughly
proportional to the resulting velocity of the adtwraThe velocity of the actuators is
kinematically related to the bucket tip velocity.

Since excavator kinematics are not intuitive, cowated controllers were
implemented both on excavators and other similaotio arms [4-8]. Coordinated
controllers mechanically decoupled the controlsnfitbe device and allowed the operator
to either command a Cartesian position or velo€yerator efficiency improved,
especially among novices. Velocity control was fdam be more effective for large scale
motions, and position control was preferred foefimotions. Several switching or
hybrid controllers have been suggested that svaittveen position and velocity control
[9].

Haptics have been added to many different typesawhines, but mainly to
electrically actuated systems such as in [10]. [@istigated using a haptic controller to
aid operators of a log loader (an excavator witla@achment) to apply a commanded
force. Their one-dimensional experiments showetldparators could more closely

reproduce a commanded force using a ‘stiffnesstrotiar. [4] investigated using force



feedback to reduced log damage using a feller-bemaNithout haptic feedback, their
results show that the operator has almost no domittbe force applied at the end
effector. With haptic feedback, operators reasgnttbtked the commanded force. [12]
used an impedance shaping haptic controller andesththat with its assistance backhoe
operators could better detect stiff buried objects.

This thesis focuses on improvements in operatomaachine efficiency caused
by using a Phantom force feedback joystick to digphe soil-bucket interaction forces
during excavation with a simulated mini-excavaioro different controller schemes, a
position controller and a mixed position-velocitntroller, are also tested with and

without haptic feedback.



CHAPTER 3

SYSTEM MODELING

New human-machine interfaces must be mounted oadtual machine being
controlled in order to test their true effectivemeShanging the controls of a machine is
time consuming and can be expensive. In order &bbeto quickly interchange and test
new HMIs, an excavator simulator is constructed $siraulates the dynamics of the
actual machine and its environment. The simuladortben be used to ascertain the
effectiveness and efficiency improvements of the RMI without the difficulties
associated with implementing the new HMI on thesakimachine.

The system modeled for the excavator simulatorBslacat 435 mini-excavator.
Excavators have been previously modeled, so thavexar kinematics and dynamics
discussed in this chapter are based on previous. WWbe literature does not have an
accurate model of the 435 excavator, so with tkestsce of the manufacturer and
researchers at Purdue University, the necessaayneters for this simulation were
measured so that the model would reflect the maifdhe actual machine.

The model was broken into segments, pictured inEigach of which is
discussed in a later section. The input and owtpaébles of each block and the blocks’

interconnections are shown in Fig. 1.
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Fig. 1 System Diagram.

About the Bobcat 435 Excavator
The Bobcat 435 excavator is a five-ton machine ped/ey a 48.8 hp diesel
engine (Fig. 2) [13]. It has five joints: the caly §wing), an offset joint that adjust the
angle of the arm relative to the cab, and the tjuieg¢s of the arm itself: the boom, stick
(also called the arm, but it is referred to asstiek in this work to differentiate it from all

three links together being called the arm), andkbuFig. 3).



Fig. 2 Bobcat 435 Mini-Excavator in a Normal Dig Cyle.

It also is equipped with two tracks that can beraped independently to position
the excavator and a blade that can be raised @r&miito increase machine stability or

backfill trenches.

Fig. 3 Links of the Bobcat Mini-Excavator.



During a standard dig cycle, only four of the jsiare used: the swing, boom,
stick, and bucket. The offset joint is generallyuated prior to excavation and, except in
tight spaces, is set so that the arm faces dirabiyad from the point of view of the
operator. The tracks and swing are driven by hyldrawotors and all other links are
actuated by hydraulic cylinders.

The Center for Compact and Efficient Fluid Powe€EF-P) sponsored a related
project at Purdue University to study the efficignidfference between pump controlled
and valve controlled machines. A standard valverodad 435 machine was tested for
efficiency and then the valves and fixed displacetnpeimp were replaced by four
variable displacement pumps. Each pump controlfedad the four main functions
(swing, boom, stick, and bucket) and also droveairibe four lesser used functions
(offset, blade, and left and right tracks) [14]eNariable displacement pump controlled
excavator is modeled in this work, not the standaitde controlled excavator. The four
minor functions are assumed not to be in use imtbéel, which is reasonable for

normal dig cycles.

Kinematics

Definitions

Task Space- the states of the excavator are defined withticel to the Cartesian world
frame with the origin fixed at §Xsee Fig. 4). Using this space gives a Cartesiaitipn
and velocity for each point on the excavator. Tgskce contains the variables:

X, Y, Z — position

Vy, Wy, V, — velocity



oy, My, ®, — angular velocity
Joint Space- the excavator states are defined in terms of masitions, velocities, and
accelerations. Joint space contains the variables

@ - angular position of joint i
@ - angular velocity of joint i
8 - angular acceleration of joint i

Cylinder Space- the excavator states are defined in terms gbpdlsgion and motion of
the hydraulic actuators. This space’s states aadtuators’ positions and velocities.

Yk — the position of actuator k. Fof this is the same &s

vk — the velocity of actuator k. Foi this is the same 6§

pan— the Cartesian vector between originsa@d Q.
rag — the Cartesian distance between points A anfi/Bol B is a number then the point
referred to is @ or Gs. This is an absolute distance gg ¥ rga.
a — the length of link k, consistent with Denavittiéaberg notation (see Fig. 4).
a = length of the cab
& = length of the offset link
as = length of the boom
a, = length of the stick
as = length of the bucket
0k — the rotated angle of joint k, consistent witmBet-Hartenberg notation (see Fig. 5)
01 = rotation of the cab

0, = rotation of the offset link

10



03 = rotation of the boom
04 = rotation of the stick
05 = rotation of the bucket
0 — the positive angle less than 18rmed by the line segments connecting points i
and j and points j and k. If i, j, or k is a numfsien the point being referred to is
respectively origin ©Q G, or Q..
The following refer only to joint angles of the ndiwe, and not angles referred todgs
¢ — cosf)
Cj — cos@i + 6))
Cijk — COSQ; + 0; + 0)
s —sin@)
s~ sing; + 6)

Sjk — Sin@; + 6; + 6x)

( ]

Fig. 4 Kinematic Points of Interest and Cylinder Link Lengths. G is the origin of frame i. g is the
distance between @, to O;. The boom cylinder attaches at points A and B anis of length y. The
stick cylinder extends between points C and D and iof length y. The bucket cylinder attaches to
pins at point E and H and has length y The four-bar mechanism attached to the bucket ilades two
links, on attaching point F and point H and anotherattaching point H and point G.

11



Link 1

[ I

Fig. 5 Kinematic Origins and Joint Angles. Note thapoint | is the nearest point onO,0, , or ra4, to

point F, therefore rg Ors4. The variable y is used to designate the length of cylinder i, anshould not
be confused with the y-axis of each of frame. To aid confusion, the cylinder lengths appear as a

scalar, y, and the axes appear as a vectoy, . [X, ;, Z] is the coordinate frame associated with link

i. 8;is the rotation of link i about Z _, .

Joint Space to Task Space

The excavator kinematics are found using the extodgeDenavit-Hartenberg
parameters to find the standard robotics Jacobiam.Jacobian allows for easy
transformations between task space and joint spad@ice versa. Although the joint
space to task space transformation is not usdeeiestcavator dynamics, it is included in
the soil model and the force calculation block (Beg 1).

To go from a position in joint space to a positietiask space is a brief exercise in

geometry.
0
Poo =| 0 (1)
0

12



4,6

Por =| &S (2
O _

‘a,c,| [agc +a.c,

Poz = Por | S, [ =| &S T&,5, )
0 0
_a303012 alcl + a2012 + 3.303(:12

Pos = Poz +| €3Sy, | =| &S, +@,S, +A,C5S;, 4)
| S, S,
_a4034012 alcl + aZClZ + aSCSClZ + a4CS4ClZ

Pos = Pos +| &4CasSi | =| &S, 8,8, +85C;S;, + 4,308, )
| 4Sy a3S; +8,S;,

_350345012 a,C, +a,Cp, +a;C,Cy, +a,C5Cp, +85C5,C,
Pos = Pos T| AsCa4sS;, | = | S, + A5, +85C5S;, +3,C5,S), +35C5455), (6)
| 3Sus a;S; +a,S;, + 3555

The standard Jacobian for a 5-link revolute joattat is found by

J =[Zo ><(pos - poo) Z x(pos - p01) Z, x(pos - poz) Z; x(pos - pos) Z, x(pos - po4)
Z, Z Z, Zy Z,

For the 435 excavator
0

z,=7 =0 and z,=2,=2,=|—-C,
1

However, for ease of use, the operator commandsutieet angle and velocity,
6, and é,, independently of the position and velocity of thst of the excavator. So the

command consists of a Cartesian position and wglémi the wrist, Q, and an angle and

rotational velocity for the bucket. This decouples excavator into two parts — one that

13
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controls the wrist position and velocity and onat ttontrols the bucket angle and

velocity. So we need only find the Jacobian forfthst four links of the excavator
J= Z ><(po4 - poo) Z ( Pos ~ p01) Z, ><(po4 - poz) Zy3 X ( Pos ~ po3) @)
Zy 4 2, 4

The Cartesian velocities can then be found from

G,

o,
(7

6,

iy

v=JB=1J (8)

oo

where v=

N& ~<& ><8 N< ‘<< ><<

Task Space to Joint Space

Going from Cartesian space to joint space is digghore difficult. The bucket is
again ignored, so only the first four links of tecavator are examined (swing, offset,
boom, and stick). The offset typically does not endwuring a dig cycle, and is generally
set so that the arm of the excavator extends patalthe operator’s line of sight when

facing forward (see Fig. 6)

14



‘ €«— operator X

| :f boom [ stick |
)

I / offset bucket

Fig. 6 Joint Space to Task Space Coordinate Frame.
The swing anglg)y, is found by positioning the cab so that the plafie arm
includes the desired point. If the desired poinfkis Vs, Zi], then by defining two angles,

vy andg as

@ = arctarEﬁJ
Xd
y =arccos, //x,* +y,%)

then0; is defined as being the angle that the cab rofedesthe point where the operator

is facing down the x-axis (in Fig.66 = (°). Therefore
6,=-"+y+e ©)

0. is fixed and keeps the arm parallel to thexis, which means thés is
constant. To find the other two joint anglésand6,, we first must find g, (see equation

3), and find the distance between it and the deégoent.

15



Yr [=| Ya |~ Po2 (10)

Now the problem is reduced to a simple two-linkalete manipulator moving in

the plane. To further simplify formulas, the follmg are defined:

d =x?+y?+2? (11)

The angle that the arm must come up from the hot&@lane is

@=arcta A (12)
VXY,
Solving the inverse kinematics equations gives

g = arccos§’ +d” - a?)
423
2a,d,
0 = arccos§’ +a’ —d?)
234 —
23,4,

0, =03+ ¢
0,=0,—1

To convert from task space velocities to joint gpeelocities, we use
0=3"1W (13)
This requires the inverse of J, and, since J isqoére, it is not invertible. As
mentioned previously, during normal operation tffeet link does not moved, = 0).

This allows the elimination of the second columnhaf Jacobian (see equation 7) since
all of its values are multiplied by zero. The réisig 6x3 Jacobian can have no more than
three independent rows. Since the Cartesian vglachieing controlled and not angular
velocity, the top three rows are used to form a Bxbian for the excavator swing,

boom, and stick. This new 3x3 Jacobian has rantd3Xan be found by

16



J= [Zo x(p04 - poo) Z, % ( Pos ~ poz) Zy X ( Pos ~ po3)]
The Cartesian velocities can then be found fronagqo 8

V.

X

where v= v,
\Y;

z

Joint Space to Cylinder Space

Cylinder space is the space containing the varsabi¢he actuators. The swing

motor position and velocity are linearly relateddoand 8, by the gearing ratio,.g

Instead of calculating the actual position and eijoof the motor,d, and 8,are used as
the task space variables as well as the joint spatables. The cylinder space variables
for the swing motor are repetitive and somewhatmmegess since the swing motor is
not a cylinder. For the other links actuated byrigrs, the cylinder positions and
velocities are calculated in order to compute tydr&ulic system dynamics.
Looking at Fig. 4, it is clear that

Orop = Ogps + 0, + 76 ,,, (14)

Using the law of cosines to calculate the boomncigr length gives

y3 = \/rZZA + rZZB - 2r.2ArZB COSGAZB) (15)

To find the cylinder velocity, the above equatisrdifferentiated.

o1 E . : Fyal25 SIN@an5)0
Ys = > (\/rzzA e = 20,40 COSGAlB)) [ﬁerArZB Sln(eAZB)HAZB): 2A-28 ; r28)00ce
3

By recognizing thaé,,, = 6,, the above equation is simplified to

T, Sin@,,.)0
y3 - 2A' 2B y( AZB) 3 (16)
3

17



For the stick cylinder, the equations are neamdntital except that the cylinder is now
above the link rather than below it. By examining. B, we see
Ocap = ~Opac =6, + 10y, (17)

The law of cosines gives

Yo = \/rszc +Iap ~ 2raclap COSOcqp) (18)
Taking the time derivative and substitutiflg,, = 8, gives the following

— _Tsclaps SiN@.4p )94 (19)
Y4

4

The bucket cylinder equations are more complexusxaf the linkage.

—_—

Fig. 7 Kinematic Variables of the Bucket Linkage. Al dotted lines exceptFG are parallel to either

_— —

X,0ry,.

18



Resolving kg into components annE; andﬁ (Fig. 7)

Faox = Fag COSE5 + O45) (20)
Faay = g SINGs + Eys) (21)
Therefore
— 2 2
e = \/(r4| )t (r4Gy ~Te) (22)
| Tagy T g
L= arcsw{—] (23)
Mea

(see Fig. 7 fop definition)

Using the law of cosines
2

2 2 2 2 2

Feg +reg =T ey + e =T

— 'FH FG _ 'GH — FH FG _ 'GH

coS@y, ) = 2— = Oy = arCCOEZ—J (24)
en e Men Tre

This allows the calculation &kry

Ocery = 7T= 0 = B~ Oy, (25)
And finally
Ys = \/rEZF + A~ 2reeley COSOpey ) (26)

To find the bucket cylinder velocity, the above atjon is differentiated with respect to

time. The only time varying variable in equationi26gg.

. 1 -1 _ .
Ys = > (\/rEZF +fy — 2ree Ty COSOcey )) (ZrEF Moy SINOgry ) Beryy )
Bern is dependent on the time varying quantitiesy andp. Their partial derivatives are:

065w — (ks —Tey COSEry )(rFI F4g COSEs + O45) + 1146 SINEs + 9645)) gG‘FH (27)

00, e e SINErn) O
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aﬁ = (rFG + rFI Sln(ﬂ))E4G COSGS + 9645) + r4I Sln(ﬂ) l]46 Sln(QS + 9645) - ﬂ

= 28
06, r&, cos(B) A (28)
Beer ==L = e (29)
Rearranging equation 28 and simplifying leads to
.ys — Ver Men Sin(gEFH) — ays (30)
Ocrr Ys 06,
Then using the partials gives
0Ys _ 0Ys [0y |_ OYs (_ 0B 06y |_ Vs (31)
06, 00, | 96, 00, \ 06, 06, o,
Substituting in the results from equations 27 aBdji2es the result
. 06, .
=—=4 32
Ys ay. 5 (32)

Cylinder Space to Joint Space

As mentioned in thdoint Space to Cylinder Space section above, cylinder space
only contains meaningful variables for those joedtuated by cylinders. The joint space
coordinates are the same as the cylinder spacdinates for the swing motor.

For the cylinders, many of the same equations sed as transforming from joint
space to cylinder space, they are simply usedlifferent order and rearranged to solve
for a different variable.

For the boom cylinder, equation 15 is rearrangeeaaol

2 2 2
PN P
6,,5 =arcco Ton " Ts 7 Y3 (33)
rZArZB

Then by rearranging equation 14 to solvetfogives

83 = HAZB - 8823 - 7T+9A21 (34)
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To find the joint velocity, the above equation abbk differentiated, but this has already

been done in equation 16. Solving #yin equation 16 renders

93 - y3.y3 (35)
r2ArZB Sln(gAZB)

The joint equations for the stick are similarly folby rearranging equations 17, 18, and

19
O = arccoEM] (36)
r.3C r.3D
6, =m—6.3, — Bz, =Gy, (37)
g, =-——Yos (38)

r3C r3D SiI’](9C3D)
The four bar linkage that the bucket cylinder caits¢o makes the equations fgmore

complicated. Starting with the law of cosines

2 2 2
r2 +r2, -
Opr, = arccogwj (39)
Ver Men

The X, and y, components ofs;r; and ey are designated with an additional subscript x or

y. They are calculated by

Fae =Ty + Ty COS@se + Oy (40)
Fany = Te + 1oy SINGaee + Gepyy) (42)
Fene = Fey COS@ + Oryy) (42)
Moy = e SIN@ +Gcpyy) (43)
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By definition, this leads to

2
4Hy

;
Ouy = arcta{ﬂj
r4Hx

The law of cosines shows

2 2 2
Moy Tl =T
— 4H 4G GH
G = arccoE—j

r4H r4G

= 2+r

r4H r4H><

And finally,
05 = 1T~ 6y = B4 ~Ocss
To find 8,, start with equation 30

.).’5 — TerTen SiN(@cr ) — 0Ys
e Ys 00,

The derivative of equation 47 is
b5 = s ~ B4
The partials of the two angles are

2 .
a634|-| _ r4I rFH>< + rFI rFHy + rFH 834H

2
00, Fan Oery

06, _ (Fey Tepe = Ty rFHy)(r4G COSE,i46) —Tan) — gH 4G
2 ; ]
00 Fan Fac SING,46) Oer

To find 6,, the above equations are substituted into

36, _ 06, (aeEFleaeEFH (_aem _aemj: A

oys 9 Ocen \ OYs 0ys 00z, 00, Ys
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(47)

(48)

(49)
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The result is

6,=%y,

0y
Excavator Dynamics

The machine dynamics are calculated using the Newtder formulation. They
are not covered in detail here, but can be fourjd5h For ease of discussion, the
equations will be written in the Lagrangian forntida.

m@]dg|=[1]-|c@.6) (52)

[M] is the inertia matrix that includes gravitatairterms. P] is a vector of the
joint accelerations. [T] is a vector of appliednbiorques resulting from the actuator
forces. [C] is a vector that includes Coriolis dnction terms and externally applied
forces and moments from striking objects in theirmwment such as the ground. Since
the offset joint is stationary, the applied tor@lmut joint two negates any applied

forces, moments and Coriolis terms. The secondamavcolumn are removed from [M]

and the second term is removed from [T], [C], aéd. [Equation 52 is reduced to four

simultaneous equations and is rewritten as

gl=Im@n*(1l-[ce.a) (53)

The simulator solves ford] in equation 53 and then integrates twice to fiéid
and [@]. This is straightforward if the joint angles avéhin the limits of the machine. If
a joint reaches its limit, the applied torque fmattjoint is no longer known since there is
an unknown normal force being applied by the meidadstop.

In this case, the integrators are set so thaeiftaximum joint angle is reached,

the output value of the second integrator (intéagatd] to get [9]) is set to the
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maximum joint angle, and the output of the firgegrator (integratingd ] to get [9]) is

set to zero i is positive. If is negative, then no change is made. If the minirjaint

angle is reached, the output value of the secaedrator is set to the minimum joint

angle, and the output of the first integrator @neging [£] to get [9]) is set to zero ifd
is negative. If it is positive, then no change &d®.

In both cases, the joint accelerations are caledlas usual. If the joint angle is at
its maximum and the calculated joint accelerat®pasitive, or if the joint angle is at its
minimum and the calculated joint acceleration igatize, then the joint acceleration for

that joint is set to zero and the corresponding aow column are removed from [M] and

the corresponding term is removed from [T], [Cld4@]. Then the calculations are
redone on the reduced equations. The result is afp@cked to see if any of the
accelerations would cause the link to move beytnbinit, and if so, the equations are
reduced in order again and the process is repeated.

In the case that two or more joint angles areeit thmits and the joint
accelerations cause the links to move past thmitdj the terms corresponding to the
farther out link are removed from the equation dredjoint acceleration is set to zero for
only that link. Then the reduced equation is solaed the process is repeated as

necessary. Fig. 8 tabulates the logic for the jsiates when joint i reaches its limit.
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calculatedd, | calculatedd, | calculatedd, | limited &, limited &, limited 6,
) 6,20 )
6, =20 . 0, =0
6, <0
Q2 Oy = 0 =05
i 6,20
6, <0 = no change
g <0 -
— 6,=0
5 g >0
6,>0 = no change
6, <0
0, < Gy = 8 =
; 6 >0 ;
6,<0 = 0,=0
6,<0

Fig. 8 Joint State Limitations.

Hydraulic System Dynamics
The hydraulic system consists of four identicataits shown in Fig. 9. Each
circuit has its own pump and all four pumps are @@ by the same diesel motor. The

swing motor circuit has a hydraulic motor inste&d aylinder as pictured in Fig. 9.

AL

LAY

[

n

LA
NS

Fig. 9 Hydraulic Circuit for Each of the Four Variable Displacement Pumps.
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Symbols

Anx —Head-side area of piston k.

A — Rod-side area of piston k.

Pnk — Pressure on the head side of actuator k. Fawirgg motor, the head side is
defined as the side that must be pressurized teased;.

P« — Pressure on the rod side of actuator k. Foswieg motor, the rod side is defined
as the side that must be pressurized to decfease

Qux — Flow from pump k that goes to actuator k. Nb& k can only be 1, 3, 4, or 5 since
joint 2 (offset) is not actuated during the digleyc

Qn - Flow into the head side of actuator k.

Qi - Flow into the rod side of actuator k.

Qukx — Internal leakage of actuator k. Postiver@eans fluid flows across the piston from
the head side to the rod side.

Qnmotor— Flow through the swing motor.

Lk — Coefficient of internal leakage for actuator k.

o — Gear ratio of the swing motor gear to the caf gear.

Vmotor — Velocity of the swing motor in rad/sec.

vk — Velocity of cylinder k

Vrev — Swing motor displacement per revolution.

Vi — Total volume of fluid between the pump and tlsgm on the head side of actuator
K.

Vi — Total volume of fluid between the pump and tistgm on the rod side of actuator

K.

26



Vinenk — Volume of the hose connecting the pump to tteellsede of actuator k.

Vinerk — VOlume of the hose connecting the pump to tldeside of actuator k.

Ts— Sampling time period.

Yk — Overall length of cylinder k (from the connecgtipin of the rod to the connecting pin
of the cylinder)

Ymaxk - Maximum Yy, possible for cylinder k.

Ymink - Minimum y possible for cylinder k.

stroke —Stroke length of cylinder k

ptc — Piston thickness of cylinder k

B — Effective fluid bulk modulus.

Tk — Torque about joint k. Positive torque is defimedording to the right hand rule about
2k

F« — Force exerted by cylinder k

F.x — Coulombic friction coefficient for actuator k

F.« — Viscous friction coefficient for actuator k

Ck — Relationship betweer Bndr, and betweery, and 4,

Hydraulic Motor

The cab swing is actuated by a hydraulic motor Wwisadriven by a variable
displacement pump. The pump is a flow source thases a pressure difference across
the motor. The pressure differential causes thentotrotate and fluid to flow from one
side to the other. This flow,Qis calculated first.

The flow due to internal leakage, Qis modeled as being linearly dependent on

the pressure differential.
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QLl = Ll(Phl - Prl)
The flow through the motor is dependent on the me#tocity, gear ratio (g and

the displacement per revolution of the swing métg,)

Qmotor = Vmotor Wre\/
Using the above, and knowing the pump flow, thedheead rod side flows are

calculated.
Qi = Qp1 ~ Quotor Qs

Q= _Qp]_ + Quorr + QL1

Here Q1 = -Q1 because the external leakage is assumed to beTresds not
true. However, measurements at Purdue show thaixteenal leakage of the swing
motor is on the order of 8 m%s, and is therefore negligible compared to theptlow
[16].

The head side and rod side volumes of the swingmnwatry with time and are
difficult to measure. No attempt was made by resess at Purdue to measure the
volume of the motor, and it is assumed to be ndgéigvhen compared to the volume of
the lines connecting the pump and motor. Therefore

Vit = Vinens and Vir =Vine1

Using the effective fluid bulk modulug, near the median of several different

measured values [17] gives

s _ B s _ P
p, =~ and p, =
hl Vhl th rl Vrl er
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A simple rectangular integration technique alloesthe discrete time calculation of the
pressure.
Ra(t+T) =R, () + I:')ths and P.(t+T) =R, (1) + F)l'lTs'

P(t) is the current pressure and P(ts+i3 the pressure at the next time step.

Hydraulic Cylinder

Many of the dynamic equations of the hydraulicregérs are similar to the
hydraulic motor except that the flows and volumesdependent on cylinder position
and velocity rather than on motor velocity. Singénders actuate joints 3, 4, and 5, the
subscriptk in these equations must be either 3, 4, or 5.1&&kage is calculated the same
as for the hydraulic motor.

Qu = L(Rx — Ry (54)

The external leakage measured at Purdue was founel an the order of 18
m?/s, and again is neglected [18]. The flows intotiead and rod sides of the cylinders

are
Que = Qo = AV —Qu and Qi = Qi + AxVi +Quy-
The volumes on the head and rod sides are
Vi = Ay (Y, +stroke + pty = Vo) + Viine (55)
Vik = A (Viink + SITOKE = i) + Ve (56)

Using the above equations

phk = V_I[:k Qi and Ijrk = Vﬁ Qi -
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A simple rectangular integration technique allols talculation of the pressure. P(t) is

the current pressure and P(t & iE the pressure at the next time step.

Rt +T) =R, () + phkTs and P(t+T) =P, ()+ F)rkTs'

Pressure Relief and Check Valves

Each actuator is connected to a pressure religévat each side. Pressure relief
valves connect the line to the tank and open ifitteepressure exceeds a set point. The
check valves are connected in the opposite dineetia open if the line pressure drops
below the charge pressure supplied by the changpBee Fig. 9).

The dynamics of these valves are complicated ahdholuded in the model of
the hydraulic system dynamics. They effectivelyactimiters. If the pressure exceeds
the set point of the pressure relief valve, thenvhilve is assumed to open
instantaneously and pressure in the line assumied tioe set point of the valve. If the
pressure drops below the charge pressure, thesh#dwok valve is assumed to open
instantaneously and the pressure in the line isnasd to be the nominal charge pump

pressure.

Pump Dynamics

The variable displacement pumps that replace thesand fixed displacement
pump are test pumps donated to Purdue by ParkermBEximum displacement is 18
cc/rev. Modeling a new pump is difficult and resders at Purdue are not finished. In

order to proceed, a first order lag is used as @efrfor the pump. The equation used is

Q(t+T,) =Q(t) +7(Qq4 (1) —Q)T, (57)
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where Q(t) is the output flow of the pump at therent time, Q(t+7) is the output flow
of the pump during the next time step(tQis the desired, or commanded flow at the
current time, Tis the sampling time period, ands the time constant. Purdue reports
that the pumps can go from zero flow to full flow80ms: is found from taking 63% of
that value. The diesel engine is assumed to sugmugh power to drive all pumps at
full flow with maximum pressure differential at thorkports of all the pumps. So far

researchers have not found any exceptions to $kisnaption [16, 18].

Fluid Lines

The hoses and other fluid lines are also not malddlee only effect taken into
consideration from the lines is their contributtorthe effective fluid bulk modulus and
the fluid volume they hold, which is assumed tabestant. Any pressure drop over the

length of the line is neglected, an assumptionstitkineeds to be verified at Purdue,

Pressure to Torque Conversion

The output of the hydraulic actuator dynamics eshibad and rod side pressures.
To be useful in computing the excavator dynamios aressures must be converted into
joint torques. Researchers at Purdue Universitysorea the friction of each actuator as
a function of actuator velocity and found it wastymodeled as a combination of viscous
and Coulombic friction.

For the swing motor

V . ) )
I, = ( Zr;;j(Phl -P,)—F,.6, —F,sgn(é,) (58)

The force exerted by cylinders 3, 4, and 5 is

Fe = PuAv — PiAx = Vi Fu —sign(y, ) Fy (59)
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Since the cylinder velocity vector and the cylinttece vector act along the same
line causing a joint velocity and joint torque abthe same point, the relationship
between cylinder velocity and joint velocity is the&me as between joint torque and

cylinder force.

-__Ck == (60)

The G’s are calculated, although not explicitly, in etjoias 16, 19, and 30

For the boom:

C,= Foal 28 SINEa28)

Y. (61)
For the stick:
C, = Fcfae iin(ecgo) (62)
4
For the bucket:
C. = Fee Moy SINBery ) Breryy (63)

Ys

Soil Model
Soil is difficult to model since its parametersyagreatly from type to type and
within a single type from day to day (e.g. watentemt changes). In the simulator, the
soil is modeled as a homogeneous substance witleedissary parameters known. The
soil model is based upon previous work [19 - 22] arainly on the work done by [23,
24]. These models all only examine trajectoriesreltiee bucket is coming towards the
operator. No model for a bucket being pushed badksyaideways, or any other

direction than teeth-first though the soil existhe literature. The model developed here
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covers all of these possible scenarios. Also aVijaus soil simulations have only
examined trajectories and soils where the soilardp exert a force on the bucket less
than the force exerted on the soil by the buckleé Model developed here allows the
force applied by the soil to exceed the applieckbutorce, which is necessary to create a
realistic simulation of digging. The new model alsdudes a section on wrist-soil
interaction forces, an interaction not previousigluded in any model in the literature.
The soil is analyzed in cylindrical coordinatest imstead of using the standard
radial and z directions, a new coordinate systedeised by the position of the teeth

and flat of the bucket. One direction is tangentiahe flat of the bucket,, and the

other is normal to the flat of the bucket, 8is into the page in Fig. 10.

Bucket

Ground Level

-
! >t

Fig. 10 Soil Coordinate System.
Previous work shows that the soil tends to sheargh plane dependent on the
tool shape. [21, 23]. For this simulation, the seadls assumed to shear perpendicular to

the flat of the bucket, along timeaxis. The soil shears whep &ceeds fear

Foe =W L[5 (64)
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where W is the width of the bucket, d is the dis&afrom the tip of the bucket to the
point where thaiaxis breaks the surface of the soil, and S isltearsstrength of the

soil.

Bucket Moving Teeth First Through the Soil

The force exerted on the bucket while moving thiotige soil is modeled as a spring and
damper. As the bucket moves through the soll, titess in the soil increases prior to the
soil shearing, which is modeled as the spring casgng. When it shears, the stress is
relieved, and the soil exerts zero force on th&kbud he spring force resets to zero every
time the soil shears. If¢ftn;, 6] is the most recent spot where the soil shearsdi[tan,

0] is the current bucket tip position, the springcexerted along by the bucket is

F =k,(n.—n) (65)

spring_n

And similarly in the other two directions
Fspring_t = kt (tc _t) (66)

Foring_o = Ko (6. ~6) 67)

spring_6
kn, ki, and kg are the soil spring constants.

The damping forces of the soil on the bucket arelaily calculated. If §is the
length of the flat of the bucket in the soil and th’s are the damping coefficients of the

dirt with the subscript denoting the axis that finee acts along, the damping forces

exerted by the soil on the bucket are

Fsoilt = kt (tc _t) - Spbtvtipt (68)
Fsoi In = kn (nc - n) - Spantipn (69)
Faioe =kg(6, —0) - SprVtipH (70)
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The velocity of the bucket tipsy, carries the ‘tip’ subscript to differentiate ibin v, the
velocity of the wrist used earlier. The spring dansg along thé-axis is much greater
than the constant along the other axes sincemuish more difficult to force the sidewall
of the bucket through the soil. The moments exdriethe soil on the bucket in the

X,and y, directions are respectively

M = S, (ke (v = 1)sin@,) ~b, 8, cos) (72)
My = S, (=K, (1 =) c0s6) +b,,4,5in@) (72)
The moment abouZ, is not calculated since the bucket can not rotate

independent of the excavator arm about thaxzs (any rotation aboud, is caused by

changes i, ando,). y. is the angle of attack of the bucket at the las¢ the soil

sheared (Segin Fig. 10).

Small Bucket Retractions

In previous work, the spring constant has alwaynlmnstant. In the model
proposed here, the spring constant changes deeonitihe direction of the velocity of
the bucket relative to the vector from last sheppaint to the current bucket tip position.
If the bucket continues on in the direction thas iheaded then the stress continues to
grow and the spring constant remains constanbt|fthen the bucket is moving in a
direction where the bucket teeth are not the $issface to contact the soil.

The damping from the soil is independent of thedation of travel since the drag
force is caused by the soil sliding against thdsaad bottom of the bucket. However,
the spring force is mainly caused by the teeth jmgshgainst the soil. Therefore, if the

bucket reverses direction only a small amount (iéh) in the n, t, 06 directions after
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penetrating the soil, since the soil is deformatie,spring effect of the soil is greatly
reduced in that direction. For this simulatiop, k, and k are reduced by an order of
magnitude. The reduction of the spring constantecessary for stability when the
bucket nears the equilibrium point in the soil (néhthe forces and moments applied at
the bucket tip by the actuators equal the forcelsranments applied by the soil). If the
spring constants are truly constant, energy caadded to the system because the system
is run in discrete time and the allowable sampiatg is limited by the available
computing power. The discrete time system alloveshiicket to penetrate farther into the
soil beyond the equilibrium point then it couldartontinuous time system. This
compresses the spring farther than is actuallyiplesfor the excavator, adding energy to
the system beyond what the actuators contribute.€kitra energy causes unstable

oscillations around the equilibrium point.

Bucket Moving Teeth Last Through the Soill

The previous section discussed small scale retrestf the bucket after it
penetrated the soil. This section covers largdesuoations of the bucket where the
bucket teeth are not the first bucket surface tdga the soil, for example, when the
operator pushes the flat of the bucket down/bacltsvagainst the soil. These motions do
not necessarily cause the teeth of the bucket thédabsolute last part of the bucket
moving through the soil, but they will all be gragptogether as “teeth last” motions of
the bucket

Since the teeth are not preceding the flat of thekeét, the flat of the bucket is not
necessarily clear of the soil. The soil that it @snn contact with exerts a force on the

flat of the bucket. If [, Nsoil, O] IS the first spot where the flat of the buckentaxted
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the soil, and [t, ng] is the current position of the flat of the buckéen the forces are

found by
Faring_n = Ko (N — 1) (73)

Foring = Ko(tan =) (74)

Fiamp_n = ~A SIN@)D,V, (75)

Fiamp_t = ~A, COS@)0,Vy (76)

Note that the stiffer spring and damping constdgtand l are used since the back of
the bucket moves through the soil in a manner ramnéar to side of the bucket than the
teeth. A is the area of the bucket in contact with the, soill is a function of S¢ is the

same angle referred to in equation 9. For a fsitussion of the soil model, see [25].

Wrist-Soil Forces

Another possible situation not dealt with in tHerature, perhaps because it is
uncommon, is when the wrist of the excavator strtkee ground first. This can happen if
the bucket is retracted and the arm extended, asial cases where the operator is trying
to dig at the maximum arm length. When the wristtaots the soil, the soil is modeled

the same as above, but the interaction forcesadealated in [X,y,z] coordinates.

Fopring x = Ko (Xgn =X) (77)
Faring_y =Ko (Yaii ~Y) (78)
Fring_ 2 =Ko (Zy —2) (79)
Foamp_x = ~AuPoViurisn (80)
Foamp_y = ~AuboVurisy (81)
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Faaro 2 = ~AuboViris (82)
Notice the kand ly are used since the wrist is a blunt objecki[¥soi, Zsoi] is the
position where the wrist first comes into contaghwhe ground, whereas [x, vy, z] is the
current position of the wrist. 4 is the area of the wrist in contact with the grimthe
yz-plane, and similarly for &, and A.,. These forces are applied to the wrist in the

Newton-Euler formulation of the machine dynamicshie excavator simulator.

Soail in the Bucket

The soil outside the trench area can be penetbgtélae bucket; however it
cannot be picked up by the bucket, so the soill lsv@ways the same. In the trench, the
soil level changes as the bucket teeth pass thribughe trench is made up of 256
discrete sections, each of which has a depth adedawith it (see Fig. 25). The volume
of the soil removed from each section of the treisdhe product of the width of each
section of the trenchs; the width of the trench, Whes and the difference between the
previous and current depths). For the volume of the entire load, all of theseducts

are summed.

256

Vied = D, AD, W, o, Bs (83)
k=1

trench

As the soil piles up in the bucket, the inertidhe bucket changes. The dirt is
assumed to pile evenly across the bucket. If teaimtensor,y of the empty bucket is
defined as

I, =mJ (84)

where m is the mass of the bucket and J is a pseudo-arterisor [26]. The new

tensor used in the excavator dynamics is calculased
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Iy =(m, +m,) LD (85)
with ms being the mass of the soil in the bucket. Singesraf the same order or smaller

as m, this estimation is allowable.
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CHAPTER 4
CONTROL

The standard joysticks controlling the velocitycgfinders and swing motor are
replaced with a Phantom 6-DOF joystick that therafpe manipulates to give a position
and velocity command to the simulation. A C++ ifdee program is written to facilitate
communication between the Phantom and excavatadaian, but it is not covered here
other than to say that it allowed the data transimmspictured in Fig. 26. This chapter

discusses the force feedback schemes that weréogdeddor use with the Phantom.

About the Phantom

Phantom devices are commercially available 3- 8- joysticks with three
degrees of force feedback freedom manufacturecehgable Technologies [27]. For this
work, a Phantom Premium 1.0 is used (Fig. 11). Ain@ntom Premium 1.0 (or for
simplicity in this work, Phantom) is constructedtiifee actuated links connected serially
by revolute joints. A force of up to 8.5N is dispda at the end of the third link. For this
project, four degrees of freedom are necessarysar@ensable’s encoder stylus gimbal
is attached at the end of the third link, whichdraees the wrist of 6-DOF joystick. The
gimbal has three additional rotational degreese¥dom, but no additional force
feedback mechanisms. Since the operator only derforar functions in the simulation,
only one of the additional gimbal degrees of freads used. The other two degrees of
freedom of the gimbal can be moved, but this infation is discarded and not used.
However, one of the additional degrees of freedtbowva the Phantom handle to easily

rotate between a left and right handed positionsviibch from a right to left handed
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orientation or vice versa, the position and velocitmmand from the gimbal needs
simply to be negated. Two different coordinatedtamrmodes are implemented with the

Phantom: position control mode and hybrid controtism

Fig. 11 Sensable PHANToM Premium 1.0 with the GimhdaAttachment.

Position Control Mode
For position control, the wrist position of the Bt@m is used to command the
wrist position of the excavator (the end of thelgtiand the last degree of freedom of the
gimbal is used to control the curl of the buckdéte Phantom command is given as a
position [, Yp, Z, 8p] and correlates to the position of the excavatoestixs, ya, zs) and

the bucket angl@s, i.e. [X, Yp, 2, 0p] from the Phantom maps tos[¥s, zs, 6s] as shown

in Fig. 12.
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Fig. 12 Position Control Mode. The black arrows deate the position relationships between the
controller and the excavator. The right hand figureis an overhead view of the excavator.

Hybrid Control Mode

For hybrid control, the position of the Phantomyjxz] gives the hybrid

command of [r,8,, z]. The magnitude of the commanded y positiarpiselated to the

commandedd, by equations 86 and 87.

If |ycommand| > %deadband 91 = ycommand _%(deadband) |:‘Bign(ycommand) (86)

if | YVeommana| < % deadband 4, =0 (87)

wheredeadband is a software implemented strip that gives a xetocity

command. The curl of the bucket relates to thetjposof the rotating handle, i.e.

[Xp, Yo Zo» Op] from the Phantom maps tq,[18,, z, 6,] as shown in Fig. 13.
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Fig. 13 Hybrid Control Mode. The black arrows denot the position relationships between the
controller and the excavator. The gray arrows relag the left-right position of the controller to the
velocity of the excavator. The velocity command cabe pictured as the rotational velocity of the cab

or as the velocity of the wrist in the rotating 9 direction and scaled according to the radial positin
of the wrist. The deadband is the area between thaashed lines in the photograph on the left.

Limiting Input

The Phantom device workspace is very small compiaréte excavator
workspace. The workspace of the Phantom is scaléaias it covers the entire front half
of the workspace of the excavator (Fig. 14). Tlses the operator to command
positions outside the workspace, which must be edad to positions inside the
workspace so that the transformation algorithmslpece real and meaningful values and
so that the machine works appropriately. The ketspa the input limiting algorithm is
(1) to produce a smooth trajectory as constanttyobuvorkspace commands are given

and not to jump from one boundary point to ano#ref (2) to create smooth transitions
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as a commanded trajectory passes from an in-wockspammand to an out-of-

workspace command and vice versa.

Phantom Workspace

Scaled Excavator
Workspace

Fig. 14 Overlapping Workspaces for Position ControMode. The figure shows a horizontal cross-
section of the Phantom workspace and the scaled ex@tor workspace. Inner and outer diameters of
both workspaces vary with height. The coordinate sstem shown is for the Phantom and the
excavator with the z-axis coming out of the page.

The Bobcat 435 cab can rotate a full 360 order to decrease the scaling factor,
the swing of the simulated excavator is limitedt®@°. The space behind the excavator is
not of interest during HMI testing, but if the wieolorkspace is needed, the scaling
factor can be increased so that the space beheneixttavator lies within the workspace
of the Phantom and the +9fbtation limitation removed.

In the vertical plane, the commanded z positiamoislimited unless it is higher
than the highest reachable spot (area 1 on Figorllewer than the lowest reachable spot

(area 2 on Fig. 15). If the commanded positiorsfailarea one, then the limiting
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algorithm commands the highest point possiblhdfcommanded position falls in area
two, then the limiting algorithm commands the lotyasint possible.

If the commanded position falls in either areaehwefour, z is kept and thegyqy
ratio is maintained. The resulting commanded pasii$ the closest point on the

boundary of the workspace at the same commandgtthei

Radial Crossection of Excavator Workspace

200 3 5 5 7 7 A A A
s .
- - - - — — — —
e = — &« &« |
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% | o] o <—<—_
g —_ - = — — —
E - = = — — —
§ T s 5 — — &« &« |
oy Workspace — —
T o= = =3 — — — «— |
- — = — — —

150

commanded radial distance (in)

Fig. 15 Radial Cross-Section of the Excavator Worksace. Wth scaling this is also representative of a
radial cross-section of the overlap in Fig. 14.

If the Phantom is used in hybrid mode ﬂr z]) the position scaling remains the

same in the Phantom’s x-z plane and the out-of-gspake locations are only in the

Phantom’s x-z plane (Fig. 16 — see Fig. 14 forRhantom’s coordinate frame).
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Y Phantom Workspace

Excavator

Workspace

L

Fig. 16 Overlapping Workspaces for Hybrid Control Mode. The figure shows a horizontal cross-
section of the Phantom workspace and the scaled ex@tor workspace. Inner and outer diameters of
both workspaces vary with height. The coordinate sstem shown is for the excavator. The z-axis
comes out of the page.

The out-of-workspace locations and are mapped lmckhe workspace in the

same manner as in Fig. 15, except that the nowlbighows a vertical rather than radial

cross-section of the scaled workspace. Bhaxis in Fig. 16 has no limitations.

Force Feedback Schemes
Four different force feedback schemes were devdtagigging force reflection,
workspace wall, virtual Phantom-excavator springl op-on. None, any, or all schemes
can be activated at any time. Only digging fordeeotion and hop-on were used for the

testing.

Digging Force Reflection

The soil model calculates the force and moment fitoerenvironment at the
excavator wrist and the environmental force atifhef the bucket. These forces are
combined and scaled and then fed back to the apetatapplication this force would be

measured with force sensors, calculated from hydrptessure, or inferred from other
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measurements. The calculated force in the sinaumasi very uneven and can have a
significant high frequency component to it (topgiran Fig. 17). The high frequency
occurs when the bucket is in the soil and osailtatiery quickly around the equilibrium
point (the point where the forces applied to thélspthe bucket equal the forces applied
to the bucket by the soil). The bucket is not mgwjuickly, so the damping component
of the soil force is very small. In the new soilaebdeveloped in Chapter 3, the spring
component of the soil force is dependent on thection of the velocity, and the velocity
is switching direction every one or two time st€p®r 2ms). Therefore, the spring force
changes magnitude by a factor of 10, but the doeaoes not change. In the upper
graph in Fig. 17, the bucket reaches the equilibnuoint around 2.5s. The force then
switches back and forth so quickly that it appears: thick solid line. The top of the line
is around 7000 N and the bottom is around 700 &lfdahtor of 10 coming from the factor
of 10 change in the spring constant. This chatyeeifiect can be lessened by reducing the
spring constant of the soil. For lower spring canst the chatter is still present but the
cycle time is longer. For a spring constants teres softer, the chatter is reduced to an
oscillation of around 1000N and a period of 6-7ms.

The sign(y, ) is a possible source of chatter in equations 58&n¢However, the

Fek term is small enough that the chattering it caussemall. If this term were to be the
cause of the large magnitude chattering seen inlF¥igthen chattering should be seen
when the bucket velocity is near zero both in amidod the soil. When the bucket is out
of the soil and the tip velocity is approximatesra, very small magnitude chattering
takes place. The bucket tip position oscillatesktsa forth around zero every 1 to 2

time steps, but with an amplitude of .001 inchdgese small oscillations could cause the
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soil force calculations to change the spring contidtack and forth by an order of
magnitude. To test this, theyferm is set equal to zero for all actuators. Tdleudated
force shows the same behavior — neither magnitodgeriod of the oscillation changes.

Hence, any small chattering effects caused bysttya(y, term)in equations 58 and 59

do not cause the chattering shown in the soil maldet chattering in the soil model must
arise from the sudden magnitude switch jnkk and lg, in equations 65, 66, and 67.

The magnitude switching of,kk;, and ks implemented in th&mall Bucket
Retractions section (pg. 35) is used to make the discrete simelation of the excavator-
soil interaction force produce a response in tleaeator arm that is similar to the real
world, continuous time response. The expected respim a continuous time system is
that the bucket would penetrate the soil untiédahes an equilibrium point. There may
be small oscillations in position around the edpuilim point and the applied soil force
may oscillate quickly, or the force applied by s#wl may be constant and the bucket will
sit still at the equilibrium point. Regardlesshgte is a real world high frequency force
oscillation or not, the force sensors, pressure@snor other means used in a real world
system to measure the applied force, would not shbvwgh frequency component.

The high frequency force causes the Phantom to inute operator’'s hand. This
buzzing is a meaningless signal since it doeseftagat an expected real world response,
so the force feedback signal passes through a kswgeer with a cutoff frequency of
8Hz (bottom graph in Fig. 17). This still allowsethperator to quickly feel changes in the
force, but eliminates the unrealistic buzzing.iteg the operator a feel for the applied
force at equilibrium, which better reflects whatwabe seen in the real, continuous time

system.
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Fig. 17 Filtered and Unfiltered Digging Force Feedack Before Scaling.
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Workspace Wall

The workspace of the Phantom is greater than #ledevorkspace of the
excavator (see Fig. 14). When the commanded posgioutside the scaled workspace
of the excavator then the commanded position isp@dack into the excavator
workspace. To give the operator a feel of wherentbkkspace boundaries are located, a
force is applied whenever the commanded positi@uiside of the scaled workspace.
This force is proportional to the displacement mesvorkspace.

f, =K, (X4 —X,) (88)
where §, is the force of the haptic wally ks the spring constantg is the
commanded wrist position, and is the actual commanded wrist position mappedlesi
the workspace.

To avoid the rigid wall problem that causes chatteon the edge of the scaled
excavator workspace, the forggi$ run through a lowpass filter, the same filteed for
the digging force reflection (see Fig. 17). Theeeffis that the wall is spongier instead of
being 100% rigid. However, it eliminates jerky fescat the limits of the workspace.

In position control mode, the workspace wall cqoegls directly to the edges of
the scaled excavator workspace in the Phantom wades(Fig. 14). In hybrid control
mode, the workspace wall is only applicable torthed z directions, corresponding to
the x and z directions of the Phantom (see Fig. Ti&@re is no wall force in the

Phantom’s y-direction.
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Phantom-Excavator Spring

The operator can move the Phantom much fasterthiga@xcavator can respond.
With position control, it can be difficult for thegerator to tell where his command is in
the workspace. Through visual feedback the opekatows the actual wrist position, and
S0 a virtual spring is attached between the commexmdist position and the excavator’s
wrist (Fig. 18). This force gives the operator aseeof where the commanded position is
relative to the actual position of the excavator.

fo =k(X, =X) (89)

where {is the force of the virtual springs is the spring constant, x is the
excavator’s wrist position, and is the actual commanded wrist position. This fasce

only meant for use in position control mode andindtybrid control mode.

(]

Actual Position

Fala Commanded Position

Fig. 18 Virtual Spring Feedback. The spring forces proportional to the distance between the actual
and commanded excavator wrist positions. This is kird’s eye view of the excavator with the
operator’s head shown as a black circle.
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Hop-on

The hop-on force is only used in hybrid control od force proportional to the
commanded velocity, but opposite in direction @ back to the operator. This force
allows the operator to sense the magnitude oféhentanded velocity and where the
edges of the deadband are located. It simply actésspring return for the y-axis of the
Phantom (Fig. 19). The hop-on forceyfnis calculated by
8,

hop-on™1

f =k

hop-on

where kop-onis the spring force constant, adld the desired swing velocity, is

calculated according to equations 86 and 87.

Fig. 19 Hop-on Force. The deadband outlined by dagld lines. The arrows show the hop-on force
vector field.

52



Pump Control
The basic physical quantity being controlled isdisplacement of each pump.
Since the pumps’ rotational speed is constantsweeshplate displacement and pump
flow, Q, are proportional. A simple PD controllsrimplemented to calculate the desired

pump flow, @, based on the cylinder positions and velocitieg. (Z0).

Fig. 20 Pump Flow Control.

53



CHAPTER 5
TESTING AND EVALUATION

Operator Work Station
The operator work station is the cab of a 435 Bbbgeavator (Fig. 21). The
operator sits in the seat and controls the excausiog the Phantom that is mounted in
front of him (Fig. 22 - 23). None of the excavasonardware moves during the
simulation, but the cab is in place to give therapi a more realistic feel.
On the windshield of the cab, a 52" LCD TV is maahtcovering both the upper
and lower windshields. The TV displays the simua&cavator arm that the operator is

controlling.

).

Fig. 21 Operator Workstation. -
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Fig. 22 Operator Sitting in the Cab. The operator$ gripping the Phantom with his right hand.

Fig. 23 Phantom Mounted in the Cab. The Phantom wasiounted so that operators could use the
stock excavator armrest to support their forearms.
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Graphical Interface

The graphics of the simulated arm are drawn orgol¥ screen by a program
written for this thesis in C++ that uses the OpeniBitary. The CAD models of the
offset, boom, stick, and bucket links are reforedtis header files for the program. The
cab is not shown since the operator is sittingnendactual cab. A variety of shareware 3D
tree drawings found on the internet are transforosdg Okino NuGraf and displayed to
add a sense of depth to the flat ground (Fig. Bdyvever, the trees do not add adequate
depth to the simulator, so shadows of the linksdaaevn on the ground. Since the
OpenGL header files for each of the links contamstof thousands of triangles and the
shadowing algorithm requires a long series of nogigrations for each triangle,
simplified files with less than fifty triangles avsed to calculate the shadow of each link.

The simplified links are not shown; they are ondgd for drawing the shadows.
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Fig. 24 Simulator Screenshot.

The desired trench is shown as a flat green reldairgwn on the ground where
the operator should excavate. The soil surrounttiadrench has a grass texture applied
to it so that it is easily differentiated from theeen of the trench. The trench is divided
evenly into 256 sections. Each section’s dimensarasthe set trench width (roughly 1.2
times the width of the bucket), 1/256 of the treteigth, and a depth determined by how

much soil the operator displaces. The walls oftteech are drawn vertically, and the
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floor of the trench is drawn by a series of rectamgonnecting the different depths and
tied to the walls of the trench (i.e. the four iea$ are at the points (right wall, depth
(left wall, depth), (right wall, depth.,), (left wall, depth.1) See Fig. 25). If the soil in the

trench is at the original level, it is colored grebut if not, it is colored brown.

—fssie

| l _Mtrench

(Left Wall, Depth,,,) —>

1

(Right Wall, Depth )

Fig. 25 Trench Floor Cutaway.

The soil in the bucket is displayed as a curvedvbrsurface in the bucket. The
height of the soil in the bucket is dependent @ndhlculated amount of soil in the
bucket. There are a discrete number of heightdadbtaj so small changes in the amount
of soil in the bucket do not necessarily produchange in the display; however, it is
also difficult for the operator to pick up only mall amount of soil.

When the soil is dumped, the visualization shoveshiicket empty and draws a
large number of small soil particles falling. Thand y positions of the particles are
randomly obtained inside the area of the buckstttte time since the soil was dumped,

which is determined by when the front face of theket passes the vertical. The z
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position of the particles is calculated as-zL/2gt + &, whered is a random number
obtained for each particle and is less than thetran in x and y. The number of falling
particles is proportional to the amount of soithe bucket.

When z + 1/2g€ becomes less than the level of the ground, aapipears. The
piles are drawn as brown ridged cones, and arerhon the center point of the bucket
at the time the soil is dumped. The angle of repdske soil is set to be 450 the radius
and height of the pile are equal, and are caladiliten the volume of soil in the bucket,

Vload, as

r=h= —WI';ad (90)

The program stores the location and volume of up0® piles. When the 181
load is dumped, the 18biles appears the first pile disappears, wherl@#” load is
dumped, the 10 pile appears and the second piles disappearscaod. None of the
simulations require the operator to make more 8tapiles, so this unrealistic feature
does not affect the realistic feel of the simulatibhe piles may overlap unless the dirt is
dumped with 8” of another pile. If so, the volunfelee first pile becomes the combined
volume of the first and second piles. If the volsnage not combined, the piles are so
close to each other that they look like one pite] & appears that even though the bucket
dumped its load, a pile did not form.

If the soil is dumped back into the trench, thetisacof the trench that contains
the same horizontal point as the center of the &uaceives 3% of the dirt. The

remaining dirt is distributed over 50 points, 25eath side of the center point.
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The addition to each depth is calculated as

1- 03(50 V,
ADepth==——""| == | +.001(1.3— k)| —lead. 91
et ="~ (zj 1 )[ Aj (o1)

This creates a sloping two dimension pile insidettbnch. ‘A’ is the area of one
section of the trench, and k is the number of eastbetween the current trench section

and the center section. As mentioned,<25< 25.

Sound

The sound of the engine is played by two speaketise cab to further immerse
the operator in the virtual environment. A five sed clip of engine noise is looped to
play continually during the simulation. The volumeraried as a function of the
hydraulic power required. The power each pump regus calculated by

Power = P[Q (92)
The power needed by all four pumps is then summgether to get Ryirea If the
resulting power is greater than the power outpuhleyengine at an idle iR) then k
becomes a positive constant, otherwise k = 0 irmggu 93.

Volume = Volume,, + k(P, P.ge) (93)

equired
This variation in volume is an important feedbaak csed by excavator operators while

digging as a metric for machine effort.

Network

The excavator simulator uses three separate desétoputers (Fig. 26). The
excavator dynamics are calculated using Mathwdriéal Time Workshop on a PC
running the xPC Target OS. TIK®C machine solves the dynamics of the excavator’s

hydraulic and mechanical systems. a&n PC is used to compile the Simulink model
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and load it on to th¥PC machine. Thé/lain PC also draws the graphical simulator,
plays audio, and stores data. A third machinePtieatom PC, interfaces with the
Phantom and sends the commanded position and tyelo¢cheXPC target machine. The

computers are all connected via Ethernet cardsstoal hub.

User Commands
Joint Angles

FEEFE e\ T [FFE Fem\ > [EEEEE B

- o - —\ N R 5 —3
Calculated Force Compiled Code
User Commands \l, Force

Phantom

Fig. 26 Simulation Network.

ThePhantom PC is a Dell desktop with a 1.7GHz processor and 5B 2i¥IRAM
running Windows XP. Th&PC machine is a Gateway 2000 desktop with a 333 MHz
processor and 64MB of RAM. Thdain PC is a custom desktop with a 2.4GHz

processor and 2GB of RAM.

Human Factors Testing
To evaluate the possibilities of increasing macleffieiency and operator
effectiveness, six individuals operated the sinedatxcavator with each of the new
control interfaces. Six subjects from the GeorgalTIntelligent Machine Dynamics Lab
(IMDL) volunteered for the initial testing. Thisgdiminary testing was not designed to
produce statistically conclusive results, but toverthe viability of performing future

conclusive tests and to show the viability of thet¢d control schemes.
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Testing Procedure

The participants were each assigned a number &ed &3 fill out a pre-test
guestionnaire (Appendix A). The subjects were addgate students and members of the
IMDL, and as such, were familiar with the projea®als. The pre-test questionnaire
gathered data about the subjects past experieticeexgavators and haptic joysticks

(Fig. 27 - 30)

Hours Operating an Excavator/ Backhoe

# of Subjects

0 hrs 0-2 hrs 2-5 hrs 5-10 hrs > 10hrs

Fig. 27 Subjects’ Past Experience with Operating ¥cavators and Backhoes. None of the subjects
were experience operators.
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Hours Using a Haptic Joystic

# of Subjects

Newver <1 hr/week 1-2 hr/week <2 hr/week

Fig. 28 Subjects’ Current Haptic Joystick Use. ThéeMDL has multiple projects involving haptic
feedback, which several of the subjects work on déctly.

Dominant Hand
5 -
4 -
a
53
2
5
n
G 24
H*
l -
0 .
right handed left handed

Fig. 29 Subjects’ Dominant Hand. One of the subjestwas left-handed. The Phantom is currently
only capable of being mounted on the right hand silof the cab, so the left handed operator used his
right hand to move the Phantom. To see how this mayave affected performance, see the data plots
in Appendix B: Subject 6 was the left handed operair.
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Subject Age

35 ~

30 ~

25 A
20 -
15 A
10 A
5 4
0 - \ \ \ \ \

Subject 1  Subject2  Subject 3  Subject4  Subject5  Subject 6

Years

Fig. 30 Subjects’ Age. The subjects were not purpefully tested in age-descending order.
After completing the questionnaire, the subjectsevteld about how the
simulation works and informed about anomalies aghot being able to move the dirt
outside the trench but still being able to penetthe soil. The position and hybrid
controllers were explained and then the subjectatses to use each controller for two
minutes to see the difference. The hop-on forceagtisated for the hybrid control
during the two minute session and was always ptekeing the testing whenever hybrid
control mode was used. Digging force feedback wasaeed and then the subject was
given two minutes with each controller (positiorddrybrid) with the digging force
feedback enabled.
The subject was then given one primary goal amdsgcondary goals:
- remove as much dirt as possible from the trendmgy goal)
- place dumped dirt in a large pile (i.e. dump eaecidlas close as
possible to the previous ones)

- Enter the trench without contacting the soil owgdige trench.
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The subjects were then given two minutes to accsimgthe goals with each
controller with and without haptics. Each of thesgible scenarios below was repeated
twice in a different order for each subject.

a) Position control

b) Hybrid control

c¢) Position control with force feedback (diggingde reflection enabled)
d) Hybrid control with force feedback

After all eight trials the subjects filled out thest-test questionnaire (Appendix
A).

During the tests, several different measuremente vexzorded. To evaluate the
first goal, the volume of dirt removed from therich was measured. To evaluate the
second goal, the dumping locations were recordddcegaaluated for proximity. To
evaluate the third goal, the number of soil-strikatside the trench and the number of
times the bucket entered the trench were recotdestder to evaluate machine
efficiency, the pump flows and workport pressuresenmultiplied together to find the

total energy used.

Human Factors Testing Results

The small number of subjects and the small groypeople that the subjects were
selected from, along with the simplicity of thetseand analysis, do not allow for
statistically significant results. The results tow that the testbed allows performance
improvements to be measured for human-machingaates — improvements that could

not before be measured. The simulated excavatomalsds to be compared to the actual
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machine to verify that the model behaves realiyichefore these testing results can be
considered as valid.

The data for both runs for each subject with eaxtirol scheme were averaged
together to give an overall score for each measemémith each control scheme for each
subject, for example, Fig 31.

The primary goal was to remove as much dirt froenttench as possible. The
total amount of soil removed during the run wasrded in cubic yards. To determine
how close the piles were placed, the standard tieniaf pile positions was taken and
used as the metric for comparing pile proximity.determine trench hitting accuracy,
the number of times the operator entered the tremitiout hitting the soil outside the
trench was divided by the number of times the dpemntered the soil, whether inside or
outside the trench. Energy efficiency was deterohimgdividing the amount of soil
removed in the trial by the total amount of enenggd by all four pumps during the trial.
The result was measured in joules/cubic yard.

The operators’ performance on each of the givesetigoals was quite different.
Some operators achieved certain goals better entairc controller and others did much
better on other controllers. For example, the prngoal of removing as much soil as
possible from the trench was best achieved bydifdtfe subjects using position control
with force feedback (Fig. 31). Of the other thrabjscts, each did better with a different

one of the remaining three control schemes.
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Average Soil Removed

1.8
1.6
1.4 - )
3 1.2 7 m Pos.
= 17 E Pos. FF
'_CE) O Hyb.
3 @ Hyb. FF

Subject 1 Subject 2 Subject 3 Subject 4 Subject5 Subject 6

Fig. 31 Subjects’ Average Soil Removed From the Treh. There is not a clear ‘better’ controller for
removing soil from the trench.

However, with some measurements, such as the sthddaiation in dump pile

positions, there were clear improvements (Fig. 32).

Average Standard Deviation
60
50 7 7
407 m Pos.
8 ) m Pos. FF
< 30 - o
£ 7 O Hyb.
Hyb. FF
20 -
7 7
10
0 1 T T T T
Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6

Fig. 32 Subjects’ Average Standard Deviation of Ril Spacing.
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The average standard deviation in 5 of the 6 dadess with the position
controllers than with the hybrid controllers.

The data for each goal was normalized by the mosiontrol scheme data for
that goal to bring out relative improvements. Aligh the subjects were not told
explicitly to be energy-conscious, the amount adrgg required to remove a cubic yard

of dirt was calculated for each control scheme.(B8).

Normalized Energy/Soil Removed
3
2.5
2 _
m Pos.
_ 7
m Pos. FF
157 7 O Hyb
7 Hyb. FF
1 % ﬁ
0.5 ~
Subject 1 Subject 2 Subject 3 Subject4 Subject5 Subject 6

Fig. 33 Subjects’ Normalized Energy/Soil Removed Rkings. The position controllers showed a
clear lead in energy efficiency.

The normalized values for each of the control s&sewere averaged for all the
subjects. A pile proximity measurement was creageshverting the standard deviation

(since low standard deviation in pile placementegsponds to better performance.)
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Average Normalized Measures

1.6

m Pos.

i @ Pos. FF
s O Hyb.
% Hyb. FF
%

Soil Removed Pile Proximity Trench Hitting Soil/Energy

Standard Deviation Error Bars

Fig. 34 Overall Rankings. The average with standardeviation bars for all test subjects normalized
with respect to position control mode.

The results show that the position controllerstbtter in all aspects (Fig 34).
However the standard deviation (shown by the dyvaps) is quite large. This is expected
since a brief look at the data shows large varisufiten subject to subject (see Appendix

B for all data plots).

Learning

Since the subjects had very short experience Wwelekcavator simulator (eight
minutes total), learning could play a large roldnaw well the subjects did with each
control scheme. In other words, the subjects milghbetter with the control schemes that
they used last, not because the control schem®ettes, but because they had learned
how to better manipulate the simulation. For examiley could have learned how to

better hold the device so that was easier to cbotrdidn’t shake as much.
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As an indicator of the role learning played in dperators’ performance, the
results were plotted against time. Each plot wasrened for either continually
increasing or decreasing values. None were founbijeSts 5 and 6 showed generally
increasing or decreasing data for certain measuren(for example, Fig. 35). A best-fit
line was put on the data since it appeared to bghly linear. In Fig 35, the figure
containing the most linear time-dependant relatitims R values for Subject 5’s and
Subject 6’s data are 0.83 and 0.67 respectiveipodstrating a fairly linear relationship
and a possibility of learning effects. However, fioe other four subjects, thé Ralues
are 0.27, 0.19, 0.14, and 0.06, showing a minielationship. The best fit lines for some
of the subjects have a negative slope, which slyswpgest that learning was not

occurring.

Soil Removed vs. Test Number

1.8 A

1.6 -
1.4 | —e— Subject 1

12 | —=— Subject 2

—a— Subject 3
—x— Subject 4

Soil Removed (cu. yd.)
H

081 —x— Subject 5
0.6 —e— Subject 6
0.4
0.2

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘

Testl Test2 Test3 Test4 Testb Test6 Test7 Test8

Fig. 35 Minimal Learning Is Seen. There is a lackfoconstant increase in the amount of soil removed
from the trench as the tests continue.
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To further investigate the possible effects ofi@ag, the percent increase of the
second test run compared to the first test run witted for the four performance

measures for each subject with each control scl{Eige36 - 39).

Learning Seen in Soil Removal
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-80
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Subject 1 Subject 2 Subject 3 Subject4 Subject5 Subject 6

Fig. 36 Learning Effects in Soil Removal. SubjectS and 6 show increases for every control scheme.
Learning possibly played a large role with these djects and Subject 2.

Learning Seen for Hitting the Trench
60
40 -
20
c
g 0 [ m Pos.
g m Pos. FF
o -20 A
S O Hyb.
E 40 Hyb. FF
S
-60 1
-80 - £
Subject 1 Subject2 Subject3 Subject4 Subject5 Subject 6

Fig. 37 Learning Effects for Trench Hitting. None @ the subjects showed significant learning for
more than two of the control schemes.
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Learning Seen in Pile Placement Standard Deviation
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Fig. 38 Learning Effects for Pile Placement. Nonefahe subjects showed significant learning for all
of the control schemes.

Learning Seen in Energy Efficiency
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Fig. 39 Learning Effects for Energy Efficiency. Thesubjects were not told to be energy efficient, but
subjects 4, 5, and 6 all show performance increasts all four control schemes.

The lack of general upward trends in Fig. 35 suggemst the learning curve is
shallow enough after the first four trials that nmypements arising from the operators’
learning were negligible, and therefore changesremes dependent on changing the
control scheme than on learning. However, for samasures, such as soil removal,

certain subjects (in the case of soil removal, ettj2, 5, and 6 — see Fig. 36), show the
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possibility of having significant learning effecishe learning effects would need to

better calculated and subtracted out in furtherranck conclusive tests.

Operator Observations

The subjects were asked to rank the controllees #fe testing was over. They
were to rank the controllers from 1 to 4 (with 4rigethe best) for five criteria: easiest to
learn, allowed you to dig the fastest, easiesst gave you the most accurate tip

position, and which controller you prefer the most.

Operator Observations
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s 4
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85 1. 7
o T
Z 05
0 - T T T T
Easiestto Allowed for Easiestto Gawe Most Preferred
Learn Fastest Use Accurate
Digging Bucket
Control

Fig. 40 Operator Preferences. Position control wathe clear winner in all categories.

The operators selected the position controllel&st” in all categories and
hybrid control with force feedback as the “worstall categories (Fig. 40). The subjects’
observations correlated fairly well with the mea&slidata. The subjects’ thought they
could dig the fastest with the position controlemd they were indeed fastest with the

position controller (see Fig. 34). The subjects #éfought that the position controller
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allowed for the most accurate tip control, but tiagye better at hitting the trench with
position control with force feedback.

The operators were asked what improvements coulthate. Many responded
that the force was too great and one even saiBtthatom was ripped out of his hand.
The force never exceeded 5N but was very jerky eftem being filtered. It is the
author’s opinion that the jerkiness of the Phantesults in it being difficult to control,
rather than the actual magnitude of the force faeklbThe workspace of the Phantom is
so small compared to the workspace of the excatasthe forces applied to the
Phantom can cause small movements of the oper&tand, and these small hand
motions command much larger motions of the excavatas may cause the tip of the
excavator to either move into an area of no fooceven opposing force. For example, if
the bucket is moving forward through the soil amnel jerkiness of the reflected digging
force pushes the operator’s hand backwards, thetmpenay command the bucket to go
backwards. When the bucket retreats backwardéble of the bucket comes in contact
with the ground and the reflected force then pushe®perator’s hand forward. This can
lead to an oscillatory cycle until the operatorres his hand’s stiffness or damping.

Other improvements suggested by the test subjedisded:

- Reducing the force

- Improving the bucket handle to have hard stoypslze easier to hold

- Separate the bucket control from the wrist pasitontrol

- Provide a counterweight to the Phantom so ttatweightless”

- Reduce controller sensitivity (this could be ilmyped by changing the
excavator:Phantom workspace ratio)

- Reposition the armrest

- Improve system response time
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CHAPTER 6
CONCLUSION

Contributions

This work’s main contribution is the developmentakal-time excavator
simulator with a realistic display and accurateaiyic models of the excavator’s
hydraulic and mechanical systems and of the sbg. Aydraulic system model consists of
variable displacement pumps for control rather tie@nstandard valves. A novel soil
model is developed upon previous work to meet telrof real-time discrete
simulations. The graphics program has a largeregegf realism than other academic
simulators because it includes actual CAD modeth®fexcavator links, shadows,
plants, and falling dirt [28]. An operator work ten was created with a stock Bobcat
435 cab for added realism.

A Phantom joystick was mounted inside the workiatatSeveral force feedback
schemes and two different coordinated control sesewere developed. From these, four
different overall control schemes were selectedmndf of concept testing was done to
determine if appropriate tests could be done tduet@ multi-modal controllers with
respect to operator effectiveness and machinaegifig. The simulator construction
allows new human-machine interfaces to be testepgdtential increases in operator

effectiveness.
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Recommendations for Future Work
Immediate future work should include making the ketzanges suggested by the

test subjects. In particular, changes should been@athe digging force reflection to
make it smoother. The development of this testdstdlows for easy testing of new
human-machine interfaces. Other coordinated cortieémes combined with different
haptic feedback schemes should be developed ahehgz@ Those that give promising
results with a small test group could be tested targer scale to give statistical validity.
The stock valve controlled excavator could be medl@ind used as benchmark for the

larger scale tests.
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APPENDIX A

TESTING QUESTIONNAIRES

PRE-TEST QUESTIONNAIRE

How many hours have you operated an excavatoraihioa?
1) Ohrs
2) 0-2 hrs
3) 2-5hrs
4) 5-10 hrs
5) >10 hrs

Are youleft orright handed? (circle one)
How regularly do use a haptic joystick?
1) Never
2) <1 hr/week
3) 1-2 hrs/week
4) >2 hrs/week

Age
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POST-TEST QUESTIONAIRE SUBJECT #___

Rank the following from 1 — 4 where 4 is the cohthat most identifies with the phrase
above

Which of the control schemes was easiest to learn?
___Hybrid control
___Position control
___Hybrid control with haptics
___Position control with haptics

Which of the control schemes allowed you to digfdstest?
___Hybrid control
___Position control
___Hybrid control with haptics
___Position control with haptics

Which of the control schemes was easiest to use?
___Hybrid control
___Position control
___Hybrid control with haptics
___Position control with haptics

Which of the control schemes allowed you to mostieately control the bucket
position?

___Hybrid control

___Position control

___Hybrid control with haptics

___Position control with haptics

Which of the control schemes do you most prefer?
___Hybrid control
___Position control
___Hybrid control with haptics
___Position control with haptics
How would you suggest improving the ergonomicshefjbystick/armrest?

What other improvements could be made?
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APPENDIX B

DATA PLOTS

Soil Removed vs. Test Number
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Fig. 41 Soil Removed vs. Test Number.
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Fig. 42 Standard Deviation of Piles vs. Test Number
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Trench Hitting Percentage vs. Test Number
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Fig. 43 Trench Hitting Percentage vs. Test Number.
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Fig. 44 Soil Removed/Energy vs. Test Number.
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Average Soil Removed
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Fig. 46 Average Pile Standard Deviation for Each Fedback Scheme.
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