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ABSTRACT

The electric mining shovel is the main rock loading machine at. the majority of
surface mining operations. The performaunce and utilization of these multi-million
dollar machines can govern an entire mining operation.  Despite their signilicance,
they remain largely unexplored in terms of their potential. The thests discusses the
development of the forward and inverse kinematic models, the Newton-EFuler dynan-
ics, and the actuator dynamics for an clectric mining shovel. The thesis relates to
work undertaken towards the development of a mining shovel simulator, the purpose
of which is to explore productivity and machine performance issues as a function of
the interaction of the shovel with the ground. Both the parametric and nonpara-
metric system identification results are presented, based on field test data collected
from an operating mining shovel. Simulator results describing analytical and cmpir-
ical models, as well as continuous-time controller and disturbance rejection are also

presented. The thesis concludes with a discussion of planned continuing work.
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ABSTRACT

L pelle méeanigue électrique représente Poutil de chargement le plus atilise
dans la plupart des opérations de surface dans le domaine minter. Lutilisation et
I performance de ces machines pouvant valoir jusqu'a plusicurs millions de dollars
ont un impact déterminant sur les activités d'une mine. Malgré leur réle crucial, leur

potentiel reste largement inexploité.

[ objet de cette these consiste & discuter le développement de modeles de cinématique
inverse, de la dynamique Newton-Euler et de la dynamique des actuateurs d’une pelle
¢lectrique. La these relate le travail entrepris afin de développer un simulateur de pelle
mécanique ¢lectrique dont le but est d'étudier la productivité et la performance en

fonction du degré d'interaction de la pelle avec le sol.

On présentera ici les résultats de 'identification paramétrique et non-paramétrique
du systeme basce sur 'analysc des résultats expérimentaux. On présentera également
les résultats provenant de simulateurs fondés sur deux approches différentes, 'une
analytique et 'autre empirique. Les deux modeéles utilisent des méthodes de controle
en temps continu ainsi que des techniques de rejet des perturbations. La thesc se

terminc avee un apergu des développements a venir.,

—
—
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CLAIM OF ORIGINALITY

The following original contributions were made.

Systematic investigation of the electric mining shovel using roboties and control

theory

Creation of a model of the entire shovel, including forward and inverse kine-

matics, Jacobian, rigid body dynamics, and actuator dynamics

Complete analysis of the friction and impact between bucket and muckpife, and

its effect on the shovel and its actuators

Use of nonparametric system identification techniques to analyse the behaviour

of the shovel digging process

Establishment of both analytical and empirical shovel simulators, and validation

of the overall system model using empirical data.
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Chapter 1

Introduction

This thesis is an application of robotics and control theory to the operation ol the
clectric mining shovel. It is also a detatled description to the clectric mining shovel
5 5

from the points of view of mining, clectricity, and mechanices.

1.1 Overview

Surface mining represents one of the world’s largest industries. The mining shovel
plays a key role in many surface mining operations. It is used as a production ma-
chine in conjunction with drill and blast operations to move waste rock or ore. The
rate and efficiency with which mining shovels operate in loading haul trucks will
largely determine the efficiency of the overall mining operation. llence, most surface
mining operations tend to evaluate their productivity based on the performance of
their primary loading equipment. There exists considerable scope for productivity
enhancement in surface mine extraction through the optimized use and operation of

current excavation equipment.

There are two types of mining shovels used in current mining industry, i.c., the

hydraulic shovel and the electric shovel.

The typical hydraulic shovel is illustrated in Figure 1.1. The machine has versa-
tile features, and it is well adapted to selective mining methods. It has a wrist action
of the dipper, and is able to separate waste from orc in order to reduce the cost of
ore processing. Although the hydraulic shovel has many merits, the clectric shovel is

preferred in the hard digging environments, due to its power and capacity.
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Figure 1.1; Typical Hydraulic Mining Shovel {(Source: Demag Corp.)

An typical clectric shovel is illustrated in Figurc 1.2. The machine consists of
two major sub-systems: thc mechanical and electrical systems. From a mechanical
viewpoint, the shovel has threc main parts: the crawler and gantry structure; the
boom and rope assembly; the dipper handle and dipper. Corresponding to the three
mechanical parts, there are also three major electrical parts: the swing motor, which
drives the gantry structure rotation; the hoist motor, which drives the rope assembly
payout and retraction; and the crowd motor, which drives the linear displacement of

the dipper handle and dipper. This thesis will focus on the electric shovel.

1.2 Previous Shovel Research

Research of the actual performance of an electric mining shovel was initially under-
taken by Keller (1978). His system used a microprocessor based monitoring system to
enhance the performance of electric mining shovels in the coal industry. Keller’s work

included shovel monitoring, but did not relate to data analysis and shovel responses
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Figure 1.2: Typical Electric Mining Shovel (Source: PEH Ine.)

to variations in muckpile diggability. Williamson ct al.(1983) and Mol ct al.(1987)
undertook investigations into muckpile diggability by monitoring shovel performance.
Their work measured blast efficiency through the performance monitoring of an clee-
tric mining shovel. Their work was undertaken in separate uncontrolled geologic
and blast environments, and did not account for several uncontrollable variables.
In addition, no data on dipper trajectory was recorded assist in assessing muckpile
diggability. Carl Hendricks et al. (1989) investigated another electric mining shovel
operation. This work included geologic investigation and blast design, post blast eval-
uation, data acquisition, and analysis of monitored shovel performance parameters.
This research demonstrated the relationships between shovel performance and muck-
pile diggability and the significance of the digging trajectory. Although there has not
been any research directly relating to the friction of shovel buckets so far, Rowlands’
thesis (1991) investigated the friction of a dragline bucket. His work provided some
basis to our research on the friction model of a shovel bucket. Hadjigeorgiou J. ct al.
(1993) developed an empirical classification system which was used to assess the case

of excavation. He took inertial effects into consideration in his model.



1.3 Research Goals

No pfiur work has assembled a total system model of an clectric shovel. Our work
focuses on mathematic modelling of the system. It uses up-to-date robotic and auto-
malic techniques to solve some very practical issues, such as the relationship between
digging and the DC motors of the shovel. Morcover, advanced system identification
and spectrum analysis techniques are used to analyze data collected and to assess
rock fragmentation and diggability. The overall goal of the research is to increase the
productivity and raise the efficiency of electric shovels through a better understand-
ing of the machine operational limitations and its interaction with the rock. The
methodology that is proposed relies upon both analytical and experimental studies of
the behaviour of the machine and its performance while digging. In the scope of this
thesis, these studics are related to the model of the complete shovel, including for-
ward and inverse kinematics; Jacobian; rigid body dynamics; actuator/transmission
dynamics; full analysis of the interactive effect of friction and impact between bucket
and muckpile; introduction of the parametric and nonparametric system identifica-
tion to the shovel and its digging process; and establishment of both analytical and

empirical model simulators.

The rescarch is aimed to advance mining technology in two ways. In the medium
term, the thesis should assist the optimization of shovel productivity. In the long
term, however, it should contribute to the fully automated operation of the electric
mining shovel with a computer vision guidance system. Overall system model could
contribute to computer control design which would make a shovel fully automated.
Kinematics modecl could contribute to trajectory planning/task planning which would
cnable the shovel to follow a human operator’s guidance. Figure 1.3 summarizes the

rescarch goals and steps.

The thesis investigation includes three phases: analytical modelling; empirical
modelling; and system simulation. In the analytical phase, mathematical models
paramcterized with actual data from a P&H 2300XPA shovel were built (Help was
received from the P&H Company, see Chapter 5). In the empirical modelling phase,
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ficld tests and data acquisition were undertaken. The parametric and nonparametric
system identification was implemented so that an empirical model could be built. In
the simulation phasc. both the analytical and empirical models were set up and used

to simulate and validate the clectric shovel operation.

1.4 Thesis Outline

in Chapter 2, the forward and inverse kinematics which cstablish the relationship
between the bucket and all joints are obtained. This relationship lays a foundation for
the bucket tracking calculation and trajectory control. The shovel Jacobian, which is
the foundation for shovel speed calculation and control, is included in Chapter 3. In
Chapter 4, the rigid body dynamics are calculated. The dynamics enables us to relate
the digging forces and rigid body motion forces to the load torques of the shovel actu-
ators. Chapter 5 examines the shovel actuators and their system parameters, which
arc components of our simulators. Friction and impact are investigated in Chapter 6.
Based on Rowlands'’s work, we develop a more complete [riction model of the shovel
bucket. In addition, the impact effects of the bucket encountering large fragments
arc investigated. The experimental investigation and parameter system identification
arc described in Chapter 7. Both the least square identification for actuator transfer
function and the maximum likelihood system identification for actuator state-space
function are presented. Chapter $ gives the nonparametric system identification to
the analysis of the armature currents with and without digging, as well as easy and
hard digging. Moreover, the position noise with and without digging is also depicted.
Both the analytical and the empirical model simulators are developed in Chapter 8.
Final simulation results are also presented in this chapter. Conclusions are given in

Chapter 10, which also reviews achievements and suggestions for future work.



Chapter 2

Forward and Inverse Kinematics of Shovel

Kinematics is concerned with defining an object’s motion, i.e. an object’s position,
orientation, velocity and acceleration. in terms of geometrical properties. Since the
joints in the shovel are connected to each other, the motion of one joint will affect
the motion of the other joints. Kinematics consists of forward kinematics and inverse

kinematics.

2.1 Forward Kinematics of Shovel

The forward kinematics of a shovel need to be derived in order to solve the trajectory
generation problem of the machine. Its trajectory is dependent on the swing, hoist and
crowd motor motions. The trajectory also contributes to the calculation of friction

between the bucket and muckpile. This issue is considered in detail in Chapter 6.

The forward kinematics problem is as follows: given the joint angle vector [0), 02,
63, d,), find the position and orientation of the end eflector of the shovel in the work
location coordinate system, which has been determined with respect to a reference
coordinate system. Figure 2.1 is the coordinate set diagram of the shovel with several
coordinates fixed on it. If one considers the base of the machine to be fixed when the
shovel is digging, the frame {0} is the world coordinate frame; frames {1}, {2}, {3},
{4}, and {5} are fixed on the shovel and the frame {6} is fixed on the location where

the shovel is working.

In terms of the Denavit-Hartenberg notation, the shovel can be described kine-

matically by assigning four values to each link. Two values are for the link and the
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Figure 2.1: The Coordinate Set Diagram
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Table 2.1: Link Parameters



other two values are for the connection between the links. Usually, three variables,
Qiar. @i—y and d;. are fixed link parameters but ; is a variable {or rotational case.
Three variables, a;-;. a;—1. and 8; are fixed link parameters but d; is a variable for
translational case. Based on this foundation. one can determine the shovel's coordi-

nate structure. Table 2.1 describes the link parameters, where

L, is the length of link 1;

L2 is the length of link 2;

L3 is the length of link 3;

L, is the length of link 4;

dy is the arm extension of dipper handle;

8, is the joint 1 (swing motor) rotational angle:
0, is the joint 2 angle; it is fixed (02 = 45°).

0, is the joint 3 (hoist motor) rotational angle, corresponding Lo rope position.
0. 03, and d; arc variables; while other parameters are all constants. The physical
meanings of the parameters or variables are also shown in Figure 2.1,

Computing the individual transformations for cach link which defines frame {7}

relative to the frame {i — 1}, one can use the formula [12):

Cg.' —-50,' 0 it
::'IT= shicoiy  clicoiy —soi_y —soiyd; @.1)
sliso;_y  clisaiy  coyioy co;yd;
0 0 0 1
thus,
G —8 0 0
0 51 [#] 0 0 o
T= (2.2)
‘ 0 0 10
0 0 0 1



Because link 2 is fixed, 6, = 45°

Multiplying cquation (2

€t

Then, multiplying (2.8) ba

u'&.

;,2@,

1

A oy,

o7 1727 =

(4] ulﬁ

~2

10

5@ 2 0 L
P L
; £ £ 0 0
0 0 0 1
ez =s3 07 Lo
. sy ¢ 0 0
Sl
0 0 0 1
L 0 0 Ig
3p 00 -1 0
! 01 0 o0
00 0 1
1 00 0O
7o {0 1 0 0
0 0 1 d;
0 0 0 1
2.2) by (2.3), and we get
-s;1 00 -"2@ —5._,@
g 00 0 0
0 1 o] 2
0 01 0 0
>§ -3@01 —-51 Ly
223 l[ - Lisy
2 >,,C 1 0
0 1
(2.4 ), and we get
=£Cl -s1 Lig €3
—5-/_,—-“-'1 —a Lis &3
£ 9 0 0
0 0 1 0

¢ L,
-1 0
1 0
0 1
—s3 0 L
ez 0 O
0 1 0
0 0 1

(2.4)

(2.8)



3 3 3 7 T
‘\‘-/_T:le’n — oSy —Nosy - o —8p ala e

2 2 2 7
£*|C‘3 - “"g—::‘l-‘::t —Sispsy - Fspen —c

| 57?’1-251 + !‘I-':l
= B2 L. L3 S (2. 10)
‘.‘ﬁC?' + '_'-“ - -_f":l + kg““;z 0 \_‘—']:

- -

0 0 0 l
Finally, multiplying (2.10) by (2.6). and we get
op = O Ly 2y
%CIC:; - -‘-@C]S:; '—%ECISI; - %C!C;; -3 “'./-,_.Efl !.'_! + [.1('; 1 0 0 I.:L

%Slcs—%islss ‘“%5133“%@‘“!‘3 —a %""-"“‘"*"""““ 00 -1 0

- 5@63 + ﬂ‘-‘- -—)._,QS;; -} %C;; 0 "‘? L'_- 0 1 0 0

3 2 V3
0 0 0 { 0 0 0 ]
%gchS - 5,_@(2153 —& %C:b‘a + %if‘lczt lél”l Lot Ly + !'-:z(%::f‘lf‘u -~ '\{.j(‘lszt)

_ @slc:s - ‘@s;Ss - ’2@3133 + "'-_,@5163 ’gél-z-"l + Lis + Ln("?-\‘mt - 5._.@&-*‘3)
3§C3 + -‘./‘,—583 0 5@83 - 3;2@(3:1 %’EL-_‘ + l-:x(:'-_.gf‘:t + “'._,E-":l)

il
-

0 0 0 |

(2.11)
Because
op = Opi (2.12)
one has
1 0
01 0 0
op = o
0 0 1 d,
0 0 0 1
“"-/,—50163—{—26133 -3 ﬁca-\‘a-i-’._éclca L

2 2 2 2
3._,53163 - J§3133 = 3»_45153 + ’._,c-*‘iff:: Is2 (2.13)
= g a ) -yt
Lat+fa 0 LPu-Pao iy

0 0 0 1
where

3 V2 V2
s = 4@61(33 +ca) + -0 La{es — s3) + - alz + Lic (2.14)

- T -

2 p) V2 .
lso = 40!-131(33 +ca) + 451153(63 —s3) + T-‘hLz + [ys (2.15)
2 2 2
o = Lass—cr)+ ety + 2L, (2.16)
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Becanse

W= 8T
therefore
l‘-vlv — (]'[v—l U'['
I - A )
Yeur
l 0 0 o
op |00 1w
[
0 -1 0 2o
g 0 0 1

(2.19)

where {@y. Yo- 20} i the origin of the coordinate {6} with respect to the coordinate

{0}. e =9, 4= 0. zp = —1.5.

1 0 0 zo\~' 1 0 0 -—x
QT—I= 0 0 l Yo - 0 0 _1 2o
© 0 -1 0 = 01 —Yo

¢ 0 0 1 0 0 0 1

Hence, one has
GT —_ OT—I OT
51 = ¢ 5

>
-
5 -
-

U 1 0 -o ﬁC;; -+ 3.?53 0 32@53 - ngcs

\0 0 0 1 0 0 0
( "gcl(ca —s3) -8 -“2@01(% +83) a1
—’Q(Cs +s3) 0 32@(@‘3 —s3) e
‘2@31(% —s§3) —€ 5?‘31(03 +83) e

0 0 0 1

where,

V2 3
te1 = -3—01(44(53 + ¢3) + Laf{ca — s3)) + C1(L24 + L) =z

V2 V2

2
e = ——5-(di(sa—es)+ La(ss +e3)) — 5Lz + 20

) 2
ten = -?s;(d‘,(ss + c3) + La(es — s3)) + 31(4142 +L1) -y

12

3 z 2 3
f[1 0 0 —x £c|r:3 - %:clss -5 3._,£c133 -+ 3._,£c1c;; 51
0 0 -1 = ﬁclca - lgjslsa -y 5.{,—5-3133 + {jslca t5a

2.20)

—

(2.21)



After the above lengthy algebraic manipulation, one can obtain the bucket posi-
tion with respect to the work-site (muck-pile) reference coordinate {61, as long as one

knows the joint position #;.05.dy. This is the forward kinematics shown as follows:

V2 2
Te = Tcl(d-i(ss +ca) + La(ea — =)} + (‘1(—\./)-_—-1_-; + L) —ry 2.25)
/3 Ve

*)
Yo = —T(ff-t(s:a —c3) 4+ Lalea + =3)) - T-L'.‘ + 2o (2.26)

2

<]
3™

g = Sl(d.:(33 -+ C;;) -+ L;;(C;; - .\'3)) + Sl( Ir_) + Lg) - Yo (..)..37)

If 0y =0, g = 1,5 =0, i.c. shovel stands on its original central position. we have

V2 2 :
Tg = ’T(d-:(sa +c3) + La(ca - s3)) + —.\/)—_L;: + L, - Xy (2.28)
V2 2
yo = ——5-(di{ss—ca) + La{cs+ s5)) ~ §L2 + Zo (2.29)
6 = 0 (2.30)

2.2 Inverse Kinematics of Shovel

The inverse kinematics of shovel has not been used in our system simulation. But
because it is a fundamental work to our fully-automated shovel in future, we still

show its manipulation here.

The inverse kinematics problem of the shovel is as follows: given the desired
Cartesian position and orientation of the last link of the machine relative to the
work location, calculate a set of joint angles which can achieve the desired posilion
and orientation. In order to solve this problem, one must first perform coordinate
transformation to obtain the bucket coordinate {5}, relative to the coordinate {1},

and then use the inverse kinematics to solve the joint angles.

2 2 0 L)\ (e —s3 0 L
0 0 -1 O0l|lss e 0 O
1 20
T 5T = Z &2 9 of]lo 0o 1 0
0o 0o o 1/\o 0 o0 1



"{;::(Cg _— ‘1'3) '_%(33 _— C;) 0 :.{,':T‘IJQ + L
0 0 -1 0
B %(Ca + #3) £(C3 -s3) 0 ’?Lz
0 0 0 i
Multiplying (2.31) by (2.5), and we get
Ly —s3) —L(sa—es) 0 LLy+L\ (1 0
) 0 0 -1 0 0 0
T3 = 4 -
5‘;,‘@((.‘3 + 33) £(Ca - 53) 0 %LQ 01
0 0 0 1 0 0
3‘2-5(63 ~s3) 0 —"C(Cs — s3) £(Ca - ‘*3)L3 + £Lo + Ly
0 -1 0
’g(ca +s3) 0 "‘g(f-‘a — 83) ’C(Ca + s3) L3 + £L2
0 0 0

Multiplying (2.32) by (2.6) and we get

i Iy 27 3T AT

3‘._,!—2:(03 - 33) 0 —3‘§":(C3 —_ 33) tog 1 00 0
0 -1 0 0 010 0
- £(C;; + 93) 0 —£(C3 - 83) tas 0 01 dq
0 0 0 1 0 0 0 1
52@(@ -s3) 0 —¥(a-s) b
0 -1 0 0
%(cs +s3) 1 —L(ez—s3) tis
0 0 0 1
Where,
V2 2
te = —(cs—s3)}la+ 4L2 + Ly
3 5
toz = "4_(63 + s3)L3 + éLz
3 3 3
e = —4(03 — sa)dq + 4(63 —s3)l3 4+ £‘L2 + L
5 5
tiz = 4( €3 — Sa)dq + 4(63 +s3)Ls+ £L2
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Because

o] —-8] 0 0 -t [ 481 g g 0
OT"— 1 C 0 0 _ -8 O 0 0
" = =
0 1 0 0 0 1 0
0 1] 0 1 0 0 0 1
T = 91127
Assuming
rq T2 T P
or — Ty T T3 Py

Ty, ra2 Tz P:

0 0 0 1

(2.38)

(2.39)

(2.40)

Where P., P, and P, arc end effector positions with respect to the world coordinate

{0}. From (2.38), (2.39), and (2.40), one has

aq s 00 ™ T2 T P
éT — -81 C 0 0 Ty Toa To3 Py

0 0 1 0 ™31 Tga2 Toa P=

0 0 0 1 0 0 0 i

Equating the (2,4) element of equations (2.33) and (2.41), onc has:

Clpy - S1P,_- =0
P
#, = arctan T’i-

Equating the (1,4) element of equations (2.33) and (2.41), onec has:

V2 V2 v2

2 2
aPr+sPy= _Tdd(cs —s3) + —.)-L:s(cs —s3)+5=Lat+ I

Equating the (3,4) element of equations (2.33) and (2.41), one has:

P.= “'\/Tidll(cs —s3)+ %La(Ca + s3) + \/Tibz

Subtracting (2.43) from (2.44), one gets

C1P= <+ 31Py - Pz = - 283L3 + L1

15

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)



Arranging (2.45). one has

el + 50, - P.— 1,

—\/'EL:;

Cy = im

Transfering (2.46) into angle form, one has

Sy =

Meanwhile, one has

L+ P.—cPr— 5P,

0, = arcsin

V2La

Arranging (2.44), onc gets

P. — ¥2(es + sa) Lo — ELa
—%i(cs — s3)
_(es+sa)Lla+ La— V2P,

d.] =

C3 — S3

(2.49)

In short, one can obtain the joint position &, 03, d4 as long as one knows bucket

position P, P,.P.. This is the inverse kinematics shown as follows:

P

0, = arctanT)i-
P. - -5 P,
03 = arctan Litl-alf—ah

V2La
(c3+sa)La+ Lz — 2P,
Cy — 83

d.| =
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Chapter 3

Shovel Jacobian

In order to analyze the motion of a manipulator. the *Jacobian™ concept is commonly
utilized. The Jacobian describes the relation between the lincar and angular velocity
of rigid body. It is also the basis for the formulation of the shovel’s dynamics which
will be described in the next chapter. Furthermore, when one calculates the impact

in Chapter 6, one will use the shovel Jacobian.

3.1 Linear and Rotational Velocity of Rigid Bodies

The angular velocity and linear velocity propagation from joint to joint can be ex-

pressed by the formulae [12]:
For a rotational motion,
i-i'l“"i-i-l = §+1Riwi + 0i+|i+‘2i+1 (3.1)
v =§+1 R(v; +' wj x 'Piy1) (3.2)
For a translational motion,
e = g*lRiw; o+ 0u 1 25 (3.3)
iy, ___§+1 R(v; + w; x 'Pypy) + diZ; (3.4)

From (2.2), (2.3), (2.4), (2.5), and (2.6), onc can obtain

et —s; 0 3@ —32@ 0
?R =18 Cy 0 y ;R = 0 0 -1 (35)
0 0 1 Z 2
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I 0 0
0 0 -1 ) (3.6)
01 0

1 0 0
iR=10 1 0 (3.7)
0 0 1
Using (3.1) and (3.2) for rotational motion
0
lev=1|0 (3.8)
0,
0
lvi=1|0 (3.9)
0
,_,"’ 0 3,.@ 0 0 %01
Zm= | =2 0 Z|lo|+|0|=]%0 (3.10)
0 -1 0/ \4 0 0
Lz 2\ /0 0 L, 0
Vo= | -2 2 ((o +lofx]o =] o (3.11)
0 -1 0/ \o 6, 0 —L6;
¢z s3 0 5?01 3?9 (es + s3)
Swg=|-s3 e 0 2201 20 1{es - $3) (3.12)
0 0 1 0 6, + 05
&z s3 0 0 29, Lo
3g=|=-ss & O|(] 0 |+]|2hjix]|o0o]
0 0 1 -L,6, 0 0
s s3 0 0 0
=|-s3 ¢ 0 0 = 0 (3.13)
0 0 1/ \=L§ —L2L.6, —by(Ly + ¥E L)
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L0 0\ /L0 (ca+s3) 0 V20, (e o+ sa)

sa=l0 0 1 3,5/‘2()1((-3 - l+lo| = i, (3.1.0
0 -1 0 0, 0 5‘.’::;(}1(-\'3 — 1)
L 0 o 0 X201 (ex + sa) Ly
va=|0 0 1]¢ 0 + | Boea-s) P x]0
0 -1 0 —0 (L, + L) 0+ 0
1 0 0 0
= 0 0 1 [,30.3
0 -1 0 —(}I(LI + "?Lz) + ’?La(j.(su - cy)
0
= | =0i{Ly + LLo) + L Lali(s3 = c3) (3.15)
Labdy

Using (3.3) and (3.4) for translational motion

1 00 3@0.1(63 + s3) ?éi(c‘s + 83)
Sws=]0 1 0 Os = 0 (3.16)
0 ¢ 1 %‘iél(s;; —c3) %0.(3 - cy)
0
Vg = —él(Ll + "?Lz) + -“4—5L30.|(53 —ca)
La0s
32@0'1((:3 + s3) 0 )
+ 05 x|0|+]0
20, (s3 ~ 3) dy d,
dy0y
= | =0u(Ly + L) + L Labi(s3 — c3) — Lddaby(ca + 50) (3.17)
Lsés + ‘i-l
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3.2 Jacobian

The Jacobian is a multidimenstonal form of the derivative. In shovel case. it is a three

dimensional derivative. From (2.10). one knows

3@(‘-:(63 —s3) —& “{_E('l( s3)
o= 5?*‘1((‘3 - =s3) —q 3@ 1(cs + 53) (3.18)
:'..,Q(C;;'E‘S;;) 0 - QZ(C;;—S;;)
Because
'V, = 2R %V (3.19)
from (3.17) and {3.18), onc has
dyfs
V= IR —0:(Ly + *._,QL'.') + 5&_,@1530.1(53 -c3) — %d-lfjl(c;; + $3)
1130.3 + d-.l
Vo
= | Vs (3.20)
Ve3
where,
G} 5]
Vs = \/T-Cl((cs —s3)dy + (3 + N:;)15:3)93 + £Cx(¢3 -+ “3)‘1
+ Sl((Ll + _;'Lz) - TLa(Sa - c3)9; (3.21)
i 2 V2
Vaa = =s1((da(es — s3) + La(ca + s3)}03 + —31(63 + s3)d,
V2 2 2 \
5 L2)) - 4[,3(33 —c3)+ -\—i_—d4(ca + s3))0, (3.22)
Vs = <= ((cs + s3)da + (s3 — ¢3) L3} — —5—(ca — s3)dq (3.23)
Arranging (3.20). (3.21), (3.22), and (3.23), one has
I T2 13 9-1
Vo=|zn z2 = 9'3 (3.24)
T3 T3z I3 Ci4



where.

o= s((Ly + %Lz) - '\‘;‘gl.“(.’::; - ) (3.25)
P = —.;cl(((‘g — sy + (ca+ sa) La) (3.26)
Xz = \fsl(c;; + s13) (3.27)
g = s({(Lh+ ?LQ) - ?!,3(.\'3 — ¢u)) (3.28)
T3 = \g‘zsl((d-l(cﬂ. — &3+ La(eg + 1)) (3.29)
Ty = -_\?c;(c;; + 83) (3.30)
T = 0- (3.31)
Ty = -ég((c;; + sa)dy + (83— ¢3) La) (3.32)
f3y = —?(ca - sa) (3.33)

The variables are the components of the Jacobian. The shovel Jacobian is
Tir Iz Ty
OJ(U) = | T2y T Ty (.;31)
T3 I3z ZTag

Finally, one can get the rclationship between the shovel’s lincar velocity and angular

velocity

OVg = °3(0)0 (3.35)



Chapter 4

Rigid Body Dynamics

Dynamies is the study of the relationships between forces, torques. and motions. The
motion of the shovel arises from torques generated by the actuators, and by external
forces. The Newton-Euler formulation can be applied to calculate the torque vector,
T, il one knows the trajectory point, 8, 9 and 8. Onc can also calculate 6. 9 and

f, il one knows the torque vector, 7. The vectors which locate the center of mass for

cach link of shovel arc:

Pct = 0571. 2Pc2 = %J‘?g (4.1)
L d.
Pa=—ts, Pu=ok (4.2)

The inertia is a very complex issue. Considering that each link has symmetry
(although there arc some asymmetrical elements, compared to the major element, in
engineering, onc can neglect the asymmetrical elements), one can choose the principal

axes of incrtia; thercfore, the inertia tensors are as follows:

[.rxl 0 0 Iﬂz 0 0
“h=]1 0 I, 0], b= 0 Iy O (4.3)
0 0 Ia 0 0 I
I;;a O 0 Iy O 0
Sh=| 0 I, 0}, “hLi=|1 0 L O (4.4)
0 0 Iz 0 0 [l

(8]
o



The rotations between neighbouring link frames are deseribed by formulae (3.5).

{3.6). and (3.7).

By applying of the analysis to the bucket (Chapter 6 will introduce this issne),
onc can consider the eflects of the ciernal forces and moments acting on the bucket

as follows:

f5 = ."52 = 0 . ng = o = 0 (1.-'-))
Jaa Jos 15y 0
The complete algorithm for manipulating shovel rigid body dynamics consists
of two parts: first, forward recursion for the velocitics and accelerations of the joints:

second, backward recursion for the calculation of the generalized forces. They will be

discussed individually below.

4.1 Forward Recursion for the Velocities and Accelerations

of the Joints

For the shovel with four links, one can compute link i: 0—4 [12]:

Hlie = P Rw + 0;41 72 Zi4s (4.6)

Sl = SR + P Ry x 00 Zi g + 00 2y (4.7)

13141 = R X Pigy +1wp x (g P Piga) 4 ¥9) (4.8)

Pl = Gga X e H P wn x (Fla X P ,) +7% Via (49)
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(4.10)

i+l _ i+l
Fiop =mi " Ve,

i+l . Pl -, i+l . i+l
FINGay = O g T e+ T i X Y L T e (4.11)

Let us concretely manipulate the forward recursion of the shovel. The gravity
cffect is calculated as:

%0 = g%0 (4.12)

The base of the shovel machine is not rotating, therefore one has:
wo=0, =0 (4.13)

The forward recursions for link 1 are as follows:

0
1oy =0,*2=]0 (4.14)
0,
0
1 =612, = (4.15)
"l
a s 0 0 0
Wi=|-s1 « 0) ol=1]0 (4.16)
0 0 1 g g
0 0 0 0 0 0
Ver=|0|x|0]+]0¢x( O)X on+|o|=4}{o0 (4.17)
“1 9-1 0 0 g g
0 0 Fy
Ifpp=m|0|=]| 0 |=]| A, (4.18)
g myg Fi3



Ioxr O 0 0 0 fepr 0 0 0

Ny=| 0 I, 0 ofl+|lo0o}fx| 0 I, 0 0
0 0 [::l 0“l (jl 0 0 Jr_.;.; {jl
U J\'l!
= 0 — ,'\'-"-_) ('1.19)
[::1 0"1 -'\:H!

The forward recursions for link 2 are as follows:

£ 0 Fy (0 20,
Zwa= -2 0 Ljlo|+0=]|%24 (4.20)
0 -1 0/ \§ 0
20 £\ /0 24,
20p = | - 210 |=]6 (4.21)
0 -1 0/ \§g 0
}2§ 0 2'-' 0 Lt 0 0 Iy
2y, = _22 0 ;g (fotxloj+]o0 x((O x| 0 |)
0 -1 0 0, 0 0, 0, 0
0 ’g 0 "2[; AN 5?(9 = 1400)
+{o)=1-2 o ,_,2)( Lo, )= L(L.0," +9) | (422)
g 0 -1 0 q —[40"1
39“1 %2' %01 %0' Lzﬂ
2Ve2 = 3-2@", x] 0 +(3§0'1 x((@dl x| 0})
0 0 0 0 0
22(9-1'-'19.12) (—’%"’*"%")dlz'i' g
+| ELafi+g) | =] (E+ 200" + Ly (4.23)
— L6, (=L, — Ll=)j,

o
[4]]



- o, Ly . NET
2F2 = iy Vez = | (L 4 Ly, 0,

-+ @rr:gg = | I

(lere 0 0
N2 = 0 Jye O
0 0 Ll

€y S3
Sy = (—s;; C3
G 0
G 93
S = (-33 c3
0 0
; 0
+|1 0| =
s
€ 83
33 = | ~s3 o
0 .0
2201
x( (%9,
0

(—.’4 - LL;),“:(L

"y -+
3 o

L4, %, Lz 0
3@0.'1 + 3._,@0'1 X 0 L2
0 0 0 0

Ny
={ N
Ny
"250‘: 0 {c3+ -53)5'2/—50‘1
£, \ +]10{=](a— 33)3§0'1
0 0 0
-\?61 cz sz 0 5@01
%61 + ) =83 ¢c3 U 3?0-1
0 0 0 1 0

(Cs -+ 33)51 + %(C;; - 33)0.19.3
(3 — 53)51 - 3gé(*'::s + 53)0103

03
5._,@51} L, L4,
( 52@51 x| 0|+ 52@01
0 / 0 0
L { 22(9—519?)
0 D)+ Zg+ L))
—L,6,

(4.26)



(%2({) RAY g 1—,],._‘(}']-‘)(.:‘ n {Q(
= —(5‘.'_/‘:':(3 - ].1()';:) —- %L‘-‘(}'}:)S“ ( : (
-—Ll(-)‘l —_ ! {

ﬂ(c‘x'l"“!)(}t'i'ﬂ(f‘x—“‘)(j(}x ([—_r‘

Lo+ )+ 1 Loafed |

02 4 )+ L0y

AY

(ea -k ‘\'lt)'\:_;i(}l

(f':! - -“:‘)'\./_.i()l ~

0.
(1.29)

La0%)
(:1.30)
(1.31)
2+ L0 (1.32)
(4.33)

‘C(m + 53)0,03

{es + 53)%0-1
(C:s - 83)5§01

Weg = | Bz — sl = Lea+ 500005 | x| o |+
s \ 0
{ca+ 83)3‘?‘01 Lj“ {1
(| (ea= 53)52@01 x| 0 [Y+3Vs=] ra
(53 0 Pan
where,
L 1 hey
I s CREUETARNC PR AT
2 Y
+(§(L 07 + g) + 5 L2t )sa
L V2 .
Ve = —'203 bt ('T)_(g —_ L10‘|') -— 3[4201).?-;
\/: N l n
HEH LG +9) + 5 Lo ey
L, V2 V2, \/'
Vag = —TS(—G (C3 - 83) — _O]OS(CJ s; ) — (
Mavy, I3
3F3 = | mguys | = | I'm
M3Vs3 Fa3
Iz 0 0 lé(c:s + “3)61 + ﬁ (3 — ‘H)U' 04
WNg=| 0 Iy 0 || Lles—sa)0i -
0 0 I:=3 03
(ca + s3) %26, Is 0 0
+| (s—sa)d I x| 0 Iy 0
0.3 0 0 J’:::.3

Y21 .5(f1 (c5 + s3) + 6103(cs — s3)) + 32é9.1(63

I::Bail + 5gz:é?(('-':!. + 33)(C3 = 33)(Iyy3 - [..-':33)
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- s3)+ 0.3(1223 = lyys)
= ngwa(al(ca — 83) — 9'19-3(‘-'3 + $3)) — J'4_50.1(':-'3 + '93)9.3(1-’:3 -1

ur3)



-’\":: 1

.'\‘-32 (1 34)
Ny

The forward recursions for link 4 are as follows:

10 0\ /(ca+s3)¥20, L1 (s + s3)
fog=10 0 1| [(e-s)h = 03 (4.35)
0 -1 0 0'3 20, (s3 — c3)
/10 0 £ (cs + s3)0y + "2—5(63 ~ $4)0105
4(.:.‘4 = 0 0 1 "‘?(63 -_— 33)51 - 52@(&; + 53)0-10.3
\0 -1 0 Os
( "éjol(ca + s3) + %0103(63 — $3)
- 05 (4.36)
\—éb‘;((:g -_— 33) + %0.10.3(6'3 -+ 83)
1 0 0 (c3+ 33)390': dq\ (ca+ 83)3?‘0‘1
Wao= |00 L|(| (s | x| 0|+ () Eh
0 -1 0 0 0/ 0
(e3 + 53)5?01 dy (U:u
x(| (ca—sa)¥26; | x { 0 |)+3Va) = | vae (4.37)
0-3 0 kvq;;
where,
d- ] 2 Ar \/6 H
vy = —?‘0;(@. —53)° — da03 + ('3"(9 Li6,)* - §L29f)ca
CHN 1, .
+(4(L19{ +9) + 5L267)sa (4.38)
d
Vz = \/;d4 01(cs — s3) + va 45 93(C3 + s3)
L6, — £L291 (4.39)
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4 -
Vedq

41\1'le

Vet

Ude2

Vel

d.| fan \//'E 1 ‘o
13 = —(110\3 -5 [}1(( [ ‘t) + (_';_(‘] = ! H ) - '_';l-'.‘()”-“'::
V2o
~(X2(10 + )+ L 2)e, (140)
"?51(6'3 +s3) + ‘\-{;0‘10‘3(?3 — 8y) ( 0 '\'ij{‘)l(":l + =)
by x| 0+ 0y
—%iﬁl(cs — 83) + 3@0103(63 + s3) \ '—!_." “'-_.E(}I(-“:l — )
“‘{_,‘2:91(63 + s3) 0 { Cact
x ( 05 x| 0 [)+%s=| g (h11)
3'?0'1(33 - ¢3) '—i_} \I’-mn
da g d- N7 o 03
= 505+ F03(s5 — ) + v (4-12)

= \/;di (0 (c3 + sa) + 010a{ca — s3)) + ﬁo 0"( 83 = €3)

+vaz (4.43)
da 155 2 G2
= =5 (50(cs + s3)" + 03) + vus (4.44)
Malie Fy
4F'I =l M | = | Faz (1.45)
g U4e3 Fi3

leea 0 0\ %-561(03 +s3) + *2@510.3(03 — s3)
0 [l O 05
0 0 I::-a) ‘£0 i{ca — s3) + :/_.-g 10a(cs + s3)
V201 (cs + 53) \ Lt 0 0 \ [ Fh(et )
+ 0s x| 0 [fy O 05
L\ (s3— c)/ 0 0 1..,,J Ly (sy - c3)
[ § xx4(9 (c3+s3) + 0193(6‘3 —s3)) + £91(33 - 03)03( = fyya)
Lyyals — 501 (s3® — €3*)(Tz20 = [2z4)
\ L1.((s3 — ¢5) + 10a(cs + 53)) + L26,03(cs + s3)(Jyys = 24)
(Ndl
Nz (4.46)
\ Nas




4.2 Backward Recursion for the Calculation of the Forces

and Torques

For the shovel with four links. we can compute: it 5—1{12]:

it =MIRM,, 4T F (4.47)
ny = IN;+ by, B Ingg + Pe, X Fi4 TPy x i R (4.48)
If link i is translational, then
7 = HTZ; + bid; (4.49)
Il fink i s rotational, then
7 = m;TZ; + bb; {4.50)

where b; is the appropriate viscous damping coefficient. Backward recursions for link

4 arc as follows:

1 0 0\ /fa Js1 + mavia Ju
=0 1 0 0 | +%Fy = ( MyUic2 = | fa (4.51)
0 01 Jea \fss + Malies Ja3
N5y 0 MaVacl 0 fst
‘ng = *Ny+|ne [+ 0| x|muve |+ 0 x| 0
53 %‘ M4Vyc3 %‘ Js3
Ny — %"mdvdﬂ a1
= | Nat %"m«:v-:cl +difsy | = | na2 (4.52)
Ng 43
As link 4 has a prismatic joint, we have:
Tis = faz+bads (4.53)

Backward recursions for link 3 are as follows:
1 0 0 fo1 + mqvsa
% = [0 0 -1 Mevger |+ F3
01 0 fs3 + mqvsea
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Jav+ mgega + Fuy S

= | —fa-mrsat Fe [ =] fo {-1.51)
mataey + P faa
Ny 1 0 O Ny — 5*,—_‘}1::4:'.;.--_-
*ng = Naa l+[0 0 =1 Np + %L?f?-l"-i.-l + dy fr)
Nag 01 0 N
0 Fiy 0 1 0 0 Jor F mgtaa
+] 0 | x Fe|+]0fjx|0 0 -1 Mgty
L Fy Ly 0 1 0/ \faa+mares
Nay+nqy = i-_?'T"-: Vier — %!:32 + Ly foz + Lumgige R
= Nay = N+ %FSI + Lafer + Lanmgvsa = | nza [(4.55)
Nag + N2 + i.}m-:v-lcl + dafar My

As link 3 has a rotational joint, we have:

T = nag+ byls (1.56)

Backward recursions for link 2 are as lollows:

ca —sa 0 Jsr + myvig + Fu Iy
o=|s3 e O —faz—mavaas + Faa A+ | P2
0 0 1 Matacz + a1 Fuy
ca( for + mavaar + Far) + s3( fsa + mavaca — Fap) + iy fan
= | sa(fs1 + muvaa + I +eaa(=fea—myvsaa + Fio) + Fao | = | Sz (4.57)
Mavacz + Faz + Fos Jan
[ N2y cz —s3 0 nz %" Fy L
2112 = Nop|+]s3 e 0 na|+| 01 x| Ft+1 0| x
\ N 0 0 1/ \nzp 0 Fay 0
ez —s3 0 fat Nay + canay — sanap
s3 ez Ol fao| =] Na+sana+eanae— 2F— Lafy
\o 0 1 fx Nag + ngs + 2 F + La(ss S + ¢3fs2)
[ 21
= | nxa (4.58)
\ 123
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As link 2 is fixed. therefore.

Tpa = 0 (1.59)

Backward recursions for iink I are as follows:

lfl —

= —fgg = fl'.’J ({1'60)

/0 g —F 0y /m
ny = 0 |+ ( 0 0 —1|]neo
\ /.16y 22 0/ \ngy
/Ly 2L 0y [fa
+ 0| x| O 0 -1 Jan
\ 0 22 0/ \ [y
?(nm = Ti22 nn
= —Na23 — %Lt(le + fa2) =| 2 (4.61)
Lab, + 32@(112; +na2) — Ly fas ny3
As link 1 aiso has a rotational joint, we have,
Ty = nya + bify (4.62)

The Ty, Tus, and Ty are the ioad torques which act on the swing, hoist, and

crowd motors respectively.



Chapter 5

Analytical Actuator Dynamics and Shovel

Parameters

This research project received excellent collaboration from the P& company. Its
chiel mechanical and clectrical enginecers met our team members and provided a lot
of data, such as various mass, size of machine, and DC motors’ currents and voltages
and so forth. In the following sections, these data will be used to calculate parameters

of the analytical model.

5.1 Analytical Actuator Dynamics

The swing, hoist, and crowd motors on the type of clectric shovel being modelled

are all DC shunt motors. The circuit diagram for the DC shunt motor is shown in

Figure 5.1.
R .
r“"‘"“ — '
9 Pt e
—§ \\'/ Ea ir v(t)
Lf

Figure 5.1: Circuit Diagram for DC Shunt Motor

The notations in Figure 3.1 have the following physical signiﬁ-car'x-cc:
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v(t)  armature voltage

i total current

Ly field winding inductance

fiy - field winding resistance

1y - field current

L, — armature winding inductance
R, — armature winding resistance
iy — armature current

I, — back emf

§ — rolor position(radians)

w — rotational velocity

Tin -— generated torque

T4 — load torque

¢ — magnetic flux due to stator

The lumped model of a single link with actuator/gear train is illustrated Fig-
ure 5.2. The equation for the armature current is:
dia

U-E,,=L¢E

+ R.i, (5.1)

The torque balancing equation is:

~—
'U ]
[y
—

T = I + b + T

where b is the mechanical damping constant. Since the flux ¢ is constant, the torque

developed by the motor is:
Tm = km¢ia = klin (5'3)
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where £y s the torque constant. The back emf relation is

{0
E, = kyow = by = A."—,? (1)

where &2 is the back emf constant. When using a gearbox with gearbox ratio r. the

er -
. _ WX 4 a=x
la=X3 -
V() + /TN 1/Ra _ + b :
T,S+1 k1 T~ T8 + | 'y
Ea -—
ky
Figure 5.2: DC Shunt Motor System Block
sum of the actuator and gearbox incrtias is as follows:
I =1+ 1 (H.5)
From cquations (5.2) and (5.3), we have
dzo do - r . ’; -
[md?+bd—t=1"m—r!‘d=k,zu-r1'd (-).f))
Considering (5.1) and (5.4), we have
df di, . -
v—LzZ= L,,-E-+Ru1n (5.7)
Taking 7 = &, 2 = 2, (5.6) and (5.7) become
([20 do k] . r, o
T + = Pl Efd (5.8)
o _kd_ di, 59)

Taking z, = 8, 3 = w, z3 = i,, and arranging the formulas (5.8) and (5.9), we have

the state space representation of the DC motor:

:L:l = I3 (5.]0)
. 1 k
Io = ——:1’:2 + ﬁ.‘l‘.‘;;—-b-—sz (5.]])
. I\-z 1 1
In = — Ty = I + 512
3 Ra":"l 2 3 B;,T; ( )
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5.2 DC Motor Parameters

. Caleulating armature winding resistance, R,:

Considering equation (5.1),

di
v— b, = Ju"'_u' Ra » 3.11
o= b= LS+ R (5.13)

When the motor is stalled, £, =0, L, =0,

R, = -:i (5.14)
I'rom P&H’s data, we can get:
600V
e = —— =04 b ol 5.
R T150A 041 Q (swing molor) (5.15)
550V
= =02 ] 5.
R, 30004 0.28 Q (hoist motor) (5.16)
530V
= = (.32 5.17
. R, 594 0.32 Q (crowd motor) (5.17)

2. Calculating the torque constant, k:
From equation {5.3), we have
T = ki, = ki, (5.18)
k= T—:‘- (5.19)

From P&H’s data, we can get(the field current Iy =100 A.)

b= 290 bjA. (swing mot 5.20)

v = Tzg Jti0/A- swing motor) (5.2
9000

o= — fLIbJA. ] 5.2

ky 2000 ft.b./A (hoist motor) (5.21)

by = % ftib.jA. (crowd motor) (5.22)

. Because
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1 ft. = 30.48 em. = 0.3048 m.

1 1b. = 0.454 ka.

1 kg. = 9.8 N.

thercfore,
k= 2460 x O.ZSOfiiOE 0.451 x 9.3 = 2383 Non A, (swing molor) (5.23)
k= 9000 x 0.30:1)‘30; 0.451 x 9.8 = 6.103 Nom.foA. (hoist motor) (5.21)
b = 4750 x 0.30??;; 0,454 x 9.~ = 5.726 NanJA. (crowd motor) (5.25)

3. Calculating the back emf constant. ka:
From cquation (5.1) and (5.4), considering very small L,, we have

v—FE, = i,

E,, = kb(f.\.d = k-_»w = k-_siq = k-_:w
et
Thus
v— R,i,

kg:

54

From P&H'’s data, one can get(the field current /; = 100 A.)
275 — 0.41 x 600

ky = T05.55 =0.27 wv.scc. (swing molor)
550 — 0.2

ky = 230 07885>< 1000 = 3.44 wv.scc. (hoist molor)

ke = 350 - 2-743;( 1000 = 0.68 wv.sec. (crowd motor)

4. Calculating the inertia on the DC motor shaft, In,:

Ip=la+ 1,

(1) Inertia of Swing Motor, Ir,:
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From P&IHs data, one can get:
[, = 100 1b.f1.? = 100 x 0.454 x 0.3048° = 4.22 kg.m.?
1, = 20 kgm?
Ly = 422420 =24.22 kgm.?

(2) Inertia of oist Motor, /,,:

I'rom P&Il’s data, one can get:

I, = 925 1b.f1.2 =925 x 0.454 x 0.3048° = 39.02 kg.m.?

M R® 9 26w D5 =242 .
I, = II)R _ 200 x (56 x ;.31 x 107°) ~ 20232 kgn.?
La = 39.02+202.32 = 241.34 kg.m.?

(3) Inertia of Crowd Motor, /,,;:

From P&H's data, one can get:

I, = 295 1b.f1.2 =295 x 0.454 x 0.3048% = 12.44 kg.m.?
MR 100 x (20.50 x 2.54 x 107%)?

2 T 2

Im = 124441336 =26 kgm.?

=13.56 kg.m.

~

5. Friction Cocflicients of DC Motor:

The clectrical damping constant b, can be expressed[66]
kiko

be 2

The mechanical damping constant b can be expressed([66]
P
b == bc
w2

where P is the power of the DC motor.

{1} Friction coefficient of swing motor:
_kyka 2333 x 0.27

b, = = 0.4l = 1.57 N.m.sec.
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2700 x 10°
b= 2 {57 = 22631 N.sec
108.85¢

(2) Friction cocfficient of hoist motor:

_kika 6,103 x 3.44

be o= 035 = T1.98 N.m.see.
2700 x 10®
b= —‘_—..—.,,—— — 7498 = 36317 N.nsee.
180"

kvks  5.726 x 0.63

be }‘2; 24 0.;2 = 12,17 N.m.scc.
97 3

b= M — 1217 =337.12 N.m.scc.

37.922
6. Time Constant, 7:

Taking L, = 0.01,

T = % = g—%— = 0.024 sec. (swing molor)
T = %: = %_,_; = 0.036 sec. (hoist molor)
= -{'R;: = g—gi =0.031 see. (crowd molor)

= = g = 0.107 sec. (swing molor)
24134 _ .
T = -{b— = 363.?7 = 0.67 sec. (hotst molor)
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I, 26

E i NI 0077 see. {crowd molor) (5.55)
8. Gear box ratio,
= m = 0.0026 (xwing otor) (5.56)
ro= -‘IT.SIG-”IT = 0.02 (hoist motor) (5.57)
T=15 11513 = 0.024 (crowd molor) (5.38)

5.3 Rigid Body Mechanical Parameters

Irom P&H's data, we can get:

Ly = 132.00 in.=11 fi. = 3.4528 m. (5.59)
my = 341000 1b. = 154814 kg. (gantry mass) (5.60)
Lo = 240.00 in. =20 ft. =6.096 m. (5.61)
my = 135000 [b. = 61290 kg. (boom mass) (5.62)

Ly = 230.00 in. — 240.00 in. =10 in.

= 0.833 [t.=0.2539 m. (5.63)
my = 100 Ib. =454 kg. (saddle block mass) (5.64)
Ly = 354.25 in.=29.52 fi.=8.96 m. (5.65)
my = 44.000 [b. = 19976 kg. (dipper handle mass) (5.66)
ms = 87000 lb. = 39498 kg. (dipper mass} (5.67)

where the physical significance of Ly, Lo, L3, and L, are shown in Figure 2.1.

5.4 Rigid Body Inertias

Inertia of the rectangular prism is (see Figure 5.3):

m,,» 2
I::r = E(b""c-) (5-68)
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128 “

[_l,‘l,' = '1-5[”. + (.2) {:‘h"n
s N -
1:: = ‘i'_:,‘(”. + ("'} V"TU‘

1. Gantry Frame Inertia

The gantry frame is a rectangular prism. therefore we have,

po_ mmlef £ ) ISISHI((300 x SRV 4 (200 x SR
= 12 12
154814 x (58.06 + 25.81) _

12

1082021 kqgan.® (5.71)
2. Boom Inertias We can approximately consider the boom as a rectangular prism,

Z

£
T
I e

Figurc 5.3: Rectangular Prism

Therefore, we have:

2 3 a5 61290 o ) “» -
[r = %(b‘+c")= S—(12 4 1%) = 10215 kgm.? (5.72)
y b 612 2
L = @+ = 200517 4 13) = 118040086 kgon?  (5.73)

12
12 2, 42 - 7
TER(B1T +17) = 11SM086 kgt (5.74)

where a = 600 in. = 15.1T m.,,b=1m.,c=1m.

ke’
L = ﬁi(a2 +8) =

3. Saddle Block Inertias

The saddle block has a complex trapezoidal shape. We use the fundamental

inertia calculation formulae to solve the problem.

Irra = f f f (y° + %)pdzdydz
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h wir—al
- / f,m L P)pdydzds
0 0

(5.75)
On the x-y plane (sce Pigure 5.4), the right side of the Lrapezoid has:
w—0 y—0 -
= 5.76
-b+a r+a (5.76)
_wlr+a) w wa I
T oa-=b _a—b$+a—b (5.77)
The left side of the trapezoid has:
w—0 _y- H (5.78)
b—a =z-a
w(r —a) .-
Y= —— (5.79)
b—a

Since m = (e + d)whp (p is material denstty}, therefore,

} X

{w -t}

z|“n—"l

Figure 5.4: Saddle Block

_ v, awlr—a) aw(zta) lwlz—a)y 1w
e = [ @S e Ty ) gy

-b b—a 3
= 27.33 kg.m.? (5.80}
Ipa = fjf z? + 2%)pdzdydz
= f j jﬁ; =) pdydzdz
= 214.5 kg.m.? (5.81)
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” h " -"—'h'i_.:Tl.l " "
ITo.a = fj/(x2+y2)pcf.r.f5;c1:=A ./u ‘/:..“.::.1 (7 + y ) pdydaed:

= 2175.31 kg.an? (5.82)

According to the centre mass formula for a trapezoid.

. w(2a+b)

Te 3(ash)

ve | = 0 (5.83)
Ze 0

In terms of the parallel axis theorem,
Jrea = zzz — ma(ye + 2°) = Lepa = 27.33 kgan? (5.84)

w(2a +b),,
3a+b)

) =302.056 kg.m.: (5.85)

[

yyd = Iny - ""“3(:“".:2 + :cz) = Iny - 7”3(

1.5(2 x 0.5 + 1)
3(05 + 1)

= 214.5 — 100(

w(2a + b)

“La = [ = my(ze® + 5c°) = 2175.34 — ms(m)")
= 2175.34 — 100 1.5g2(0>.<50;5 1';" Dye = 2130.8055 kg2 (5.56)
In all the above calculations, we choose:
my = 100kg., a=05m., b=10m. {5.87)
w = 15m., h=03m. (5.88)

4. Dipper Handle and Dipper Inertias

We can separate a rigid body into two parts: dipper handle and dipper. BEach

part can be considered as an appreximate a rectangular prism.

(1) Handle:
¢ = 354.251n. = 8.96 m. (5.89)
b = 41.00in. = 1.037 m. (5.90)
¢ = 04m. (5.91)
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19976

L4 = '—l'i_j‘-(s.u(;'-’-'rn.-l'-'): T (3.96% + 0.1°) = 133903.79 kg (5.92)
o . 19976 , ,
' = %l(s.u(s- +1.04%) = ]-l.—)‘—‘(s.sm-+1.o--1-)= 135429.57 feg.n.(5.93)
y , L 19976 ]
o} = ’—I'f—)‘(i.o:;r-w.-z-):—IT“(O.M;+|.075)=2056.-13 Lgan?  (5.94)
{2) Dipper:
a = T =3.72m. (5.95)
b = 117in.=296m. {5.96)
c = MTin.=372m. (5.97)
n ™e, _ o 39498 —nd o 2 = aa
L’ = DIF 4 378) = = x 2 x 278 = 0109819 kgm®  (5.9)
. o o 39498 o 2 e
Ly = ’1'—:(3.;2- £2.96%) = o= (13,84 + 8.76) = 1430317 kg.m.? (5.99)
\ 5 39498 _ . -
l.4® = T)(’QG‘-FB.T.Z‘): ——(3.76 + 13.81) = T4387.9 kg.m.? (5.100)

The distance between the mass centre point of the combined body (i.e. dipper
handle and dipper together) and the mass centre point of the dipper handle is Dy; the
distance between the mass centre point of the combined body and the mass centre

point of the dipper is Da. Thus,

z! 0

v!|l =10 (5.101)
=! Dy

T’ 0

y2{=1{0 (5.102)
z° D,

In terms of the parallel axis theorem,
¢ ::-ll = Izﬂl - md((ycl)z + (:cl)g)
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= L' =g D = 13390579 — 19976~ 0,57

= 12801079 kgan” {h 1030

"[_,,l,,.; = l!,_,J.;I - ru,,((.r‘.‘)"‘ + (:,])2)
= [sw-ll — m D)7 = 13512057 — 19976 ~ (0L.5°

= 130135.57 kg.mn.? (h 100

Uooat = Lo — (@) + (1)) = fenyt = 2056008 kg ? {H.105)

¥

4. = ].r.r-l2 - n’f»((yc?)g + (:C-)'.!) = Lr.r-lz - 7”51)‘.‘2

[

= 91098.19 — 39498 x 0.3° = 87543.37 kg.an® (5.106)

¢ y,,.,:" = Iyy.;z - m_r,((:r:,"’)"’ + (.:52)"‘) = l.,m.l"' — g Dy

= T4393.17 — 39498 x 0.3° = 70838.35 kg.m.? (5.107)

r:[:'.'-I:! = 1::-12 - n’s((:rcz)z + (y62)2)

= [.4® =T4393.107 kg (H.108)
Fopq = “Lozd' + eea® = 128911.79 + 8T543.37 = 216455.16 kg (5.109)

Typa = Ty’ + L% = 13043557 4 70838.35
= 201273.92 kg.m.* (5.110)

€ e “loeql + S1..4° = 2056.48 + T4393.17

76449.65 kg.m.? (5.111)

I

At this point, we must note that these analytical calculation of incrtias are

approximate. The precise results must come from actually measuring and estimating.
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Chapter 6

Friction and Impact between Bucket and

Muckpile

When the shovel is digging in the muckpile and loading rock, a digging interaction
between the bucket and the rock exists and affects the overall machine motion and
performance. Thercfore, this interaction is an important issue which must be ad-
dressed by any model of shovel operation. The interaction actually includes two
aspects, {riction and impact. This interaction has not been studied extensively by
anybody to date. Rowlands, (1991), however, has studied the [friction of dragline
buckets, and we can obtain some insight from his work. Based on his work, we have
developed these friction models into a general coordinate space representation. In

addition, we have also studied the impact effects relevant to larger fragments of rock.

6.1 Friction

When the bucket digs in the muckpile, the torque acting on the shovel bucket is zero;
the forces acting on the shovel are shown in Figure 6.1. The physical significance of

these notations are as follows:
P — payload weight
T — tooth friction force
L — lip friction force

[ — [riction forces; this includes friction of the bucket bottom’s outer surface( f1);
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Figure 6.1: T'orces Acting on Shovel Machine

friction of the bucket bottom’s inner surface( f2): the outer surface friction of two

bucket sides( f3); the inner surface friction of two bucket sides(f;).
1. Frictions on the Bucket Bottom’s Outer and Inner Surfaces

One can assume that the normal ivad increases at a constant rate due to the

pavload. The friction of the bucket bottom’s outer surface( fi) can be expressed by:

M, 2 2 2
Si(Aze, Aye, Azg) = (M,,+3”\//_\.mg,+ayg+m,—;)g;lcosg . (6.1)

where M, is bucket mass; M, is final payload; D is maximum digging distance;

\/ Az + Ay2 + Az isactual digging distance in work location coordinate {6}. (Awy =
Ze1 —Te0y AYs = Ye1 — Yoo, A3 = Z61—60)s (Te1¥s1361) is destination of bucket digging;

(reoysnzeo) 1s start of bucket digging; v is digging angle; g is coefficient of friction.

The friction of the bucket bottom’s inner surface( f2) can be expressed as follows:

M
f2(Azg, Ays, Azg) = (D—:’\/ Az + Ay§ + Azlgpcose (6.2

where D, is the bucket length.



2. Friction on two Bucket Sides®’ Quter and Inner Surfaces

The outer and inner surface lriction of two bucket sides (fy.fy) can be described

by the passive thrust per unit length along a stiff retaining wall [70}:

Ik

! 4 «

P,, = ——')—’ (63)
where, 12, 4s lateral thrust per length of wall, = is unit weight of the fill material,

I is actual depth of material, and &, is passive pressure coefficient. The outer surface

[riction of two bucket sides. fi. is:

_ qnk,

Hia
Ja(Drg, Aye. Azg) = P L.}

where f/y, is the final average depth of material in the bucket. = is length
number of bucket.
The inner surface friction of the two bucket sides. fj. is:

mk, Hp,

Ji(Axg, Ays, Azg) = ——+ D
2 1

P(Azg + Ayg + Azg)p (6.3)

3. Friction on Teeth and Lips

The friction across the teeth and lips of the bucket is a very complex problem.

A model [30] was proposed by Hettiaratchi and Reech as follows:
R = v\ wk, (6.6)

where R is resistive force on blade, x is biade tip depth, w is blade width, and k. is

a factor due to gravity derived from nomograms. Thus, one can obtain teeth force as

follows:
Hq, -
T(Azs, Ays, Az6) = myywrke(—52)H(Ack + A% + A)u (6.7)
Similarly, lip force is:
LIAZe. Ate. Aze) = 3 __-F_I_.ﬁg 20 A2 2 .2
(Azg, Ays, Azg) = nyywrk( D Y (Azg + Ayg + Azg)u (6.8)
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where 1y is number of teeth or lips and ey and wy, represent the width of the 1eeth

and lips respectively.

By and large, in the above three parts of friction, some parameters are constant
(e.g. My Dy. cte.). and some parameters can be obtained by engineering manual (e,
k, and k.}). As soon as we know Awrg. Aye. and Azg via forward kinematies of the
shovel, equations 2.23. 2.26. and 2.27. we can calculate these frictions. The relevant

simulating work has been included in our simulator.

Rowlands used similar formulac to calculate his friction models for dragline
bucket, but he omitted the friction coefficient. j. in his formulae. Therefore, his
models are unreasonable because of the different physical meaning on both sides of
his formulae. In addition, he only considered the one dimension case: here, three

dimensions based on recal world coordinates are introduced.

6.2 Impact

During the digging process, the shovel often meets with large fragments which enter
and interact with the bucket in a style different from smaller fragments: they produce
impact on the bucket and the whole machine. The impacts acting on the shovel are
shown in Figure 6.2.

In terms of the laws of motion, the impact between two colliding bodies is:
F=-MV, =-MV, (6.9)
where 1 represents bucket and 2 represents {ragment. Therefore, M, is mass of

bucket; W is velocity of bucket; M, is mass of fragment; V2 is velocity of fragment.

We can define colliding compression, Y. It should have:
T=Vi+l (6.10)
When two bodies collide, the deformation force is expressed by the Hertz Law [20]:
F = K, 137 (6.11)
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Figure 6.2: Impacts Acting on Shovel Machine

where N, = 5(6.-!-62%?0? &, + &> arc material-dependent constants and @,
()2, and Qg arc geometry constants. Differentiating equation (6.10), and considering
equations (6.9) and (6.11), we get:
== ——= =k '-;TBIQ A2
V=3~ =~k (6.12)
where ) = g + 3= When two bodies begin to collide, T =0, T = V. The

integration of equation (6.12) is:

1 ) . 2 - Ein
S(T*-1%) = —gh’, K,T5/% (6.13)

When a collision is completed, the relative velocity T = 0, and the compression
has a maximum value. From equation (6.13), we have:
53

= 2/5
41\’1 I\’z) (6-14)

Substituting (6.14) into (6.11), we have maximum impact:

5V
4 I\'l R 1’2

F = Ky Y% = gV, (6.15)

5

where = ]{2(_”\,1“_‘ )3/5_




From equation (3.2:1). we can get the impact along the s and 2 directions, e,
['1[ = (.I'[ 1”1 + .F]-_\ﬂg -+ .I‘l;;t[.g)?j (H.“n

Fri = (-l’:tidl + -F:a:{j:t ~+ -f‘:x:ui-:)f.f (u.amn

In short. in equation (6.15). we know Ao My and Vi can be caleulated by
the Shovel Jacobian. Therelore. as soon as we know the mass or dimension of the
fragment (i.e. Afz). we can calenlate the impact. Normally il ALy inereases, Wy will
decrease, and from equation (6.15). impact I will increase. That means that larger
fragments will have larger impacts on the shovel. The relevant account has been

o

included in our simulator.

6.3 All External Forces and Their Calculations

1. All External Forces

We put all external forces together and get:

filas) = (My+ 2VaE+ hgncoss (6.18)

f2(z6) = % T3 -+ Yggi cos (6.19)

ftae) = L2+ (6.20)

fe) = T2+ (6:21)

T(ee) = nywrk (270 + e (6.22)

L(ze) = n'rwr.h’r(%f")?(:rﬁ + 3 ) (6.23)

Fi = (z1b) + 21205 + z13da)n (6.24)

Fip = (zatly + 3203 + zasds)n (6.25)

The payload gravity can be divided into:

£, = fu5 + fpes (6.26)

-
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Tyl = Mpgsing
Hen] = M,gcos
Thus, the total foree acting on the bucket is:
F=F;+F.
Fo=fi+h+fha+fi+T+L+f5+F;
Fo=fn+Fn
The scalar values are:
foo==fi—jfo—fs—Jo =T = L= frus = F;
Fis = fos = Fur
If there are no large fragments of rock, £y = Frp = 0.
2. Calculations of All Forces
According to P&H’s data, we have:
M, = 87000 /b= 39498 kg,

H = 1m, n==6

@ = 20°, ky=4.5

M, = 10000 kg

(6.29)

(6.30)

(6.31)

(6.33)

(6.34)

4 = 15500 N/m®,

wy,

= 0.35m

Therefore, for a complete digging process. the final force effects on the bucket are:

i = (39498 + 10000) x 9.8 x 0.58 x 0.939 = 264184.5 N.  (6.35)

f» = 10000 x 9.8 x 0.58 x 0.939 = 53372.76 N. (6.36)

f2 = 1"509+‘“’ x 12 x 0.58 = 20227.5 N. (6.37)
15500 x 4.5 .

fi = S0 X1 x 058 = 202275 . (6.38)

T = 6x15500 x 0.42 x 4.5 x 12 = 175770 N. (6.39)



L= 6 x15500 x 0.35 x 1.5 ~ 17 = LIG4TH V.
Spr = 10000 x 9.8 x 0342 = 33517.0 V.

fe = 10000 x 9.8 x 0.9397 = 92089.9 \.

Frs = 20641845 — 53372.76 — 20227.5 = 20227.5

— 175770 — BG4S — 335179 = <T13775.16 N

Fa = 92089.9 .

{10

(6.-13)
(611

In case of impact, we assume Fy = 9300 N., Fyp = 1900 V., then add these values

into Fys and 5. Inside our simulator,
fsx = Frs

f53= F:S

(6.15)

(6.16)

where f5; and fs3 arc the force clements acting on the shovel. These external forees

have been included in our simulator.



Chapter 7

Data Acquisition and System Identifications of

Actuator Parameters

In this chapter, we will focus on three actuator models (swing motor, hoist motor,
and crowd motor). They are onc of our main research objectives. because the rigid
body dynamic and kinematic effects, digging process influence. and the control system
design all relate directly to these models. The work consists of three parts: the first is
data acquisition; the second is analysing three transfer function models by using the
ARX method; the third is setting up state space models by using the MLE method.

The software MATLAB is used in system identification.

7.1 Overview of Data Acquisition

The ficld tests were undertaken to acquire data for use in system identification and
subsequent validation of the shovel simulator. The data acquisition was conducted
at a Western Canadian coal mine. The tests involved monitoring and data logging
using a PC-based data acquisition system. The data sampling rate was 100 Hz. The

basic structure of the data acquisition system is shown in Figure 7.1.

7.2 System Identifications of Transfer Functions

To get precise actuator models is the main advantage of the system identification of
transfer functions. Typicall:. we use ARX and ARMAX model identification meth-

ods. They are stated as follows:
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arm exiension Motor
C
0 armature current
Hoist
PC . 5 armature voltage SHOVEL
Portable E Topc position Motor
R
T |
E
arma. vol. .
R Swing
angle
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Figure 7.1: Data Acquisition System for Shovel Machine

If the system has input u, output y. and outside disturbance ¢, the relationship

can he written

y(t) = Gl@u() + H(@elt) (1)
where q is the shift operator and G{q)u(t) should be:
Glalu(t) = 3 g(kyu(t — k) (7.2
and =
Glg) = gg(k)q-* (7.3

e(t) is white noise with variance A and ¢,(w) = AJH(e™)|*. The above system can be

represented by a general parametric model.

AlQy(t) = -?E—Z;u(i —nk) + %c(t) (7.4)

The general model structure can be divided into concrete models such as ARX
and ARMAX. The ARX model is:

— 5 {(:) -
G(q)—q km (7.-))

ot
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I(g) = (7.6)
A(q)
where I3 and A are polynomials in the delay operator ¢~
Ay =1+ ag™" + + dpeq” (7.7)
Blg)=by + bag™! +...... + bupg ! (7.8)

where the na and nb are the order of the polynomials. The nk is the delay from input

to output. We can write the model to a standard form

AlQy(t) = Blqlu(t = nk) + e(!) (7.9)

The ARMAX model is
B(q

[

G(q) = q“"km (7.10)
H{q) = %g—; (7.11)

Thus, the model has a structure

Alq)y(t) = B(q)u(t — nk) + C(g)e(t) (7.12)
where A(q) and B{q) have same meaning as ARX model, while

Cle)=1l4+eaqg +..+cug™ (7.13)

In this section, we mainly used the ARX method, while the ARMAX method
was used as a reference. The typical methods and steps for the system identification

of the transfer function in our research are as follows:

Subtract sample means from acquired data; compute loss functions for a set of
different model structures and obtain the pole-zero plot; select the model order (struc-
ture); use the ARX or ARMAX method; compare real data to model output data; if
not satisfactory, try again and until satisfactory. The relevant system identification

procedures of the transfer function are shown in Figure 7.2.
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Figure 7.2: System Identification Procedure of Transfer Functions
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in our experiment, input data came from an operator’s input and we cannot
produce high/low frequeney signals in input data. Therelore, the input-output daia
can be nnsuitable because there is not enough information. typically due to lack of
frequency content. When we do system identification using the data. our estimation
can still converge to a solution - model, i.e. model simulated output can match actual
output, but this model does not match the true system parameters. In order to obtain
more accurate model which can match true system parameters, we even need design
onr experiients again before processing the procedure of system identification in

Figure 7.2,
(1) Swing Motor:

According to the procedure in Figure 7.2, the transfer function of the swing

motor is identified as follows:

At first, we choose voltage as input, swing motor angle as output, and remove
the sample mean. Then we compute loss functions and show the pole-zero plot. This
is the key step in deciding the order of the model. The pole-zero plot of the swing

motor is shown in Figure 7.3.

QUTPUT # 1 INPUT # 1

-1t

-2t ;

&
b
1
=]
n
(2]

Figure 7.3: Pole-Zero Plot of the Swing Motor
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Figure 7.4: Frequency Response Plot of the Swing Motor in Discrete-Time
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frequoncy {rad/soc)
PHASE PLOT, Input # 1 gutput # 1
5"400 L] e L
of i
:
~5000 - 4
-10000 L . .
107 o 10° 10' 10’
frequency (rad/sec)

Figure 7.5: Frequency Respense Plot of the Swing Motor in Continuous-Time



In Figure 7.3, one can see that there are only three poles. Therefore. the system
hecotnes third-order. After using the ARX method. one obtains the transfer function
of the swing motor as follows: (a) Discrete Time Transfer Function:

—0.001tz — 0.0024

(:' I = "‘1:1
(2) = 307069422 — 0.0699- — 0.8602 (7.14)

The frequency response plot, i.e. Bode Plot. in the discrete-time, is shown in

Figure 7.4,

(b) Continuous Time Transfer Function:

0.0004s* — 0.0016s — 0.0055

G(s) = 3 + 0.1506s2 + 4.3997s -+ 0.0008

(7.15)

The frequency response plot, i.e. Bode Plot, in continuous-time, is shown in

Figure 7.5.

(2) Hoist Motor: Similarly, one can choose voltage as input, rope position as output,

OUTPUT ¥ 1 INPUT # Y

Figure 7.6: Pole-Zero Plot of Hoist Motor

-and obtain the pole-zero plot of the hoist motor shown in Figure 7.6. One can find
that there are one pair of symmetric zeroes and one pair of symmetric poles. Both
pairs can be dcleted. As a result, there are only three poles. Therefore, the system

becomes third-order. One can obtain the transfer function of the hoist motor:
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Figure 7.7: Frequency Response Plot of Hoist Motor in Discrete-Time
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Figure 7.8: Frequency Response Plot of the Hoist Motor in Continuous-Time
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(i) Diserete Fime Transfer Function:

~0.0051z2
(r' ol = -.16
H2) = I 006157 = 0.0639- — 05718 (7.16)

The frequency response plot. l.e. Bode Plot. in discrete-time. is shown in Figure 7.7.

(b) Continuous Time Transfer Function:

—0.0041s* — 0.0084s — 0.0085

Ci(s) =
() = 301379+ 7 4.3968< £ 0.0005

The frequency response plot, i.e. Bode Plot, in continuous-time, is shown in Fig-

ure 7.5,
{(3) Crowd Motor:

Similarly, one can choose voltage as input, arm extension as output, and also

obtain the pole-zero plot of the crowd motor shown in Figure 7.9.

18

QUTPUT #1 INPUT #1

10+

st

=10

-15 . . ; : :
=15 -10 -5 0 5 10 15

Figure 7.9: Pole-Zero Plot of Crowd Motor

(=]
%



AMPLITUDE PLOT, input # 1 culput 8 1

=1

10 — - : I
|
1l
107 i
1070 s .
107 107 10° 10'
Irequency (rad/sec)
PHASE PLOT, input # 1 output # 1
1000 T T
or 4
a
;-]
£
-1000} 4
-2000 L .
107 10”" 10° 10’
frequency (ad/sec)

Figure 7.10: Frequency Responsc Plot of Crowd Motor in Discrete-Time
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Figure 7.11: Frequency Response Plot of Crowd Motor in Continuous-Time
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In Figure 7.9, one can find that there are three poles. Therefore. the system 1s
third-order. After using the ARX method. one can obtain the transfer function af

the crowed motor as follows:

(a) Discrete Time Transfer Function:

Cle) = 0.0002=2 — 0.00019= — 0.005 (7.18)
4T 23~ 0.016822 — 0.0169x — 0.9654 '

The frequency response plot, i.e. Bode Plot, in discrete-time, is shown in Figure 7.10.

(b) Continuous Time Transfer Function:

—0.0027s* + 0.0077s — 0.0099

Gs) = 370.03529% 7 435735 £ 0.0013

(7.19)

The frequency response plot, i.e. Bode Plot, in continuous-time, is shown in Fig-

ure 7,11,

The above motor frequency responses exhibit a resonant peak at 2 rad/sec.
Upon inspection of the experimental data, it was delermined that this peak was an
artifact due to system and measurement noise. Hence, an alternative technique for
determining the motor models, which is not acceptable to such noise, must be found.
Therefore, we chose the maximun likelihood estimate while the models obtained by

using ARX method are used as a reference.

7.3 System Identifications of State Space Models

The maximun likelihood estimate is usually used to identify the state space model in
available System Identification Toolbox of MATLAB. In addition, we use Simulink in
Matlab as our simulation tool. In order to use the tool, we must know a variety of
parameters of state space model exactly for the DC motor. Usage of the simulation

tool will be covered further in Chapter 9.

Recall the typical DC motor’s third order system, (5.9), (5.10), and (5.11) as

follows:
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.I.:] = (T.!U\

. 1 & 1., -
T2 = _;;-1'2"?'2‘,“'_{;&;—3‘:;!({ (7.20)
g fea . 1 e ] =
= - Ta— —ry+ ——0 R
s R & w a L.n (v
The coeficient matrixes are
0 1 0 0 0
A=10 -+ AL i.B=| 0 . N=|-4 (7.23)
fen
0 -»% :1? Rum 0
C=(1 0 0) (7.2:)

One uses the Maximun Likelihood Estimation (MLE) for the identification. The
fundamental principle of the maximun likelihood estimation is: suppose that the
observations are represented by the random variable =" = (z(1), z2(2),.... 2(N)) that

takes values in R™Y. Thercfore, the probability density function is

F(85 21, 22,y 28) = f2(0;27) (7.25)

The probability is
P.= [ £.(03:%)dz" (7.20)
The purpose of the observation is in fact to estimate the vector 0 using zV. This
is accomplished by an estimator 8(z). If zV is the actually observed value, the
resulting estimate is Ox = 5(:”*). There may be a variety of estimators, i.c. 0., 0o, ...,
0. Substituting these values into equation (7.23), we have [:(04;2M), [:(0; 27, ...,
f:(()}v; z"V}, etc. This function, f=(§2; zN), is called the likelihood function. It reflects
the “likelihocod” that observed events have taken place. A reasonable estimator of 0

should be selected so that the likelihood of the observed event becomes “as maximum
as possible”, i.e.

N

bp(zV %) = arg maz f.(0; 2V x) (7.27)

¢
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This 1s the maximum likelithood estimator.

Now, we begin to estimnate those parameters which need to be identified. In

terms of (7.23). we assume some coefficient matrixes as follows:

] ! 0 0 0
A=|0 NaN NaN |.B= 0 KW= NaN (7.28)
0 NaN NaN NanN 0

Then, according to the parameters offered by P&H Litd, we assume these initial

values:

guess = (=278 6 =30 =30 3): (7.29)

Meanwhile, we define a state-space structure with unknown elements. Before
we use the maximum likelihood method, we package standard state-space parame-
terizations into the theta model format (MATLAB's structure). We obtain detailed
parameter values using the maximum likelihood method. Finally, the estimated val-
nes will be compared with actual values. If the residuals arc too big, we can renew
the guess value and repeat the above steps. After identifying three actuators, we can

get their state space parameters as follows:

(1} Swing Motor:

1
— = 14.2542 (7.30)
b
— = 6.6362 7.3
= 6.636 (7.31)
k2 _ 325403 (7.32)
RGTI
1
— = 31.3358 (7.33)
g
1
=11. 7.
o = 119410 (7.34)
From (7.30). we get 72 = 0.07. From (7.33), we get 7, = 0.0319. From {7.34), we get
1
R, = = 2.6242 7.35
00319 x 11,041 ~ 0% (7.35)
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Figure 7.12: Frequency Response Plot of the Swing Motor in Discrete-Time
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Figure 7.13: Frequency Response Plot of the Swing Motor in Continnous-Time
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Substituiing (.35} into {7.32). we got
ad e

Ay = 325403 ~ 00319 ~ 26242 = 2.7 it

Because ™ = —;; we have

[
b= — = = 316 7.7
T 0.07 e Le-s
Substituting (7.37) imo (7.51). we get
by = 6.6362 x b = 6.6362 x 316 x 0.07 = 106,73 (7.38)

The frequency response plot. i.e. Bode Plot. in the discrete-time, is shown in
Figure 7.12. The frequency response plot. i.c. Bode Plot. in continuous-time, is shown
in Figure 7.13. Comparing the two figures with Figure 7.4 and Figure 7.5, we can tind
that there are no resonance (at 2 rad/sec) in Figure 7.12 and Figure 7.13. This is a
rcason that we choose MLE (Maximum Likelihood Estimate) method to investigate

the actuator models. The relevant comparison curve is shown in Figure 7.14.

Comparison Botween the Actual and Simulated Rotational Angles of Swing Motor
150 1 T v v T

100F 1

Rolational Angle (degree)
oQ

-1 L i i L L
500 2000 4000 6000 8000 10000 12000
Sample Points (0.01s/p0int)

Figure 7.14: Comparison Between the Actual and Simulated Rotational Angles of
Swing Motor
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l"_f,l Fioost Notor:

_l— = 3.6061 (7.39)
IS
L = 03142 (7.40)
!)"'.\_
R _ 530812 (7.41)
= . - [
R
1 - -
— =4.0743 (7.42)
T
: = [1.2947 (7.43)
R,,Tl
From (7.39). we get 7 = 0.2773. From (7.42), we get 7y = 0.2454. From (7.43), we
got.
1 -
R, = = 0.36 (7.44)

0.2454 x 11.2947
Substituting (7.44) into (7.41), we get

ks = 53.0812 x 0.36 x 0.2434 = 4.6997 (7.45)
Because 5 = -;;, we have
I 24134
b= — = —— = 870.32 7.46
=™ 023 (7.46)

Substituting (7.46) into (7.40), we get
by = 0.3142 x b7y = 0.3142 x 870.32 x 0.2773 = 75.829 (7.47)

The frequency response plot, i.e. Bode Plot, in discrete-time, is shown in Figure 7.15.
The frequency response plot, i.e. Bode Plot, in continuous-time, is shown in Fig-
ure 7.16. There are no resonance (at 2 red/sec) in these frequency response plots.

The relevant comparison curve is shown in Figure 7.17.

Note that the above physical parameters derived from the identified model are
not necessarily correct. since input-output matching can occur even if the models are

different.
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Figure 7.15: Frequency Response Plot of Hoist Motor in Discrete-Tine
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Figure 7.16: Frequency Response Plot of the Hoist Motor in Continuous-Time



Ceompanson Between the Actual and Simulated Rope Posiion of Haist Motor
By — r ‘
. 1 |

Rope Position {m)
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Sampio Points (0.01s/point)

Figure 7.17: Comparison Between the Actual and Simulated Rope Positions of Hoist

Motor

(3) Crowd Motor:

1

= =11.9917 (7.48)
k
bTI = 2.7145 (7.49)
k2 _ 304554 (7.50)
R.my
L 40.6672 (7.51)
T
1
= 30.9475 7.52
Rm 7 (7.52)
From (7.48), we get 72 = 0.083. From (7.51), we get 7, = 0.025. From (7.52), we get
1
R, = = 1.2925 (7.53)

30.9475 x 0.025
Substituting (7.53) into (7.50), we get

ks = 30.4554 x 1.2925 % 0.025 = 0.984 (7.54)
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Figure 7.18: Frequency Response Plot of Crowd Motor in Discrete-Time
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Figure 7.19: Frequency Response Plot of Crowd Motor in Continuous-Time



. we have

YT

Because +

"y
-

I 26
h= — = S 25 7.95
= T s (7.53)
Substituting {7.55) into (7.49), we get
Iy = 27145 % bry = 27145 x 313,25 x 0.083 = 70.577 (7.56)

The frequency response plot. i.e. Bode Plot. in discrete-time, is shown in Figure 7.18.
The trequeney response plot. i.e. Bode Plot, in continuous-time, is shown in Fig-
ure 7.19. There are not noises (at 2 rad/sce) in these frequency response plots. The

relevant comparison curve is shown in Figure 7.20.

In Figures 7.14, 7.17. and 7.20. we can sce some large spikes, which are due
to shot-type noise, probably duc to large contactor iransient on the shovel. These
spikes do not represent the actual characteristics of these DC motors. In Chapter 9,
we will sce some snikes also exist in current and voltage signals. These spikes are
also due to the same shot-type noise. In Figures 7.14, 7.17, and 7.20, we can see
good input-output match, bit does not necessarily indicate correct physical model

paramcters,

Comparison Botween the Actual and Simulated Arm Extension of Crowd Molor
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- T T T T T T T T T
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Figure 7.20: Comparison Between the Actual and Simulated Arm Extensions of
Crowd Motor



7.4 Parametric Comparison

The DC motor parameters of the analvtical model were obtained by the PAH com

pany’s data curves and our calculation. The DC motor parameters of the emipirical

madel arc obtained by the field test and system identification. Thelr comparisons are

shown in Table 7.1. In the table. we choose empirical inertias are equal to analvtical

inertias. because the mechanical components are reliable. From these tables, one can

find that some parameters have similar values. while some other parameters (e.g. &)

have bigger differences. As being indicated in section 7.2, although our estimation

still converges to a model and input-output matching can occur. the parameters of

model can be inaccurate. For example, in Table 7.1, the swing motor £, = 2.62.12

is unreasonable high, which will results in low armature current. The reason of this

problem is because we had not suitable input-output data which can produee trae

system parameters. But for our system simulation, the models arc good cnough.

SwingParameters | R.(Q) | I{kg.m*®) b | k\(Nm/A) | ka(w.sce.) | mi{see) | ma(see.)
Analytical Model 0.41 24.22 | 226.31 2,383 0.27 0.024 0.107
Empirical Model | 2.6242 24.22 346 106.73 2.725 | 0.0319 0.07

HoistParameters | R.(Q) | I{kg.m®) b | kBi(NomfA) | ka(v.see)) | Ti(see) | ma(sec.)
Analytical Model 0.28 241.34 | 363.17 6.103 3.44 0.036 0.67
Empirical M odel 0.36 241.34 | §70.32 75.329 4.6997 | 0.2454 | 0.2773

CrowdParameters | R,(Q) | I(kg.m?) b | ki(N.m/A) | ko(v.see.) | i{see.) | Ta(sec.)
Analytical Model 0.32 26 | 337.12 5.726 0.68 0.031 0.077
Empirical Model | 1.2925 26 | 313.25 70,577 0.984 0.025 0.083

Table 7.1: Parametric Comparison of Swing, Hoist, and Crowd Motors



Chapter 8

Nonparametric System Identification of Digging

Process

In order to completely understand the shovel’s work and real time monitoring/controlling
of the electric mining shovel as well, the nonparametric system identification of the
digging process is imperative. The work consists of two parts. First, nonparametric
identification of the rigid body load; second, nonparametric identification of the both
the rigid body load and the digging process. Actually, the nonparametric identifica-
tion in our research is mainly to identify the armature currents and the positions of
the DC motors.

8.1 Empirical Transfer-Function Estimation (ETFE)

System has inputs u(t) and outputs y(¢), t = 1,2, ..., N. One can define [46]:

N
Un(w) = %gu(t)e'““ (8.1)
1 & .
(o) = o 2wt (52)

where w = 2rk/N,k = 1,..., N. A transfer function based on data over the interval
1<t<Nis:
Yn(w)

éN(e'—w) = U (@)

(8.3)
where G represents the estimation function.

Here, we mainly consider the digging process. When the shovel is digging ore,

the swing motor is not needed to contribute to the digging work. Therefore, we
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only study armature current for the hoist and crowd motor. Using the FTTFE, we
obtain transfer function curves based on input armature voltage and ontput armature
current. The transfer function of hoist motor armature are shown in Fignre 8.1 and

the transfer function of crowd motor armature are shown in Figure 8.2,

8.2 Spectral Analysis Estimation (SAE)

Spectral Analysis Estimation has a smoother estimating curve than that of Empirical

Transfer-Function Estimation. The transfer function is [16]:

I, W€ — w)lUn (&) () de

Gn(e) = T WolE — o) |Un (O e (8.4)
The noise spectrum is:
B (w) = [ Wie - IYn(E) = (U de (3.5)

where W, is weighting function. This method is different from the first method
because it includes not only the frequency response of the transfer function but also
the noise spectrum analysis. The latter part, however, is the important, point of
our analysis in the chapter. The transfer function curves arc also based on input
armature voltage and output armature current. The transfer function of the hoist
motor armature is chown in Figure 8.3. The noise spectrum of the hoist motor
armature current is shown in Figure 8.4. The transfer function of the crowd motor
armature is shown in Figure 8.5. The noise spectrum of the crowd motor armature

current is shown in Figure 8.6.

8.3 Lag Window Choice

As the Spectral Analysis Estimation includes the noise spectrum analysis, we focus
our research on this method. In spectral analysis, the weighting function W, (£) in
equations (8.4) and (8.5) is called the frequency window. In our research, we chose

the “Hamming” window, due to available MATLAB function.
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Figure 8.1: Transfer Functions of Hoist Motor Armature (ETFE)
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Figure 8.3: Transfer Function of Hoist Motor Armature (SAL)

Noise Spectrum of Hoist Motor Ammature Current (M=150) with Digging
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Figure 8.4: Noise Spectrum of Hoist Motor Armature Current (SAE)
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PFigure 8.5: Transfer Function of Crowd Motor Armature (SAE)
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Figure 8.6: Noise Spectrum of Crowd Motor Armature Current (SAE)



The “Hamming™ window has the following characteristies [-16]:

[ e = v (860

3

—
s
—

M) =

¥

-2

The paramcters 4 and Af(y) arc used to evaluate the width of the window. As 4
decrease (the frequency window gets wider). the number A1) increases, The wider
window will include frequencies which may deviate far from the central frequency wy.
i.e. bring in a large bias, but lead to a small variance of Go(e™*). In order to better

process the estimates, we must trade of between the variance and the bias.

In the following figures (from Figure 8.7 to Figurc 8.12), we choose diflerent
M(~), and get different noisc spectrum cstimates. In our case, we chose Al = 150,

which seems suitable.

Noise Spectrum of Hoist Motor Armature Currant (M= 100} with Digging

10 -~ R T —p——t= v

Amphiuvde
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) 5 10 15 20 5 30 as 40 45 50
frequency (Hz)

Figure 8.7: Noise Spectrum of Hoist Motor Armature Current (M=100)
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Nowin Spuctrum of Hoist Motor Armature Curront (M=150) with Digging
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Figure 8.8; Noisc Spectrum of Hoist Motor Armature Current (M=150)

Neisa Spectrum of Hoist Motor Ammature Currant (M=200) with Digging
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Figure 8.9: Noise Spectrum of Hoist Motor Armature Current (M=200)



Nowo Spectrum of Crowd Motar Ammature Currant (M= 300)
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Figure 8.10: Noise Spectrum of Crowd Motor Armature Current (M=100)
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Figure 8.11: Noise Spectrum of Crowd Motor Armature Current (M=150)



. Noise Spectrum of Crowd Motor Ammature Current (M=200)
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Figure 8.12: Noise Spectrum of Crowd Motor Armature Current (M=200)

8.4 Noise Spectrum Comparisons of Armature Currents

with and without Digging

After we decide the lag window and its M parameter value equals 130, we begin to
analysc the noisc spectra of the armature currents of the DC motors. At first, let us
sce why we chose the armature currents as our objective of the nonparametric model

cstimation. We recall equations (5.2) and (5.3) as follows:

To=Ilpw+be+Ty (8.8)

From the two equations, we have:

Ty= ki, — Iw—bw (8.10)
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Under the conditions of certain « and &, the change of 1, retlects the change of 1.
Therefore. we concentrate the nonparametric identification in estimating cach motor’s

armature current.

From all armature current spectra. we extract two typical parts: noise spectrinm
with digging process and noise spectrum without digging process for hoist and crowd
motor cases. The relevant results are shown in Figures 8,13, 801 815, and S.16.
From these figures, we can see: lower {requency parts have a lngher gain and higher
frequency parts have a smaller gain; there are larger gains between 3011 and 3511z
for both motor cases and this indicates the shovel has vibration of noun-rigid body in

this frequency range.

Comparing the Figures, we also find that the notse with digging are larger than
those without digging. This conclusion is in linc with the actual circumstance, because
during the digging process, there are two types of noise for each actuator, i.c. shovel
body noise and digging noise. The differences in the noise spectra just reflect the

difference between the whole noise spectrum and the rigid body noise spectrum.
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Noisa Specirum of Hoist Motor Armature Current with Digging
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Figure 8.13: Noise Spectrum of Hoist Motor Armature Current with Digging

Noise Spectrum of Moist Molor Armature Current without Digging
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Figure 8.14: Noise Spectrum of Hoist Motor Armature Current without Digging
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Noisg Spectrum of Crowd Mator Ammature Current with Digaing
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Figure 8.15: Noise Spectrum of Crowd Motor Armature Current with Digging
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Figure 8.16: Noise Si)ectrum of Crowd Motor Armature Current without Digging
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8.5 Noise Spectrum Comparisons of Armature Currents

with Easy and Hard Digging

The casy and hard diggings can also have different effect on the armature currents.
due to different interactional forces. The relevant results are shown in Figures 8.17,

8.18, 8.19, and 8.20.

Comparing the Figures, we also find that the noise with hard digging is larger
than those with easy digging in low-frequency parts, but smaller in high-frequency
parts, We believe that during the hard digging process, due to harder ore, interaction
has slower process — this brings in larger low-frequency noise (impact) and smaller

high-frequency noise into the armature currents.

8.6 Noise Spectrum Comparisons of Positions with and with-

out Digging

In addtion to armature current noise spectra, we can estimate the position noise
spectrum as well. It fully reflects the actual noise effect of the motor. Figures 8.21
and 8.22 show the noise spectra of the hoist motor rope position. Figures 8.23

and $.24 show the noise spectra of th~ crowd motor arm extension, when we set
M = 150.

The notse spectra of the positions have similar features to the noise spectra of
the armature currents, except that the gains between 25Hz to 30Hz and 40Hz to 50Hz
have larger values. That means the shovel has also vibration of non-rigid body in the
iwo frequency ranges. From this phenomenon, we can recognize that the effects of

non-rigid body truly exsit on the electric mining shovel.



Noiso Spectrum of Howst Motor Armature Current wath Easy Digging
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Figure 8.17: Noise Spectrum of Hoist Motor Armature Current with Easy Digging
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Figure 8.18: Noise Spectrum of Hoist Motor Armature Current with Hard Digging
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Noisa Spectrum of Crowd Mator Armature Current with Easy Digging
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Figure 8.19: Noise Spectrum of Crowd Motor Armaturce Current with Easy Digging
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Figure 8.20: Noise Spectrum of Crowd Motor Armature Current with Hard Digging
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. Noiso Spectrum of Hoist Motor Posit.on with Biqriiy
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Figure 8.21: Noise Spectrum of Hoist Motor Rope Position with Digging
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Figure §.22: Noise Spectrum of Hoist Motor Rope Position without Digging
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IMigure 8.23: Noise Spectrum of Crowd Motor Arm Extension with Digging
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Figure 8.24: Noise Spectrum of Crowd Motor Arm Extension without Digging

91



Chapter 9

Simulating Methodology and Simulator

For the purposes of building a softwar. simulator, all the models derived in the previ-
ous chapter must be integrated in a coherent manner which reflects the behaviour of
the actual system, while remaining computationally officient. SIMULINK, & simula-
tion toolbox of MATLAB, is used in our system simulation. The general simulation

system structure is shown in Figure 9.1.

9.1 Overall Machine/Process Model

The overall machine/process model includes the actuator dynamics, rigid body dy-

namics, and the interaction between bucket and muckpile.

In terms of the three actuators, onc can obtain crowd, hoist, and swing motor

dynamics, respectively. Using equations (5.10), (5.11), and (5.12), we have

I‘l = I (9.1)
) 1 k
To==—22+ —l-:rg - -1—er (9.2)
T2 ng ng
k: |
Ly = — 2 Ty — -1—.1:3 + v (9.3)

Rami T Ram

Acator (= Mubody (=D Muckpil

Dynamics Dynamics

Figure 9.1: Simulation System Structure
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Considering the three different parts. one can obtain the matrix representation

form as follows:

[r) (0 0o 0 0 0 0 0 0\ /1)
I 0 --i- ﬁ-‘;—’ 0 0 0 0 0 0 Ta
i 0 -2 -+ 0 0 0 6 0 0 T3
iy 0o 0 0o o0 1 0 0 0 0 ||
% e |=]0 0 0 0 -+ 2= 0 0 0 || s
dl <4
o o 0 0 0 -z -+ 0 0 0 || e
7 o 0 o ¢ 0 0 0 1 0 ||z
Ts o 0 0 0 0 0 0 - E ||z
\zo/ \O 0 c 0 0 0 0 -7 -1/ \z)
[0 0 0 ) [0 0 0
6 0 0 = 0 0
o 0 0 0 0 0
0 0 0 1 0 0 0 le
+ 0 0 0 (3] - 0 3:—;—‘ 0 ng (9.4)
0 R::m 0 U3 0 0 0 Tda
c o0 0 0 0 0
0 0 0 0 0 g
\ 0 0 ) \0 0 0/

The gearbox rates, ry, r2, and r3 are brought into the sysicma simulation. This is

reflected in position and velocity outputs as well as disturbance inputs.

9.2 Continuous-Time Controller

"The rotational velocities of all DC motors are controlled by analog electronic control
circuits on shovel. In order to the purpose of simulation, one can design the controllers

in terms of the electrical parameters of the three motors.
1. Analytical Model Controller

Recalling the parameters in Section 5.2, we have:
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Swing Motor:
R.=041 Q. T =202 kg™ b= 2263
hy =2383 NonfaAr k=027 rsee
71 = 0.021 sece, T =0107 scee (9.5)
Hoist Motor:
R, =028 Q. [ =2034 kgan*.  b=1363.17
Ry =6.103 Nom/fA, k=344 poscee.
n = 0.036 sec.. =067 sce (9.6)
Crowd Motor:
R,=032 Q, =2 kgm®, b=2337.12
ky =5.726 N.m/A, ky=0.68 v.sce.
7t = 0.031 sec., 72=0.077 scc. (9.7)

In order to design the controller, we change (5.10) and (5.11) into:

1 kl T c
=y e, — L )3
3} _‘_2-1‘1 + P b-rgpd {(9.8)

1
Ram H RaTl

y=r (910)

The matrices are obtained by inspection of the above equations as:

-1 Joy 0 -
A=( i ”':),B=( ),3.:( ““) (9.11)
2 L ! 0
Ram I Ram
C=(1 0) (9.12)



(1) Swing Motor Controller and Disturbance Compensation

Substituting the parameters from equation (9.3) into (9.11). we have

—9.35  0.09% 0
A= ( = (9.13)
—27.41 —11.67 101.63

We define an additional state vartable oy as

t
T = — )t 9.14
ra= [ (w=r) (9.14)
1.t
Ta=y—r=zx,—-1r (9.13)
The A and 3 matrices are
-9.35 0.098 0 0
. A=|-2744 -4167 0 |.B =] 101.63 (9.16)
1 0 0 0

The controllability matrix is given by

0 9.9597  —508.1456
Q=(B AB A*B)=|101.63 —4234.9221 176195.91 (9.17)
0 0 9.9597

The determinant of Q is nonzero. Its rank therefore is 3, and the pair (A, B) is

controllable. The characteristic equation of the closed-loop system is given by

s+9.35 —0.098 0
|s] = A+ Bk| = | 27.44 + 101.63ky, s+ 41.67 + 101.63k> 101.63k;s

-1 0 $

"\

= s° + (51.6297 + 101.63k;2)s° + (392.3036 + 950.2405k;2 + 9.9594k,, )s + 9.9507k;5

(9.18)
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The desired characieristic equation is
S 87557 4 B3TLEs 4+ 121969 = 0 LI
Maiching equations (9.18) and (9.19). we obtain

k” = 166.58. ]\'1-_‘_ = 0.-;52"). I\'l:l = 12517166 (“‘_’lﬂ

In the first part of the equation (9.:1). the disturbanee compensation has the following,

form
Fo 0 1 0 £y 0 0
o | =10 =935 0.093 ra | + 0 ey | =0.00030 | T (0210
'3 0 =2v44 —41.69 Iy 101.63 0

In the condition of steady-state, we have £, = 0.4 = D.and 7z = 0. Therefore,

~9.3525 + 0.098z5 — 0.0413r, T3, = 0
—27.44x; — 41.69z5 + 1016307 = 0 (9.22

Solving the above equations, we have
v} = 39.4077z5 + 0.1729r, T}, (9.23)

By the state feedback law, Av = — K Ax, we have

12547.466

vy = 39.4077z) + 0.1720m T, — 0.3529z + (466.58 + ) — ra) (9.24)

(2) Hoist Motor Controller and Disturbance Compensation

The A and B matrices are

~1.49  0.025 0 0
A=| -34127 -27.78 0}.B=]99.2 (9.25)
1 0 0 0

The controllability matrix is given by

2.48 ~72.5896
Q=(B AB A!B)=1992 -2755.776 T75709.108 (9.26)
0 0 2.48



The determinant of @ is nonzero.  lis rank therefore is 30 and the pair (A f) is

controllable. The chiaracteristic equation of the closed: loop system is given by

s+ 140 —0.025 0
sl = A+ BE| = | 31197 4 99.2k1, s+ 2778 + 992k 992k
-1 0

= .‘6:! -+ ("")27 + 99.2}615)32 + (1()9?.1 -+ 1"17.808’{15 - 2.‘18!»'1.1)5 -+ 2181»‘;(; (9.27)

Matching equattons (9.27) and (9.19). we obtain
Fpg = 2112.0213, &5 = 0.587. kg = 50390.726 (9.28)

In the second part of the equation (9.4), the disturbance compensation has the fol-
lowing form
£y 0 1 0 T4 0 0
Fr | =10 —-149  0.025 x5 [+ | 0 [va+ | —0.0041r: | T2 (9.29)
L 0 =341.27 ~-27.78/ \xzg 99.2 0

(A]

In the condition of steady-state, we have Z4 = 0,25 = 0.and Zg = 0. Therefore,

—1.49zg + 0.025zx5 — 0.0041r.7;, =0
=341.27x; = 27.78z5 + 99.2V, =0 (9.30)

Solving the above equations, we have
vy = 20.1921z; + 0.0467. T, (9.31)
By the state feedback law, Av = — K Ax, we have

5 ™
va = 20.192123 + 0.0467. T, — 0.587z¢ + (2112.0213 + &gg"iﬁ)(x; — z5) (9.32)

(3) Crowd Motor Controller and Disturbance Compensation

The A and B matrices are
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—12.99 022 0 0
A= -6835 =3226 0.5 = 00N L)

| 0 4 \

The controllability matrix is given by

0 2201782 —1003.5631
Q=(B AB 1*B)=]100.81 =325213  103393.1 (0.314)
0 0 221782

The determinant of Q is nonzero. Its rank therefore is 3, and the pair (A 85) is

controllable. The characteristic equation of the closed-loop systenn is given by
s+12.99 -0.22 0
|s1 = A+ BE| = | 68.55 + 100.81kyrs s« + 3226 + 100.81kys  100.81kys
-1 0 s

= 3+ (45.25 + 100.81k1s)s? + (434.1384 + 1309.5219ks + 22.1782ky7)s + 22,1782k
(9.35)
Matching equations {9.33) and (9.19), we obtain

kir = 198.0116, kg = 04191, k9 = 5634.7675 (9.36)

In the third part of the equation (9.4), the disturbance compensation has the following

form
Ze 0 1 0 s 0 0
Zg =0 -1299 0.22 zg | + 0 vy + | —0.038ry | T (9.37)
Tg 0 —-68.55 =32.26/ \zy 100.81 0

In the condition of steady-state, we have 7y = 0,2y = 0,and £y = 0. Therelore,

—12.992F + 0.22z5 — 0.038r573, = 0
—68.55z5 — 32,265 + 100.81v5 = 0 (9.38)

Solving the above equation, we have
vy = 19.5745z5 + 0.0553r, T, (9.39)
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By the state feedback law, Ae = = KNAX, we have

56347675
vy = 10.5TA + 0.0553r T, = 041910y + (198.0116 + = )(e7 = ) (9.10)

2. Empirical Model Controller

Recalling the parameters in Section 7.4, we have:

Swing Motor:

1 = 0.0319 sce., 7= =0.07 scc. (9.41)

Hoist. Motor:

R,=036 Q. [=241.34 kg.m®, &=3870.32

by = 75.829 Nom/fA, k= 4.6997 v.scc.

(9.42)
Crowd Motor:
R,=12925 Q, I=26 kgm® b=2313.25
ky =70.577 Nom/A, k,=0.984 v.sec.
1t = 0.025 sec., 7 =0.083 sec. (9.43)

The matrices are obtained by inspection of the above equations as

L A 0 -
A=( 2 ”';),B:( 1 ),Bl=( ”") (9.44)
TR T 0

2 Ramy

C=(1 0)
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(1) Swing Motor Controller and Disturbance Compensation

Substituting the empirical parameters from  (9.41) into the equation (9113 we have

=1L2542  G.6362 0
A= o= ( ) (9.16)
=32.5103 —31.3358 11941

We define an additional state variable rq as
t
T3 = j (y = r)dt (947)
0

Ty=y—r=a—7 (9.18)

The A and B matrices are

—14.2542  6.6362 0 0
A=|-325103 -31.3358 0|.B=| 11.941 (4.19)
1 0 0 0

The controllability matrix is given by
0 79.2429 -3612.6775
Q=(B AB AB)=|11.941 -37418 9146.6419 (9.50)
0 0 79.2429

The determinant of Q is nonzero. Its rank therefore is 3, and the pair ( A, 1}) is

controllable. The characteristic equation of the closed-loop system is given by

s+14.2512 —6.6362 0
|sI— A+ Bkl =|39.5403 + 11.941kp; s +31.3358 + 11.941ks; 11.941ky
~1 )] s
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(9.51)
The desired characteristic equation is
&+ 8T8 + 337458 + 124969 = 0 (9.52)
Matehing equations (9.51) and {9.52), we obtain
ko = 51.9224, koo = 3.50098.  hoy = 1577.0372 (9.53)

In the first part of the equation (9.4) the disturbance compensation has the following

form
r 0 1 0 I 0 0
rfol =10 —14.2542 6.6362 ra | + 0 vy — | 0.24r; | Ty (9.54)
£y 0 =3254 -31.336 T3 11.94 0

In the condition of steady-state, we have £ = 0,7, = 0.and @3 = 0. Thercfore,

—14.254275 + 6.636225 — 0.237r T, = 0
—32.5403z; — 31.3358z3 + 11941z = 0 (9.55)

Solving the above equations, we have
vy = 8.3631x5 + 0.0937r, T}, (9.26)
By the state feedback law, Av = — KN Ax, we have

vy = 8.363Lx; + 0.0937r, T, — 3.5098z5 + (51.9224 + ————)(z5 — z2) (9.57)

(2) Hoist Motor Controller and Disturbance Compensation

Substituting the empirical parameters (9.42), into the equation (9.44), we have

-3.6061  0.3142 0
A= ( . _ ) ,B= ( ) (9.58)
—53.0812 —4.0743 11.2947
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The A and B matrices are

—3.6061 03012 0 0
A= =53.0812 —107 0. B = | 11207 (.50
1 0 0 0

The controllability matrix is given by

0 35488 272562
Q=(B AB A*B)=| 112047 —I16.018 —0.8835 (9.60)
0 0 35188

The determinant of Q is nonzero. Its rank therefore is 3. and the pair (A, ) is

controllable. The characteristic cquation of the closed-loop system is given by
s + 3.6061 -0.3142 0
|sf — A+ Bkl = 53.0812 + 112047k s +-1.0743 + 11.294Thys  11.2947 ki
-1 0 IS
= O+ (7.6804+11.294Tkag )2+ (31.3704-+40. 7298 kg, +3.5488kay )+ 35488k (9.61)
Matching cquations (9.61) and (9.52), we obtain
kg = 14169, kg = T.067, kag = 35214.44 (9.62)

In the second part of equation (9.4), the disturbance compensation has the following

form
T4 0 1 0 Ta 0 ]
zs | =|0 =36061 0.3142 z5 | + 0 va — | 0.026r, | T'r (9.63)
Tg 0 —53.0812 -—4.074 Zg 11.295 0

In the condition of steady-state, we have z; = 0,45 = 0,and ¢ = 0. Thercfore,
~-3.6061z3 + 0.3142zg — 0.0256r, 7, = 0
—53.0812z5 — 4.0743z} -+ 11.2947v5 = 0 (9.64)
Solving the above equations, we have
vy = 8.84x; + 0.0294r. T, (9.65)
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By the state feedback law, Ar = — KN Ax, we have

g e oL 3520
Py = 8840+ 0.0204r: T — 70670 + (1416.9 + ———) (5 — 25)  (9.66)

-

(3) Crowd Motor Controller and Disturbance Compensation

Snubstituting parameters in equation (9.43) into (9.44). we have

—11.991T 27145 © 0
A= =304554 —410.6672 0 |.B = | 30.9475 (9.67)
1 0 0 0

The controllability matrix is given by

0 $4.007  —4423.72
Q=(B AB A*B)=[309475 —1258.55 48623.24 (9.63)
0 0 84.007

The determinant of Q is nonzero. Its rank therefore is 3, and the pair (A, B) is

controllable. The characteristic cquation of the closed-loop system is given by

s+ 11.9917 ~2.7145 0
Isf — A+ Bk} = | 304554 + 30.9475kar s -+ 40.6672 + 30.9475kss  30.9475kas
-1 0 $

= 04 (52,6580 +30.94 5 kag )s% + (570.34 4+ 371.113 1 kog -+ 84.01 ko7 )5 +84.01 k0 (9.69)

Matching cquations (9.69) and (9.52), we obtain
kg:‘ = 522124. kgg = 11258, kgg = 1487.5491 (9.70)

In the third part of the equation (9.4), the disturbance compensation has the following

form
Ty 0 1 0 T 0 0
s i =10 -=11.9917 27145 zg | + 0 |wva—]0.08r | Tys (9.71)
Ty 0 -30.4554 —40.67/ \zq 30.95 0

103



In the condition of steady-state, we have £; = 00 = Dand £y = 0. Therefore,

— 1199170 -+ 271150 = 0.08r, 75, = 0

—30.1554ry — 10.667205 + 30947507 = 0 (0.72)

Solving the above equations. we have

vy = 6.7893 + 0.0387ra T, (1.73)
By the state feedback law, Av = — N AX. we have
-y - P bl FPtm - - 1'187.5‘“)1 - -
vy = 6.7893z; + 0.0387r3T 5 — 1.1258wy 4 (32212 4+ ———)(r3 — &) (9.71)

9.3 Saturation

Due to the motor and power amplifier characteristics, the input current and generated
torque cannot surpass certain values. Saturation functions on both these vartables
. arc uscd to replicate this behavior in the simulation. The limits on the input enrrent
and generated torque cffectively limit the maximum velocity and acceleration of the

motor.

9.4 Filter

The simulated trajectories of three DC motors had similar shapes to the actnal tra-
jectories, but the armature voltages and currents included a lot of high-frequency
disturbance. In order to solve these problems, At first, we used FIFT' technique to
check the frequency ranges of the actual voltages and currents. Then, according to the
ranges, we designed the low-pass filters. Finally, we used the filters in our simulator

for improving the output curves of the armature voltages and currents.
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9.5 Disturbance

The disturbances to the actuators primartly arise from two sources: the rigid body
eross coupling between components of the shovel itself and the interaction between
bucket and muckpile during the course of digging and loading. For the first source.
we can use formulae (4.53), (4.56). and (1.62) to represent the disturbance. For the
secord source, the disturbance is already included in 71, 73. and 7. identified as f5,

and fry in formulae (6.13) and (6.16).

9.6 Analytical Model Simulation

All three parts of the shovel simulator are integrated in a single simulation file which
is shown at its most superficial level in Figure 1 in Appendix. The complexity of the
overall software simulator is illustrated by examining the subroutine blocks which are
shown in Appendix. Figure 9.2 and Figure 9.3 show the rotational angles and voltages
of swing motor. Figure 9.4, Figure 9.5, and Figure 9.6 show the rope positions,
voltages, and currents of hoist motor. Figure 9.7, Figure 9.8, and Figure 9.9 show
the arm extensions, voltages, and currents of crwod motor. From these figures, we
can sec the actual and simulated curves of trajectories and voltages have very similar

shapes; the basic shapes of the currents are also similar.

9.7 Empirical Model Simulation of Easy Digging

The empirical model simulation of easy digging has the same block diagram as the an-
alytical model simulation except that the motor parameters are different. Figure 9.10
and Figure 9.11 show the rotational angles and voltages of swing motor. Figure 9.12,
Figure 9.13. and Figure 9.14 show the rope positions, voltages, and currents of hoist
motor. Figure 9.15, Figure 9.16, and Figure 9.17 show the arm extensions, voltages,
and currents of crwod motor. From these figures, we can see the actual and simulated

curves of both trajectories and voltages have very similar shapes; the basic shapes
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of the currents are also similar. In actual application, we prefer to use the empirical

model . due to that it better represents ihe actual situation.

9.8 Empirical Model Simulation of Hard Digging

The empirical model simulation of hard digging has same block diagran as that of
casy digging except the system has different input data, Figure 9,18 and Figure 9,19
show the rotational angles and voltages of swing motor. Figure 8.20 . Figure 9.21, and
Figure 9.22 show the rope positions. voltages and currents of hoist motor. Figure 1,23,
Figure 9.24, and Figure 9.25 show the arm extensions. voltages. and currents of
crowd motor. From these figures, we can see the actual and simulated cnrves of both
trajectorics and voltages have very similar shapes: the actual and simulated curves

of currents have some differences, but the basic shapes are similar.

In general, from all simulations in above three scctions, we can find that the
trajectories are well simulated; the voltages are a little bit worse simulated: and the
currents are worse simulated, because the actual trajectories have a little high [re-
quency noise; the actual voltages have more high frequency noise; the actual currents
have the most high frequency noise (in our simulators doesn’t exist in this kind of

high frequency noise).

106



Actual Rotational Angle o! Swing Motor

T T T

g

8

e

Lh
=]

o

g

Rotational Ang'e {degree)

—

L
2]

6000 8000 10000 12000

o
3
=]
g

Simulated Rotational Angle of Swing Mator {Analytical Model)

T T T T

o b 8.8

Rotationat Ang'e (degree)
[
8

-I L L 1 L
000 2000 4000 6000 8000 10000 12000

Sampile Points (0.01s/point)

Figure 9.2: Actual and Simulated Rotational Angles of Swing Motor
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Actual Current of Hoist Motor
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Figure 9.6: Actual and Simulated Currents of Hoist Motor
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Figure 9.8: Actual and Simulated Voltages of Crowd Motor
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Figure 9.12: Actual and Simulated Rope Positions of Hoist Motor (Easy Digging)
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Figure 9.14: Actual and Simulated Currents of Hoist Motor (Easy Digging)
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Figure 9.16: Actual and Simulated Voltages of Crowd Motor (Easy Digging)
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Figure 9.17: Actual and Simulated Currents of Crowd Motor (Easy Digging)
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Actual Rotational Angle of Swing Motor
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Figurc 9.18: Actual and Simulated Rotational Angles of Swing Motor (Hard Digging)
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Figure 9.19: Actual and Simulated Voltages of Swing Motor (Hard Digging)
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Figure 9.20: Actual and Simulated Rope Positions of Hoist Motor (Hard Digging)
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Figure 9.21: Actual and Simulated Voltages of Hoist Motor (Hard Digging)
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Figure 9.22: Actual and Simulated Currents of Hoist Motor (Hard Digging)
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Figure 9.24: Actual and Simulated Voltages of Crowd Motor (1lard Digging)
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9.9 Diggability Index

Figure 9.26 includes the main variables of the electric mining shovel. In this tigure,
the typical working phase of the clectric mining shovel is swing from a truck to the
face of a muckpile (phase 1). digging the muckpile (phase 2). swing from the face
of the muckpile to the truck (phase 3). and dumping the ore or rock into the trock

(phase 4).

Among the four phases, swing - digging - swing - dumping. except the digging
phase, other three phases have little variance over different digging conditions. There-
fore, we extract the digging phase for the hoist motor (Figure 9.27 and Figure 9.28)
as well as the digging phase for the crowd motor (Figure 9.29 and Figure 9.30) (rom
a whole shovel working phase, to investigate different digging conditions. In order to
evaluate the different digging conditions, the diggability index had been established
and used (Williamson, 1983, Mol 1987, and Hendricks 1989). The diggability index is
a product of the ratios of the total vertical signal variations of both motor armature
voltage and current, to the product of sampling time and these signals. The hoist
based diggability index equation is given as follows [26]:

HDI = (3 |HVies — HV/(L IS  HYA) % (S 1B Ty = BN/ 1S * 1)

=1 =1 =1

= HVDI x HCDI (9.75)

where n is number of reading taken during the dig cycle; HV is the hoist armature
voltage; H I is hoist armature current; S is sampling time; H D[ is hoist based digga-
bility index; HV DI is diggability index of hoist voltage; HC D/ is diggability index
of hoist current. For a comparison purposes, the same approach was used in calcu-
lating a diggability index based on crowd motor responses. The crowd motor based
diggability index equation is given as follows [26]:

CDI = (_ZIICW-H - CV;])/(Zl IS = CVi[) x (El |Cliyy — C-’i|)/(; 1S = Cli)

= CVDI x CCDI (9.76)
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where n is a number of reading taken during the dig cycle; CV' is the crowd armature
voltage; C/ is the crowd armature current; S is the sampling time; C D/ is crowd
based diggability index; CV DI is diggability index of crowd voltage; CC D/ is digga-
bility index of crowd current. Using equations (9.75) and (9.76). one can obtain the

different diggability indices shown in Table 9.1 (¥ — analytical model).

From the table, onc can find that the hard digging has larger diggability indices
than has casy digging, in line with actual circumstance. Since the hard digging takes
a longer time as well as the current and voltage traces of the hard digging are also
more ragged (comparing Figure 9.27 with Figure 9.28), the absolute length of the
traces will be much longer. Furthermore, the average value of the hoist current and
voltage are lower. As a result, the equation (9.73) will produce a larger value. A

similar explanation applies to the crowd motor.

From the table, one can find that the simulated values are less than the actual
values. In those figures of Section 9.6, 9.7, and 9.8, we can find that the simulated
curves have smoother shape than have the actual curves. As a result, we obtained

lower diggability indices for simulated traces.

From the table, one can also find that although the diggability indices of the
crowd motor in the hard digging are larger than those in the easy digging, they are
less sensitive to variations in diggability than those of the hoist motor. This can be
explained as follows: comparing Figure 9.27 and Figure 9.28 with Figure 9.29 and
Figure 9.30, one can find that from the easy digging to the hard digging, the traces
of the crowd motor change less than do those of the hoist motor. From Figure 2.1,
it is evident that during the digging process, the force in Xy direction is normally
larger than that in Zs direction. The force in the X; direction is controlled by the
hoist motor and the force in Zg direction is controlled by the crowd motor. The
hoist motor is also more powerful (1450 H.P. @ 475 volts - 2250 peak H.P.) than the
crowd motor (400 H.P. @ 475 volts - 630 peak H.P.) [26]. Therefore, The hoist motor
contributes more to the digging action. Moreover, another important effect is due to

the different transmission effects on the hoist and crowd motors. The crowd motor
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is connected with a “\'™ belt transmission svstem. to transfer power from the crowd
motor to the shipper shaft gear train. The net effect of these elastic belts is to absorb
the high amplitude energy of the shocks from sudden impact loads. damp it and
gradually transfer the dissipated energy to the crowd mwotor and drive mechanism.
It is believed that the action of these energy absorptive belts is responsible for the
relative lack of crowd motor responsiveness to variation in ground diggability [26].
The hoist motor is directly connected to the gear case. Hence, it offers no absorptive
effects and the different digging conditions directly reflect on the hoist motor response.
As a result, in order to compare the hard and casy diggings. we show more tables of

the diggability indices in hoist motor (from tables 9.2 to 9.7).
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Table 9.2: Diggability Indices

of Easy Digging 2

FasyDigging3 | HVDI | HCDI | HDI
ActualValue | 0.6348 | 0.6310 | 0.4006
SimulatedValue | 0.3943 | 0.6715 | 0.2647
SimulatedValuex | 0.4023 | 0.7204 | 0.2399

Table 9.3: Diggability Indices of Easy Digging 3

HardDigging2 | HVDI | HCDI | HDI
ActualValue | 0.6452 | 1.8702 | 1.2067
SimulatedValue | 0.8174 | 1.0020 | 0.8190
SimulatedValuex | 0.8625 | 0.9746 | 0.8407

Table 9.4: Diggability Indices of Hard Digging 2

123

_-};J.\-yn;g_qm_ql Hvpryauept) Hpriovpn,coepr) obi
] Actuad Value | 07512 ] 0.9700 | 0.7316 | 0.8910 ¢ 0.7392 | 0.666Y
StrulatedValue | 001105 | 007851 | 03438 | 0.6717 | 0.7511 | 0.5046
StnulatedValues | 04952 0 0.7618 | 0.3773 | 0.6018 | 0.7587 | 0.4565
HardDigging) | HVDI Y HCDE | HDI | CVDI | CCDI | CDI
ActualVelue | 0.9342 | 14285 | 1.3345 | 0.9919 | 0.8502 1 0.8433
StmulatcdVealue | 0.5272 | 1.1300 | 0.5892 | 0.7537 | 0.7902 | 0.5956
SimulatedValuex | 05852 | 1.2567 | 0.7354 | 0.6055 | 0.8168 | 0.4946
Table 9.1: Summary of Diggability Indices

FasyDigging2 | HVDI' | HCD! | HDI

ActualValue | 0.9419 | 0.8055 | 0.7587

SimulatedValue | 0.5164 | 0.6100 | 0.3150

StmulatedValuex | 0.535385 | 0.53647 | 0.3154




HardDigging3 | HVDI | HCDL D HDI

ActualVialue | 10117 | 13734 | 1.3895

SimulotedValue i 05901 ] 08699 F 0.5133

SimulatedValues | 0.6381 | 0.8772 | 0.5508

Table 9.5: Diggability Indices of Hard Digging 3

HardDiggingd | HVDI | HCDI | HDI

ActualValue | 1.3166 | 1.5664 | 2.0623
SimulatedVealue | 0.4675 | 1.2542 | 0.5862

SimulatedValuex | 0.4262 | 1.0062 | 0.4289

Table 9.6: Diggability Indices of Hard Digging 4

HardDigging5 | HVDI | HCDI| 11DI

ActualValue | 0.7902 | 1.2207 | 0.9647

SimulatedValue | 0.5107 | 1.3070 | 0.6674

SimulatedValuex | 0.4970 | 0.9089 | 0.4517

Table 9.7: Diggability Indices of Hard Digging 5
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Figure 9.27: Actual Current and Voltage of Hoist Motor in a Easy Digging Phase
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Figure 9.28: Actual Current and Voltage of Hoist Motor in a Hard Digging Phase
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Figure 9.29: Actual Current and Voltage of Crowd Motor in a Fasy Digging Phase
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Distibulion of Diggability Indices
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Figure 9.31: Distribution of Diggability Indices

Figure 9.31 shows the data in Tables 9.1, 9.2, 9.3, 9.4, 9.5, 9.6, 9.7. In this
. figure, we can sce that the diggability indices in hard digging distribute in top-right
arca and the diggability indices in easy digging distribute in bottom-left area. From

the distribution, we can conclude:

e Lasy Digging HDI: 0.4 ~ 0.8 (actual value)
e Easy Digging HDI: 0.2 ~ 0.4 (simulated value)
e Hard Digging HDI: 0.9 ~ 2.1 (actual value)
e Hard Digging HDI: 0.5 ~ 0.9 (simulated value)



Chapter 10

Conclusions and Suggestions for Future Work

This thesis has used state-of-the-art robotics and control theory to investigate the
clectric mining shovels as well as established a simulator for this kind of machines.

The conclusions and suggestions for future work are indicated in the following sections.

10.1 Conclusions

This thests has comprised three main work activities: analytical modelling, cimpirical
modelling, and simulator for the electric mining shovels. The analytical and empirical
models have included kinematics, Jacobian, rigid body dynamies, actuator dynamics,
interaction between bucket and muckpile, parametric system identification, and non-
parametric system identification. All these models have contributed to establishing a
simulator for electric mining shovels. The simulator was validated by using empirical
data. In addiiion, because the diggability index is an important factor (usually used
to evaluate the different digging conditions), the actual and simulated diggability in-
dices have been used to validate the simulator. The simulator could contribute to
the shovel manufacturers in their ability to improve their machine designs. The sim-
ulator could contribute to investigating the effects of different muckpile condition on
shovel performance. The kinematics could contribute to a shovel opcrator’s ability
to optimize their trajectory and task planning. All these models could contribute Lo

computer control design. Main achievements of the thesis are:

e An analytical model of the complete machine was derived, based upon rigid
body assumptions. This included the crowd, hoist, and swing motor actuator

models and kinematics, Jacobian, and rigid body dynamics.
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o Au analvtical model of the bucket-muckpile interaction was derived.  Based
upon Rowlands® friction model of a dragiine bucket. a more advanced friction
model of the shovel bucket was obtained. In addition, the impact effects relevant

to larger fragments of rock were considered.

o In the empirical modelling part, system identification methods are used. In
addition Lo a typical ARX cstimate, used for identification of the transfer func-
tions, the maximum likelthood estimate was emploved for identification of the
state space models, which were used in the system simulation. Furthermore, the
aisturbances acting on the three actuators were identified by using nonparamet-
ric model estimation. The digging/non-digging, and easy digging/hard diggirg

cffects were also considered, as governed by the fragmentation characteristics.

e Anintegrated model of the complete process, i.c. the machine and its interaction

with the muckpile, was constructed based on all the previous models.

o The individual models, as well as the integrated model, were implemented in
software, using MATLAB and its toolbox SIMULINK, and validated by simu-

lation.

e The analytical model and empirical models were simulated, accounting for easy

digging and hard digging conditions which were corapared.

¢ The diggability indices of the actual and simulated armature voltages and cur-

rents were calculated, in order to further validate the simulator.

10.2 Suggestions for Future Work

Certain improvements could be made to the modelling, simulation and analysis of the

machine:

o The models could be extended to include non-rigid body effects of the machine

structure.
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The empirical models can be revised by using more input-ontput data and their

identifications in order to obtain more accurate models.

The control problem could be posed as a coupled multivariable problem. This

should be a more accurate reflection of the coupled nature of the process,

Since the system parameters are changing with respect to time, adaptive control

could be used on the shovel control system.

The interaction between the bucket and muckpile may be able to he extended

to include the cohesion issue when digging a wet muckpile.

Elements of structural design could be reconsidered. e.g. using parallel instead
of serial kinematics, which would greatly enhance machine rigidity and reduce
the disturbance loading of the actuators, while likely reducing the weight and

size of the electric mining shovel.
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APPENDIX A

Appendix: Simulink Simulators

The stimulink simulators include the main routine, “Electric Shovel Main Svstem”,

and some subroutines, which are mainly three disturbance blocks. T4y, Tyz. and Ty,.
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