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ITI. INTRODUCTION

The objectvof the investigations detailed in'this thesis is to
establish certain design criteria for a nunber of special csmponents
which were necessary to the final development of the‘Strip Mining
Industry's first autematie Crowd-Hoist Regﬁlator« |

vSince it would be impertinent to assume the reader to have an
intimate knowledge of Stripping Shovel Control Systems it is only
f1tt1ng and proper that at this p01nt a brief period is spent survey-
ing the basic concepts of this rather special'fieldj

The two basic mining techniques presently employed are shaft
mining and strip mining. The partlcular technique’ used depends on
" the geological conditions encountered; the main considerations being
the depth of "overburden" and the thickness of the mineral seam.

The 'bverburden' is simply al;‘thevmaterial (dirt, rock; etc.) which..
fonerlays the mineral seam itself.

In shaft mining, shafts‘sre cut through the overburden‘and
into the mineral seam. 'fhis means of_eourse that men and equipment
" must be sent‘down to excavete‘the mineral, which must then be sent
up’tq the surface. Now, ifvthe‘thickness‘of the mineral seam is
less than the underground sheft height requirements for men and
equipment, a greatvdeal of the materiallexcavated underground is
not the mineral sought. This.means that since underground excava-
tion is per se much more expensivexthan'snrface excavation, the

‘thickness of the mineral seam is of utmost importance.



-

Strip mining on the other hand employs surface éxcavatiQn‘SOlely.
The function of the Stripping Shovel is to excavate strips of over=:
burden, thereby laying bare‘the geological mineral»éeém which may
then be excavated by other smaller shovels;v |

The depth of overburden is the main restriction of strip mining.
This is made clear by reference to figure 1. 'Siﬁcé'the stripﬁing
“shovelfs crawlers lie on the.top of.tﬂe mineral seam,.the maximum
height excursion of‘the dipper iS'réétricted by fhe height of the
boom. )

Thus the choice of which to use,vgtrip or shaft mining is
governed in many cases by the economics of the situation —-- as most
engineering decisions must be in the final analysis. vIt is of course,
the aim of manufacturers of undergrﬁundlmining excévafors to deéign
and build their equipment to economically mine a thin seam, and
conversely surface mining excavator manufacturers endeavor to design
their stripping shovels to handle a gfeater depth of overburden.

This economic philosophy in the last 20 years has led'to the.evolu—
tion of the massive behemoths of the strip mining industry, which’
to&ay from the floor of a ZCO_foot deep chasm can gouge 200 éubic
&ar&s of éverﬁurden at a single bite and then deéosit this dipper
léad on ;he lip of its self—ﬁade chasm. |

The rather simpiified drawing of figure 1 Qill be used to
explain the basic dynamicé of the 'knee action" strippiﬁg shovel.

The two maiﬁ parts of the Stripping Shovel's duty‘cycle are:

"loading" the dipper and then ”spilling?'this dipper load of over-
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burden on the spoil pile Wﬁich forms the ridge of its canyon.

It is assumed that the centerline of the "house" remains fixed
with respeét to the earth, or in other words thatbthe crawlers have'

' prbpelléd the shovel to the facé’qf "overburden" forming the deadfk
end of the canyon. This posifion will then'ailow sequential strip-
ping of the overburden bank.

_The "swing" motion allo%é rotation of fﬁe entire shovel (with
fixed crawler position), about the centerline running vertically
through the "house'" as shown in fiéure 1. Thefefore,‘the swing
jmotion determines the vertiéal‘plane in which the dipper will operate.
‘dnce the swing position is fixed, the,crowd and hoist motions inter-
dependently determiné the dynémié dipper location at any instant
during a particular dipper,loading,operation.‘

Since this thesis‘iéfbfimériiy concerned with the sﬁovél dy—-
namics involved in the dippér-1oading‘opération, the prime intérest
vis this interdepéndencevqf the hoist and crowd motions.

Both the hoist and the crowd'mofionsvare closed loop, feed-
back reguiated systeﬁsf Figure 2 is a simpiified block diagram
which applieé-fb either motion,‘and identifies each métion aé a
Voltage Regulator with current 1imiﬁ. "Each mstion derives its re-
'sﬁective mechanical power-from DC motbré and génerators arranged in
the standard Ward-Leonard épnfigurétion.' Essentially speéd contfél,w
.is obtained by ﬁarjing the/genéfétor voltage as a functiohvofAthe

voltagefregulator refefence[aé shown in figure 2.
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The voltage regulator with current limit has a static volt—amp
cﬁrve for the WL loop as shown in figure 3. This type of regulator
allows the WL loop current to vary unrestricted within desired machine
limits as set by the dead-space in the current limit amplifier as
shown in figure 2 and refleqted in the volt-amp curve figure 3. Thus,
if the loop curreﬁt shoﬁld begin to exceed the operating limifs of
the equipment, the current limit feedback circuit will override the
voltage regulator by forcing the reference summing junction towardé
'zero.l |

| The shovel operatof seated in the cab has complete and indepen-
dent control of each motioﬁ with a stepless manual contfoller which
provides the voltage regulator reference for that motion.

Now, with the brief descriptions of the hdist and crowd motions
just given, consider figure 1 and reflect on the manual dexterity
and visual acuify required of the shovel operator during the dipper
loading operation. |

As shown in figﬁré'ls the dipper will start low to the ground, and
teeth into the bank with about equal hoist and crowd reference. Now,
cas the teeth start into the bank, the operator will tend to‘"retract"
(apply negative crowd referenée) while allowing the natural constant
hoisting arc to pull the dipper around and set the slope of cut
through the bank. As the dipper comes up through the b;nk.as shown
on figure 1, the operator will change from alprédominately retract

to predominately crowd reference, as the dipper handle and crowd

rack comes into line at the knee. This sequence of events outlines
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o one dipper loading‘operation.
| 'Thehdesired*slope of. the bank'for the removal of overburden,
f:‘aslsh0wn on figure 1 is important for two reasons, )
. .r‘l) Any gi#en‘overburden'material has a’natural slope which it‘can‘
-~ hold without sliding;' | |
'2) If the operator allons->a simpledconétant hoisting arc
| v (ife. with no croWd motion.effort), he Would undercut the

bank as shown on figure 1 which again encourageS'sliding.

Now, 1f the sequence of manual operatlons requlred for just one.

‘:*;fdlpper loading is multlplied by the hundreds of dlpper loadlngs per- fh

-~ formed per work shift, it becomes clear how an automatic dlpper-load*,t.df
'f‘1ng control can save t1me and shovel 0perator fatigue, and both of it S
‘these factors dlrectly 1nf1uence the economlcs of the m1n1ng operation.
| ‘Thls concludes a brlef outllne ofvthe purposevand need for an B

~

T -automatic crowd—h01st regulator' i‘



i : ~14-"

IV. REVIEW OF LITERATURE

Because of the uniqueness of the automatic crowd-hoist regulator, = -

to the author's kﬁowledgebthe only analytical work which has been
done in this area is that of Dr. K} G. Black and Mr. M. A. Neslin of
the General Electric‘Scheneétady‘headduértefs operation. Mr. M. A,
‘Neslin, who.is the Systems Application Engineer for the Strip Mining
industry, has influenced greatly the aﬁalytical work undertaken in
this industry over the last ten years. Dr. K. G. Elack is gssociated
~with the Systems Analytical section. Together,’over the past four
years, they have done a great déal of analyticai Workiin the specific
area of interest of this thesis, which is incorporated in the GE
publication, '"Crowd-Hoist Automatic Régulator'Interim Report" under
#DF-64-AD-36 Technical"Infprmation Series.(l)

| The res#lts 6f-this‘report outline’the analytical requirements
of an automatic crowd-hoist regulatbr wﬁich drives the crowd motion
as-a functioﬁ of the hoist armatureléurrént signal to allow automatic
operation of the dipper loading cycle.

The remainder of this sectidn_Willvdevote itself to a review
-~ of those essential.analytical;requiréments which are.nécessary to
the control system deéign as the sys%em itself is présently visualié—
ed. ‘ |

‘Section G of this report presents an analysis of the mechanical
-osciilatiohs Whigh‘are present'in;thg Hoiét sYstém due to the inter-
‘acﬁisnéfbetween the HoiStadrive‘(Hqiétbmotor, gears and drum’ and



2 >—1:5».'.. :

the driven mass (dipperband_dirt),ijThese two masées interact throﬁgh,:
 the hoist rppé. ) | |
‘An intereéting analog‘fof>this mechanical system is dgrivediv
 vbased on the properties 6f a\tbréion ﬁendulﬁm, the.analog béing two
" interacting masses cbnnectéd by a slightly elastic shaft. Appendix -
f:l derives Dr. Black's analyticalbexpreséions from thé basic mecﬁaniéal
véystem.,‘As given by'Dr. Black,,thé spring tofsion_constant_or more

accurately the moment of torsion of'the'shaft‘(Kf) is given by, f

Ke = Il 0 s
o |
where, w_= angular'frequency‘df:oséillétion ER
:JM = motor inertia
_JL é»load inertia réferre&;toifhe mbtor:ﬂ 7 f»7
JT = JM + JL%
therefore,
' 2
bo =X Jdr
: JM JL

Based on this analog,'fhévhechanical systém.includingfthe.

‘f»i hoist motor is represented in the more uéual_system‘blqck diagram

'5f* lformat in figure 4.

This block diagram is thenvrésblved,'figﬁre 5, intoc a form
‘:mbre eésily'adaptéd’to_thevéystém_analysis-whiCh will be done. The ' .

”syStem bScillatory'tfénsfer funttioﬁs given:on figureﬂ5 as Gb

and ¢ .
g



(;J"; o

5 H‘Figﬁre h. ’ "Bldck Diaéraﬁ of Motor and Mechanical éystém | ‘_ o

=91~
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should receive particular”nOtéQf"“"
- Sections H and' J consider the properties of a tachometer '
'iipositive feedback network which is shown to be very helpful in

stab11121ng an.osc111atory.mechan1cal system of the type shown in:-

' figures 4 and 5.

Figure 6 is a generalized blockldiagram of the entire Hoist
" motion utilizing figure 5. In thiseb10ck:diagram;vor for that matter
. throughout the study, the hoistvmotiOn‘isvconsidered to be in current

limit, and operating only in the'first quadrant of its voltéamp curve

”:I:’(figure 3). Therefore, the current 1im1t amplifier representation

‘vshown in figure 2 is not 1n its dead—space or'zero gain‘region. The'l

o negative feedback network H includes all resolved elements of arma—;.

I

ture current feedback to the voltage regulator reference summing

) ‘Junction.: The"forwardxgain b199k~G

B is_essentially the resolved C/R:;

i\ﬁof'the voltagelregﬁlator'with3its outnut‘being generator'voltage Vga'.

N . The‘positive'feedbackhelementfH£iishthe}tachometer”feedback referred

T to- above.

S occurring at angular frequency Wy

f The two feedbacks from wM are’ now combined in, figure 7 in

'3'order to establish the definition of H in terms of the other known

'~system parameters.“"

Now, Dr.vBlack establishes the following identity which will

vtend to minimize the effects of the mechanical system oscillations




Figure 6. Motion Voltage Regulator with Hy and Hy'
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let,
- -] B 2
KV 1- Gf Ht = .Kv i—; + %?ﬁ + JM‘JL )
K . T K J
v . r T
(1+T' S)z
"o
further let,
K . o .
r
and let, -
S s
K Jp
where,
T =1
o £
w
o)
therefore,
. o 2.2
1-G. H = 1+25 T S+T"s |
% a+1 8% ‘ R
o _ : :
yielding for Ht’
Ht=KV. (1 - ¢y ZTOS o . 4.6

Gf (1 + To S)2

This.expression will be used extensively in the development
of the tgchometer?feedback netﬁork, in particular see sectién VB1
and, Appendices'z‘and 3. |

Sections N and O are the heart of the development of the

- simplified model of the automatic Crowd-Hoist regulator which applies
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to the system as presently visualized. This model is shown in figuré
8 and each block will be defined separately.
The block labeled "Hoist" is the resolved transfer function of

the Hoist motion from the input T, to the output I . Figures 9 and

10 show by sequential reduction of figure 7 how the transfer function

Iﬁ/TL iS»obFained.
The Crowd motion is assumed not to be in current limit, and
further is allowed to operaté in all quadrants of its volt-amp curve
" as shown in figure 3. Therefore, the "Crowd" biock is simply the
crowd motion transfer function froﬁ_its input Ec~(crowd error) to
its output W, It is evident from figure 2 how the érowd motion,
uvtransfer function wC/Ec is obtaiﬁed by stéﬁdard»block reduction
techniques. If further‘explanation is desired at this ﬁoint see
section'V A 3. | |
The Kb block represents the effects of the bank as a straight
gain term. This assumption was borne out as.a good first order
approximation by the results obtéined from several field tests and
is accepted here prima facie. |

The block identified as HC is the Crowd-Hoist feedback net-

h
work from hoist armature current to crowd error, and as such there
are two very important properties to the crowd-hoist regulating
scheme which it must contribute in accordance with Dr. Black's

analysis. First, it follows from figure 8 that the GH of the auto-

matic crowd-hoist regulator is simply the product of the individual
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blocks just described, Therefore the stabiliéiné influenég of H_p
will help in obtaining a ﬁaster response. The DC gain of Hch wil}i
determine directly the chaﬁge about an operating point in hoist
armaturée current that will be required to drive the crowd motion
from its full crowd to fuil retract poéition.

Secondly, the H_, element must include a tuned filter to

h
suppress the mechanical oscillatory frequency 0 which also appears
in the hoist armature current signal. Thisvrequirement is further
stressed by Dr. Black in section P wherein he states that the tuned

h

the magnitude of the mechanical oscillations of the system.

filter of HC and the tachometer feedback Ht work together to reduce

It is intended that the tuned filter in H_, should have the

transfer funétion,
| o o e 202

Hpp=l+20 T S+ TS

‘ : X 2 .2

1+ 2 Ly To S + T0 S

4.7

where,;cl <« i

Ty

In concluding'fhis Briéf summary'it’should be pointed out that
4oniy those sections of immediate interest to this thesis are dwelt
.on, and of the work reviewed the most‘impprtant results to be used
e#tensively later in this thesis are equa;ions 4.6 and 4.7, and

figure 8.
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V. INVESTIGATIONS

A. Development of Motion Transfer Functions

The intent of tﬁis section is tobdeQelop the required crowd
motion and hoist motidn transfer fupctions that are necessary to
the analysis of the crowd-hoist regulator system as outlined in.
section IV.

Figuré 11 is a block diagrém of the crowd%hoist regulator -
system and as will be noted, thé crowd and: hoist motion regulators are
tied together through the bank that islﬁeing stripped of overburden.
The figure 11 is‘presénted‘to give éhe reader é vivid appfeciation
of the magnitude of the proﬁiem.‘ Each G and H in this block diagram
is a transfer functign'which.in most cases -is frequency sensitive

l(see~Appendix 4). In féct; the G4 block itself represents several
cascéded physical gain blocks and isAsimplified here to gain insight-
and not lose the reader‘in‘trivia,.'

This seétion will not concern itself directly with the stability
analysis' of the crowd aﬁd ﬁoist motions as basic voltage regulators

-with current limit, sincé this’could very ‘easily be a thesis in
itself. It is assumed therefore that both motions have been analyzed
in detail using any of the many well known techniques of stability

(2,3)

analysis. In practice, as a good first cut at the motion study,
a Bode analysis is made using'standard Bode techniques;(z) The

- essential non-linearities of each motion are the saturation of the =

1
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‘generator (GS) and the generator field excitér‘(GA). Since saturation
in the forward gain blocks essentially sacrifices performance but

does not normally cause instability per se, linear analytical methods
are used and a brief discussion of the detrimental effects of the
non-linearites will be coﬁsidered in section VI.

Figﬁre 11 has a dashed line running through about the miadle
qf‘the page which divides what may be termed the '"fixed plant" from
fhe_"cbntrol system". The fixed plant is merely a term which clearly
designates the portion of the system whose transfer functions are
fixed in_gain and time constants, and is essentially the Ward—Leonardvﬁ
loops of each ﬁotibn; and of course thé'entire méghanical system link-
ing the two motions‘togethét throﬁgh the bank.

Section IV outlined the rgquireméﬁts of‘the crowd-hoist regulator

loop in figure 8. From this®section it is desired to establish a

h

'Ec iL

method to identify the transfer functions W and I shown on

figure 8. The H, feedbackﬁnetwork is developed in detail in sectionm .

h
VB2.

Also required from this section is a means of determining
the transfer function Gf as discussed in section IV and shown on

figures 6 and 7. The Gf'transfer function is required for the .
development of the Ht feedback network which is accomplished in
secfion VBl. =

The method employed, to resolve the transfer functions required



Figure 12, Crowd or Hoist General Block Diagram
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for further'development of the crowd-hoist regulator system, will
be what 1s termed a determinantal method of resoiving transfer functiOﬂé
of a multi~loop feedback system?cB?

Figure 12vshows withlgeneralizedAblobk nétation the block
diagram of the hoist or crowd motiéns; and this figure is the reference
for the derivation of the required transfer functioﬁs. Appendix 4
defines more Spééifically the‘transfer fqnction cqnfent of‘each of
the blocks ghown on figure'12 for botﬁ the crowd and hoist motions.

Thé'solution of figure.lZ for.any output point desired as.a

© function of any input (I) can be written in matrix form as follows,

1 ~GH; 0 -GgH, - -GgH, 0o T Tey] N
G, 1 | | 0“ ‘GSHZ ‘ Q o o ey iz
0 _—G2_G3_‘ 1 0 0 g ~GgH, o | | I,
0o o0 ¢, 1 Gl 0 e, I,
0o o 0 -6, 1 GgH, el I,
0- 0 0o 0 Ge6, 1 e -1,

NI R , 4L L

Common to any solution e is the denominator or delta of Cramer's
o T '

- rule which is the determinant of the 6 x 6 matrix above.(4)' This
determinant can be evaluated by continual co-factor reduction until

. finally it resolved to,
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A= (1 + Gl G Hl)A {1 + G5 G6 HS + G6 G7 G8.H6 - G4 G5 G6.G7_G8 H;I

+ G2 G3 G4 GS_LEI + G6 G7 G8 H6) (Hz + Gl H3) + Gl G6 H;]
This delta will be used in sections VAL, VA2 and VA3 in the deriva-

tion of the necessary hoist and crowd motion transfer functions

required for this crowd-hoist regulator study.
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1l. - The Hoist Transfer Function Gf

This section derives an expression for the hoist transfer

hoist motion transfer

£ f

function is a resolution of the hoist motion considering the input

function G, referred to in Section IV. The G

summing junction to be‘VR of section IV, figures 6 and 7, and

correlates with the I3

development in section IV of figures 6 and 7, for this derivation

input of figure 12. In accordance with the

the (IA) current feedback is neglected, since all current feedback

is considered as the H_ transfer function. Also Ht is set equal

I
to zero to agree with the analysis of section IV.
- With reference to figure 12, a solution of the matrix develop-

ment of section VA for V with all other I's equal to zero is given

£
by, 13
' since, Vg = e4 G5v
therefore, XB.= fﬁ G5
I3 I3

' The-determinant that must be resolved for solution of e, is with

.I3
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1 -GH, 0 -GGH, 0
1 0 0
¢, 0
N o 0 -G,  GH, 0
4 3 4
0 0 0 1 Gl
0 0 0 -6C, 1

Now with the delta of section VA, the transfer function found
by resolving the preceding determinant is,

G =,Xg = G4 GS

I3 1+6;636,6; ®y+6 HY - 5.2
1+6, G, H :
This solution considers Ht =‘H4 = H5 = 0

This transfer function can now be evaluated by substituting the parti- .
cular transfer functions of the hoist motion blocks (Appendix 4) as

represented by the G's and H's in the expression for Gf. This will

yield an expression of the form, " ' , o , N

G (S) - N (8)
D (S)

Then the roots of both N (S) and D (S) may be extracted by means of
a digital computer program for resolving the roots of a polynominal.

The final expression for G, will resolve to a major zero, a dominant

f

pair of complex poles, and sevefal other poles which by inspection

mayvbe neglected as having only secondary effects on the results.
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With this simplification the G_ transfer function is considered

£

to have the form,

Gf = kf (1 +.Tf S)

(1 + bS + a5%)

which is the form required for use in Appendix 2 in order to continue

the analysis of the system Ht feedback network in section VBI1.
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2. The Hoist Transfer Function. .I

h

T . ,
. ) h 0
Proceeding with the same methodology as used in the previous

section, an expression for the hoist motion:transfer.function

I, . .
EE is desired which will be used in the stability analysis of the
h ' :

crowd-hoist regulator in section VI.

To obtain Ih from the matrix development of section VA none

T

of the blocks of figure 12 may be neglected since the hoist is in’
current limit. However, the only input to consider is I6’ since

the purpose.is to look at the effects on hoist armature current Ih

" caused by torQue disturbances at- the I6 finput.

Therefore with reference to figure 12, with all I's equal to

zero except I6’ . S

=% %
T T6
where, the determinant that must be resolved is,
1 -GH 0 -G H, 0
Gy 1 0 'GSHZ 0
Ae. =T 0 =G,G,4 1 0 | -GSHt
5 6 .

0 0. =G, 1 0
0 0 0 -G G H
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Now with the delta of section VA, the final transfer function is
resolved to,

h=% ' ' : | 5.2
D2 :

N2A= G6G8 [3%6 - G4G5Ht) 1+ GleHl) + G2G3G4G5H6 (H2 + GlHBEI 5.3

=

Dy = (1 +6,6)Hy) F* G585 * €670 - G4G5‘.36G7G_8H;[

+ 6,G4G,6s l:(:l +'G‘6G7G8H6) (Hy+ GiHj) + G1G6H;[ | 5.4

There are several points worth mentioning in regard to.
evaluating this transfer function. The hoist traﬁsfer fuﬂction
block G8 of figure 12 is in our analyéis the function Gb of equation

4.2 section IV. Also to obtain the transfer function I, of figure 8,

h

et

it must be noted ffom figure 5, that the following relationship

exists,
R 5.5
T T

L h
where Gg is‘given b& equatibnv4;3
Also evaluétion of equation 5.2, in addition to the hoist
‘ motion transfer fpnctions to be fognd in Appendix.4, requires'an
expression for the transfer function Ht thch is to be found in
| Appendix 2 équation A2.l.f
Otherwise, thg evaluation of equation 5.2 in terms of its roots

are found by the digital computer program the same as equafion 5.1

of section VAL.:
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3. The Crowd Transfer Function wc

d
Similar to the last two sections, the matrix development of
section VA and figure 12 will be used to resolve the crowd motion
transfer function wc. ‘
E
c
Since, as shown on figure 11, it is assumed‘throughout this

study that the crowd motion is not in current limit, the Gl block of

figu?e 12 is set equal to zero. :Tﬁis simulates that.Gl, the current
.limit-amplifier, is in its dead space or zero gain region. The Hi
block is also set equél to zero since, it is mot part of the‘crowd
motion. The present concern is to resolve the crowd motion and look
at the effec¢t on the output of crowd speed which will be caused by
the crowd-hoist feferencernvthe crowd errorAEc. Therefore with
reference to figure 12 with all I's equal to zero exéept 12;‘the
transfer function sought is given by,

We =76 G
E 8
c

where the determinant that must be resolved is,

1 —GZHl 0 —95}13 - -G.H,
0 6,6, 1 0 o
A e = I, 10 0 -G, 1 G6H$
o' .0 .0 G5 1
0 0 0 0 -GG,
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Again, with the delta of section VA, the final transfer function

bedomes,

e = G.G.G,6.G,G.G ~

e = 6505%,0sCCy . s o
¢ GGl + (L + G,G,GgH) (1 + G,G46,G.H,)

This transfer fﬁnctionlcan now befevaluated by substituting the
particular crowd motion block transfer functions to be found in
Appendix 4 for the G's and H's in equation 5.6.

Then the roots of the polynomials in S are obtained by'the
~digital program as is done in thé previoué two sectionsf

This concludes section VA, and the results of this eﬁtire
section will be required to accomplish the staBility ahal&sis of the

crowd-hoist regulator in section VI.
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B. Development of Crowd-Hoist Circuits

This section will concern itself with the application of |
figuré 8, and equations 4.6 and 4;7 of secti@nvlvlin_order to‘develop
the practical'circuitry(s) needed to fulfill the system requirements
of a Crowd-Hoist reéulatdr as outlinéd previously in section IV.

There are two main'developmenﬁs which are necessary to this
section,’

1) Section VBl covers the .detailed development of the

tachometer positive feedBaék network, ﬁt by expanding
on equation 4.6 and figure 6 of section IV. « L
2) Section VBZ is useé to develop in detail the circuitry

needed to meet the‘requirements of the.HC feedback network

h

as presented in section IV. This development draws on

figure 8 and equation 4.7 of section IV.
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1. Ht Feedback Network

" This section is concerned with the application of equation 4.6
for Ht from section IV page2l as further developed in Appendix 2.

Figure 23 of Appendix 2, shows a general block diagram for Ht s).

From this beginning it is desired to develop general operation- =

. al amplifier circuitry which will be able to perform this function.
The standard operational émplifier_which will be used is operafed
.froﬁ‘i 50 volt DC buses, and has a saturation level of + 30 volt with
a 10 ma load, and has thé high gain, approximately 105, required of
an operational amplifier. vavious;y,~to apply linear analysis(é)means
that the operational émplifiers must nat be driven into their re-
spective saturation‘region by their respective signal input levels at
any time.

From figure 23 of Appendix 2, tﬁe primary concern is the
development of the.cirgﬁitry for the transfer function Hto" The

‘Vt
gain 5lock Km’ which has the trgﬁéfer function Vt,.includes the
“n

gain from hgigf motor output shaft (wm), through geafing»and the
voltage gain of the tachometer itsélf.‘ Ihe voltage output of the

tachometer is defined throughout this analysis as Vt'

Figure 13 is the block diagram for Hto in accordance with

Ve

‘Appendix 2 and figure 23. It is the intention of this section to
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establish that the operational circuit schematic of figure 14 will
mfet the requirements of fiigure 13, To accomplish this equivalencé
consider the circuit of figure 14 in the three;cross~referenéed.
sections of figuresl13 aﬁd 14;

Circuit A is the input éircuit.for tach output voltage, and
as such it has, per:se, a lérge potential signal to noise ratio.
_This is especiaily'true since the circuit is basically é differen—
tiator with a series capacitance input; Thejﬁhysical fact»thét the

“tachometer, located at the hoist motor, is about 100 feet from

the control panel, which will contain the Ht feedback network, adds

to the potential input noise generation. These factors must be con-
sidered when wiring of such circuitry is done on the job site.

An expression for the gain block Vl may be -obtained by applying

Kirchhoff's loop equations(7) to the three loops forming circuit A
and ' assuming that Rl and R4 are much greater than Ty
The three loop equations obtained are,
ZRT.ll o - RT i, - RT i, _ _F_Vf
- Rp i tRp Ty Ty b Ly =Q
, _ cS
- Ry i, : - ‘+3T-l-“rl+r2-i-__’_l___13=0

CS:
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The solution by.determinants er‘iz is?‘,
o o o

. _ o - .Gs .
12 —,"Vt , —. i R .
2 E+ (g + rz)c'sj

a On figure 14,

For the point Vl
.Vla )
Therefore, '
Vla = Vt T, cS

2 = -
li+(rl+,r2)cﬂ
Because of the circuit symmetry the point Vlb on figure 14 is,

v = V ' . ’ 4._‘.
1b t r, Cs Co=-vy,

[+ (e + 1) CF]

' Therefore for either point the gain blocksvl is,

Ve
Vi = 58 A ikt'v's.' | 5.7
Ve 2,,E1w(rl+r2)£}$—]. o LIS

By bridging the tach input and centering 2 Ry, an operational
amplifier is saved which would otherwise be required for sign in-

‘version. ' Therefore, the input signal sign inversion at the input

. of circuit B on figure 14 serves the same purpose as the summing

junction at the input of circuit C on figure 13, as regards polarity

of signals V2 and V3,
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As mentioned earlier, the signal £o noise ratio céuld.be‘a pr@—»
-blém in the field when the control system is.installed. It is
always wise for the systems circuif designer to bear this in mind
and allow-alternativeé accordinély: In fhis Case; a problem of
.high frequency noise could be minimizéd by\providiné a pole-in the
transfer function;Vi »

—

Ve

s which Would éct.tO'suppress high frequencyv

noise and yet not be detrimental to the system bandwidth.

Such a pole ianl could be provided by paralleling resistor

Vi

r, with a capacitor C2' If this action were taken the transfer
- function would be modified as follows,.

becomes, Z, = r

e,

) 2 2 -
1 f rz 92“ S
‘and, |
Xl =.r2 CS ‘ _
Ve 2 {1+ [(r tr ) C+ r., C.. S+r. r. CC  52}
: I el A A 2:[ 12 2

~and for this case,

let a = r. CC

11‘

2% %
b é (rl + rzl C + rZ‘sz

_.then,f
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and the added pole is,

b2 - 4a- o
2 .

Now, assuﬁing the problem is high freﬁuency noise that is
ithat, To é_ 20 T very little effect on TO itself has occurred.

Circuit B is the néxt cross—referenced section 6f figures 13 -
and 14 to be considered. Both of the brgnches shéwn will utilize
paésive eleménts in conjuction with an operational amplifierav For
such a configuration, thé transfer function is easie§t to derive by

(8)

means of nodal equations based again on Kirchhoff's law. Using

(9

the basic assumption of a virtual ground at the summing junction
of the operational amplifief, the following mnodal equations for
the top branch of circuit B on figure 14 may be written,

1° Vla ‘ 2 T Eé 13 = V2 T2 th T 8,
Ry Ry Ry Ry + 1
) Cl S

. at the summing junctionm,

i + i, = 0
-at point e
13 = ;2 + 14

Simultaneous solution of these equations yields, -

R _ R
o , R

Vyoom 2Ry I+ R+ FIC S, 5.8
v TR, |T+ R, C,. 5

Y1la . M1 Tt Y
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By analogy, the lower branch of circuit B in figure 14 is,

, R5
"jﬁi - - Z'Rs LA (R +2) c2 S s g
=
1b R -
| 1HRgCy s

The miﬁﬁs sign merely agrees'withithé sign inversion of an operation-
él amplifier. Based on the éssumptionvof Appendix 3.that,

| T2 > Tf and,i Tl> To'
this configuration will séfve its purpose..

Circuit C is an operational améiifier used for straight DC gain,
and its transfer function by inspeétiqn»is,

s .

V4 é' v, . = - R

V2 V3 R
"NoW the signals injected at thé hoiSt motion summing junction
lgbeled RH on figﬁre ;4’are a funétion:ofvthe current and field turns
of their respective éontrol fields._ In othef words, the device next N
following the summing junctién RH is é magnetic amplifier ip the
hoist motion whiéh has mulﬁiple input, isolated control fields and
'Whosevgain is expreésed in terms Qf voits éut versus ampere turns,

excitation.. Consequently, the excitation applied to the summing

'junction RH by signal'Hto is simply with reference to figure 14,

Bio = Vs ‘§%~
where, N = number of turns in the H_, control field
.V, ' ' 5 ‘
_4 = amperes through the H__ control field
R ' : ‘
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therefore, H - N
’ . _to =
Vs, . By

and, for the gain block kovof‘ﬁigure 13 we have,

5,10

_to Es.e -8 N
v, v3» Ry Ry

Now, since throughout thlS 'section linear circuit operatlon
is assumed, the superp031t10n theoremC ) holds and for" pOSlthe

H_ will be pOSltlve and conversely for negatlve \ H_ = will

Vla? to 16’ Pro

_be negatlve, all with respect to the centerwtapped common.

In the final‘circuit désign, thekfact of liﬁeérVOperation“must
be shown in accordance>witﬁ Appendii 3.

A summary'of the'fésuits of thié section.in terms of Eorrelating
figﬁres,lB, 14 and>23'as:fegarQS;the'tranéfer functionAﬁﬁa is

t

as follows,
Ky =.kt k0

For circuit A from equation 597;:

ikt-= r2_C - _ Co | 5?11,
I, = (rl\+ rz} ¢ | . ff o 5,12

For -circuit B-from equatiqn3‘548 and>5,9,'



~50-

= "1 5,13
.
Ty Ry tRy |G 5.4
L 2
T =R, C, 5,15
Rg =1 5,16
R 2
4
T2 = R6 + Ei 02 _ 5,17
s 2
T.= RgCp R 5.18

'"The.prime”interest;is} in gain magnitude from circuit C equation

5.10 and therefore,

ko =Rg N SR R 5,19
Ry Ry R
and, K, =k k=7, CRgN 5.20
2R

7 9
bThis concludes sectdion VB1. ,The results above, equations
5;11 through 5.20, will be reguired for calculation of all circuit
components in the Ht feedbackicircuit when values are assigned to

the system parameters Kt’ TO,‘Tf, a and'b of appendix 2.
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2. The H
C

h.Feédback Netﬁdrk

a. DefiningﬂThe.Héh,Netwofk

This section is éoncernedlprimarily with4the'Hc block

h
figure 8, section IV, page 23. It is abproﬁriate at this tim

to redraw figure 8 in a more detailed fashion in order to dev

the HC feedback network in a logicai,manner; Figure 15 is f

h

redrawn in order to more clearly emphasize the important char

istics which the HC feedback network must have.

h
Figure 15 defines the HCh‘(S) feedback network as ‘the t

function from Ih (hoist armature current) to Ec (crowd error)

was. established in section IV as the essential function of HC

142

2 lop
igure 8

acter—

ransfer
. This

h (5.

Figure 16, page .53 shows the Hch (S) network redrawn from figure 15,

and it is figure 16 that will be developed in detail in this

However, before proceeding to figure 16, there are seve
points that deserve expressibn at this time in order to allow
‘better uﬁderstanding later of how and why figure 15 will fulf
the requirements of an automatié crowd-hoist‘regulaﬁor.

The genéral Oper;tion of the kneé -action éhovel during
dipper loading cyéle is exblained in the introduction to this
(sectién I11), aﬁd figure 1, pége‘s and familiarity with its
operation is imperative here. |

First, it is anticipated that the automatic crowd-hoist

section.

ral

a

ill

the

thesis

basic

bregulator will be a~supplementafy function. The normal oper%tion of
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a stripping shovel is under the manual control of a highly skilled
'operator to all times; Thié 0pérator at present. accomplishes the
dipper loading cycle by éqting'as the‘feedback elefnent_HCh (s).

" 'He does. this by simply watchiné the dipper as it moves into and
upvthrough the bank. If the;dipper.begins to gain sPeedjand come
out of the bank, he moves his crowd master switch in the ”croﬁd"_
direction thus forcing the dipper into fhe bank. Conversely if

the dipper;’in describing its natural constant hoisting arc, is
shoved toodeeply into the bank, the hoist motion will stall out

on its current liﬁit characteristic. To counteract this the operator
moves his crowd master switch‘in'the "retracﬁ"‘direﬁtiqn, and this
serves to unload the hoist motion sufficiently to allow the dippér
loaaing cycle to continue, Injother wofds, the Operatof présently
accoﬁplishes the crowd-hoist regﬁlafor function by watching the
dipper's hoisting'motion, gnd.cfQWding or retracting, with the
crowd motion, whichevgr action in,his_judgmeﬁt isvcalled for ét any
instant. This further establishes the shovéi opérator.requirements
of manual dexterity and'visual’acﬁity first mentioned in the intro-
duction.

Of course, fhe basic deéire of-éngineering is to try to
optimi%e any~iterétivé proceés‘by ﬁaking it aﬁtomatic° In the pre-
sent case, it is felt that the optimum‘dipper ioading cycle can'be
realized by holding the hoist mdtion.in‘the first quadrant on the

current limit slope of its volt-ampere characteristic as shown in
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figure 3, page 11. This says that the desire is to fully utilize
the capability of the machinefy in its most efficient manner; and
the current limit action is there tovprotect the machinery from
. abuse. Therefore, the operational‘gbal of tﬁé‘aufomatic crowd-hoist
regulator is to seleét a value,of ﬁoisﬁ'armature cﬁrrent (IhO} on |
the current limit slope.of the hoiét motion: and automaticallj
crowd of retract the crowd motion in'ordef to hold this value of Iho
throﬁghcﬁt the dipper loading cycle.

"However, for safety reasons, it is desired that the shovél
'operator be able to regain manual control at his discretion. It is

h 7o are required

fgr this reason thaf thé biaéiﬁg effects of RC and R
as shown on figure.15, and these effects will be discusséd now. The
present operational cbncept'of the automatic ctrowd-hoist regulator
as_envisioned by Mr.bMu.Neslin(1); and incorporating ﬁhat‘has.been
outlined above;'is‘as follows.

The shovel operator will begin the dipper loading cycle by
brihging the dipper-in low to_the ground fowards thé foot of the
bénk. When the dipper is approximately in the position shown in
figure 1, page 8", the opérator will move bofhvthe hoist and crowd
master switches into a‘positipninot:normally used in manual operation.
The placing of both.mastéf switches_in_these respective positions
will initiateAthe automatic crowd-hoist regulator and'itS'reference
Rene At the same instant; andlby'the same'actipn; the hoist motion

will be given maximum hoist reference signal RFH’ and the maximum

T
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crowd .reference signal RFC wil} be given to the crowd motion.

The aétvof starting both motions in_ma%imum reference to begin
the automatic dipper loading oﬁeration; immediately forces the hoist
motion on to its current limit Slgpé; The action of the c?owd—hoist
regulator, operating on the crowd errdf; holds the dipper into thé
bank,‘through0qt thebdipper 1oédiné cycle'without stalling the
hoist motion. |

The automatic éroWd—hoisf referencé-RCh determines the value
of hoist armature current (Iho) which the crowd—hoist regulator Will
.tendeavor to maintain. Thié is_whét the Hch (8) feedback network
muét accomplish, and thése reqﬁirements may now be eipréssed mathe~
matically with reference.té figﬁre 15 and figure 16.

First, an exﬁressioh‘for the'crowdver‘ror.EC as a function of

the hoist armature current I

h is frbm Figure 15,

E = '_ | . ’
¢ T Rre gHz , : 5.21

where, CH2 =[Eb HChl - RCEJ- Hchz ' ‘45322

Now defining an operating point on the hoist motion current
limit slope as follows,

when, Ih = Iho . Ec_= 0

therefore, CH2 = __RFC
This states that when the hoist armature current attains the

‘instantaneous value (Iho), zero error on the crowd motion will occur at

that instant, and the crowd motion should neither crowd nor retract.
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The open loop gain, that is, the crowd-hoist regulator system
GH of figure 15, will dictate the maximum excursions of holst arma-
ture current which the system will allow, These allowable perturm

bations, about the operating point Ihé may be written as 4+ A I -

By differentiating equation 5.21 and 5.22 with respect to I
and considering everything else constant as it would be for the

steady state case, then equations 5.21 and 5.22 shdw that,

or,
T chl ch2 Yeh
h .
This result agrees with the physical picture by stating that for

increasing I decreasing EC is desired. 1In other words, as the

h >

dipper moves.deeper into the bank, causing the hoist motion to slow
down, the hoist armature current increases. When this happens, the
‘crowd motion is to move in the retract direction,vand this requires

that Ec decrease. Conversely for decreasing I, increasing EC is

h
evident.

/Therefore, placing an operating constraint on EC and CH2

as follows,

- 2R, < CH, < 0 | o

h’ - -
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‘From this-anélysis? the followgngAthxee mathematical relationships

. ensue,

for I, =Ty, E=0
T T , 5.23
: I_I_ho Bent f:*?g;_-[. Henz,= Brc |
Cofor L= L ,+ A Tho ' Ec  =~ Rge
LEIho + A Iho) Hchl B Rcé} ‘thz' =2 RFCm 5.24
for I, =1, - ATI_ . E_ =R
. h "ho ho _— "¢ ' FC 5.95
: Elho‘ Tho! Heny _Rc;l - Feng =0

RFC is fixed by the crowd motion regulator and represents full crowd
‘reference for that regﬁlator, énd*— RFC‘is'full retract reference
for the crowd motiop., Thefgfore; the ﬁagnitude of Rpc 1s a constant
defined by the requirements of'the crowd motion regulator. THQ

magnitude‘of the perturbatioh;A I

is defined as follows,
Jho T ,

.

ho

Since the interest at this time is to consider. only steady

state operating conditions, DC gain of Hé will be held constant and

h2

a solution to equations 5.24 and 5.25 based on these constraints is

desired.



-59-

Then equation 5.24 becomes, '

: "(l‘+'é)_’Iho. H551 1v= 7Bcﬁf>5‘2RFCT,’ '

énd'équatioﬁ 5«25‘beé6mes;? o
_simultanedushsolutibn of thésé{éduaﬁionévar H.'l‘and:Rc

<h h-yiélds,

| R
Tay = B s
B #ho ehz |

Ry = Q- Re 52

- a HChZI E

" where ? =. ~A*Ihoi 

Tho

~5.28

These three basic[equations'will aétefmiﬁe the steady state gain
“requirements of the entire HCB féedback5nétWork and the prime

concern now is. a more detailed consideration of figure 16.
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ch2

: b.-‘.Development °f*Hchir?ﬂd'H-

Section VBZa was a general development of the H ch feedbackunet~v

‘lf.work in terms of steady state gain requirements, defining -the" crowd-
“ff' hoist regulator 0perating point Iho and the biasing effects of RFC
::ijl;:and R h | |

This section will cover the particular development of the

lvﬁﬁfg‘circuitry which will make up the transfer functions H. hl (s) and

ch2 (S) as shown on figure 15 page 52 and in greater detail .
4 "t?on figure 16 page’ 53 |

Figure 16 defines the general form of the several transfer

R

"function blocks which combine to form the main blocks H hi (S)

1fand H ch? (S).f Each w111 be dealt with separately.

| The transfer function H chl (S), as -can be seen from- figure 16,
l'consists of two blocks ‘and the circuitry to. be used to generate these
transfer functions are. cross~referenced with figure. 17._

r”lThe H. block is part of the fixed plant and represents the

CF

commutating field voltage dr0p VCF as a function of the hoist arma-

ture:”urrent Ih ' The transfer function can be calculated 81mp1y as,

LN
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: yielding, . .

f e o P I sla9
Hep '1X££ ) RCF"[%’* TCF‘EJ - S S
where, TCF .g‘LCF-

| Rep

The commutatingvfield,volfage drop gignal VCF‘is prdportionali

- to the 1, armature current signal, and in addition offers the

 additional advantage of an inherenf'iead signél in.the,traQSfer
function as céh be seen. This lééd:signél haé Been found»té be

' very beneficiél at times in the Bbde*analeis of a systém becaﬁse’
L it inherently-incrééses tﬁé'phaéé ﬁafgin} |

‘The G block of figufesv16; page53,and l7khas.tWO functions.

o cl ) ‘
?It must provide a means of céntfollipg thé gain of Fhe Hchl ﬁétwork; B
"and allow another iéad signai,wﬁiéh canlcompensaté othér predominate

L; lags ihherent in thg.éystém.  | |

The dotted lines on figuré.17lidentify the summihg junction

" of the signals CHl and Rch:as inﬁuts'to;thé magnetic amplifier

'repregented by block Gy on‘figuye116 énd 18. Therefore, continuing :

‘the derivatiqn of the Geq

blpck;}an'ékpression for thevEurfent il
through thé‘contro1 field N

is desired, "

1
I = Ver
Z) + R, R \
'"”'fﬂWhé?e!‘zli,;fﬁ'URl'." B
) TR

1712
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_Consequently, the signal CH applled at the summlng Junctlon in. terms

~of control field excitation of G is,' B

5,30

Thie result identifies-the G '°bloekvtransfer funetion as,

T M 5.31
Rl + R2
CORp R,

Thevs1gnal R h’ Whlch will be used to establish the operatlng

point Ih of the crowd-h01st regulator, is- 1ntroduced at the summrng .
"“_junction of G

D in a manner analogous ‘to the s1gnal CHl

The concern now is the circult development of the transfer

function H ., whlch is made up of the cascaded blocks shown on. O

ch2
hgjvfigure 16, page 53 and cross—referenced with ‘figure 18

The lead element G, is a magnetrc ampl1f1er which, as -

D’

L,mentioned earlier, has multiple input, isolated control fields.v"l

o The galn k of G is eXpressed‘in.termsvof voltsvoutputvversus‘

ampere turns excitation of 1ts multiple control flelds.‘ The time h




GcZ

TANY: 5
VA Hcho

Heno Feedback Circult

Figure 18,
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constant TD of GD is the summation of all of the L's.of its respec-
R

tive control fields, In this case the'magnétic amplifier G hasbas
its power sourée a bullt in inverter power supply of frequency 2,5 KC.
Due to the high frequency of its power source and the very low in-
ductance of its control fields; the time constant TD'is of the
order of 10—3; and forvtﬁe purpose;‘can be éonsidered‘negligiﬁle
in comparison with the inherent system tiﬁe coﬁstants; The purpose
of GD in this circuit is to obtain electrical isolation from the
Ward—Leonafd lobp and providelthe gaiﬁ kD',

The next fransfer function which is- cross-referenced on figure
16, page:53,and 18 is-HTF. The ﬁurposé of thé*tuﬁea7fil§§rlHvais~tb
provide a means'ofieliminating'the system mechanical oscillatory |
frequency o which the hoist armature cufrent signal iﬁ is expected

to contain. The HTF requirement‘is>discussed in section IV and in

‘ particular, evolves arouﬁd the use of equation 4.7. It should be
noted that the transfer function of the“HTF block is.identical to
equatioﬁ 4.7

The HTF operational circuit of figure 18, will now be derived
using the basic assumption'of‘a‘virtual ground ét the summing

junction of the operational amplifier and the same nodal techniques

as was employed in section VBL.
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(e - ea) Cz S
i, = (e =-¢e) C3 S
13 = .(el -,eb)
R3'

The three basic Kirchhoif's‘equatiOns

: il = i2 + i4
12 + 13 = 15
15 + 16‘= 0

The simultaneous solution 6ﬁ the equations yields,

that

must beé satisfied are;

_ 2
- e, =Ry R3R4CZC3S.+R(C +c)s-y.1_ lllll
ei.‘R3’+R5 RR4CZC3S +E< (c +C)+R c]s+1
therei RP = R3:R5b
Ryt Rg

~

' Under the condition that,'R5'>> Ré

and the following identities relate the H

”and the 3TF

page 53,

TF

BT

circuit of figure 18

'biock‘transfer function (equation 4.4) of figure 16,
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5 = 1 - : | 5,34
Ryt R
R.R C.C. =T2 - ‘ - 5,35
3 4 2 3 o ] : L ’. . ) Al
R, (02 + 03} =A2) gl -TO - o o | 5.36
| RA (c2+c3) +RP C3=2‘.z“;‘2vT6 , 5.37

Since the ratio of’ti7

@2 10
R, C; <9 R, (Cy+Co) | | 5.38

"The ratio of'-t1 determines the depthvof the notch,land Toﬂis

T
2

iﬁversely proportional to the frequency wO at which the notch will
be centered on the‘frequency response eufve;

| ‘Since the system meehenical os¢illatory frequency is of the
~ order of 1 cps, there were many problems encountered in deriving an
“‘operational citcuit which‘wouldumeet the analytical requirements of
equation 4.7, For example,vit-is a deéited pr0perty of HT " that

,Lthe parameter T be variable w1thout effecting the parameter Cl and

vice versa. This property can be demonstrated by considering

equatiens 5.36 and 5.37, and the following expression derived from

j.
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the:basic relationships 3.35 thrqugh 5.37,

‘cl A+

e _, o 5.39
g 1+r @A+R v
2 ¢ ,_!i')
Ry
 where, r = C3 - } 5.40
)

Now, by'using ganged rheostats for R3 and R4 and varying them

‘directly such that the ratio R3 remains constant, the parameter To

R,

can be varied without effecting & °

The operational circuit represented as GC on figures 16,

2
page 53, and 18 has precisely the same form as the "B" operational
circuits of the Ht feedback network in section VBl. Therefore the
analpgous solution for Gc2 from this earlier work can be written
directly.

Here again, as with the Gcl,transfer function, the desire is
to introducé-another potential lead signal into the overall system
transfer function. _
: o T
o + (R9 +T)C4 S ’

c2 ' 8 e R 5.41

In terms of correlating the GC2 block transfer function of figure 16

N
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with our operational circuit of figure 18 the resulting equatioﬁs are,

ky= =2 Rg . 5,42
Ry

Iy = (R»9 *-f_s_) C, o L 5,43
2

T, =Ry C, -~ = | N 5,44

is the block identified as k., on

The last e;ement of HCh2 3

figure 16, page 53 . Here also an .analogy with the transfer function'

H of section VBl exists so that k, can be written by inspection

_to 3

v,

as, kg = Ci, =N, 5.45
V0 RlO

Again it should be noted that the signal CH2 is introduced

into the crowd error by means of a magnetic amplifier which is the
~lead element in the crowd motion.
This concludes section VB2b. The results of this section, ’

.namely equations 5.29 through 5.45, will be required for calculation

h feedback network along with

of all the circuit components in the H,
equations”S.Zl through 5.28 of section VB2a when values are assigned

s Iho’ A Iho and the system transfep

to the other system parameters Té
functions w_ . and.I .
o <. ~h
E. I
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- VI. DISCUSSION dF RESULTS

A Summary of Procedures.

This thesis is essentially a presentation of the design criteria

which weré developed to meet the analytical requirements of an auto-

matic crowd-hoist regulator as outlined in section IV. It, therefore,

.

seems appropriate to begin this section by summarizing the methods and

procedures necessary to the utilization of the generalized equatiohs

of section V. It should be borne in mind continually that there are

two goals,

1.

P

The H feedback network and tuned filter in the Hopo

- feedback network have been designed to suppfess the

fundamental mechqnical system oscillatory frequency wg.

The blocks of the simplified model of the crowd-hoist

 ‘regu1ator, figure 15, page 52, must be quantitatively

identified in order to allow an analysis of the closed °

loop response and stability of'the,crowd—hoist,regulator.

Based on these two prime considerations, a logical procedure

is as follows,

1.

- Observations of the mechanical system

(1)

and appendix 1.

must be found from

M L

knowledge of the shovel geometfy and'the.dverburden

a) The system inertias J, and J

being strippedo

b) With the dippef.in the air, a torque impulse disturbance



c)

d)

e

a)

response curves for second order systems

 system parameters Tf, a, b and k
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is introduced into the mechanical system, ‘From

- .recordings of .the response to this impulse it is

poeeible”; to.get a reasonable approkimation for the
mechanicel oscilletorf frenuency woa

Using this value of-wo,‘equation 4.1 defines the
spring torsion‘conetant K_.

Knowing K. and correlating thevwell documented time
(2)

with the

recordlngs taken earlier,.allows identification of-

, the mechanical system damping constant. This yields
a good approximation to the 2 Cl T term of equation

‘ 4.7vand'direct‘corfelation-with the;g of equation 4.4.

K
r

Thus JM, Jps mo,‘Td, Kr,‘D.and ;1 are identified.

.n Calculation of the Ht.feedbaek,network.

Section VAl will yield an expression for the hoist

 motion‘transfer function G, which will identify the

f

£°

With a knowledge of Tf, a, b and k from section VAL,

‘:Cl and T from system analy81s of section IV and

appendlx l and K., afd KM from appendlx 2, the H

\Y

' network parameters Kt’ T, and T2 can be evaluated.

1

Now section VBl allows direct evaluation of all the

Ht network circuit parameters shown in figure 14,



d)

The

- a)
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- page 43,by_using-equations 5,11 through 5.20.

. Appendix 3 is then used’ to verify linearity of the

Ht feedback network as designed.

This completesfthe design of the Ht feedback network

for the system parameters found earlier.

H . DC gains and R ., reference from Section VB2a
ch v ch :

"From the hoist motion settings for the current limit

" characteristic as shown on figure 3, page 11 an operat-

ing point I for the automatic dipper loading cycle

ho?

" is determined based on observations of hoist generator

Y

“'?’c)

‘voltage and armature current obtained while the shovel

operator performs amanual dipper loading cycle.

is

The perturbation of hoist armature current, A Iho

'also selected 'empirically from the observations abave.

s

From the crowd motion regulator, the parameter RFC i

‘known and is simply the'amount of reference (ampere

' turns) required to drive the crowd motion into '"full

crowd". Since the crowd motion is a voltage regulator,

"full crowd" means the application of maximum crowd

 generator voltage to the crowd motor.

d);

With this information, section VB2a allows the DC gains

of H and HchZ

_chl

the automatic crowd-hoist regulator reference Rch by

to be'set'and establishes a value for

utilizing eQuationS”S,Zlvthrough 5.28.
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73—

Calculation of thé-HC ‘and HC 2 feedback networks from

hl h

Section VBZb:'
a) From the hoist'motion;‘the transfer function HCF of
 figure 17;'page6l, is‘defined;
b) The Gcl blockvof-figﬁre 17; page61y and ?he Gc2 block"
..of figure 18; page 64,are both intended as.series-
compensation by providing ﬁotencial lead signals ﬁo
cancel tﬁe inherent secondary systgm time constants:

in.w; and I

_c -—1_-1. e
EcA Th
¢) The tuned f;lter HTF_Of HCh2 figure. 18 is intended

to suppress or damp the systems basic mechanical
503cillatoryvfrequency which is present in the hoist

' armature current signal I,, by essentially cancelliﬁg

h’
the systems natural second ordervrésponse;

' (TO2 S? + Z'tl.To S+ 1), and replééing it with a
dominant pair of complex poles with a larger damping

2

constant (T 2 S“+ 2 ¢ T S+ 1).
o = 2 0 '

h
. feedback netWork'by'prope; use_bf equations 5;29
through -5 45 |
Identificétion of thevcrawd-hdist regulator loop blockévof
figure 15, ﬁage 52, | |

a) From section VA3 by'using appendix 4, the crowd motion



b) 

o)

d)

e).

£)
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transfer function_wé is evaluated.
E
c

Similarly, section VA2 allows quantitative identifi-

cation of the hoist motion transfer function ih’

Ty

The function Gg is given by equation 4,3 and figure 5,
pagé 17,and ‘evaluated by using the previously found

values of Dy, K_ and J .
. . r L

. The transfer function.kC requires direct knowledge of

the crowd motion mechanical gearing ratios in order
to determine the change in crowd position 6, as a
function of crowd speed W, .

As stated earlier the HC and Hc functions making

hl h2

‘up the H . feedback network are evaluated by utilizing
ch ) .

sections VB2a and VB2b.

kb’ as stated in section IV, is taken as a straight
gain term whose magnitudé is not easily determined.

This obstacle however is not insurmountable as the

analysis in the second part of this section will show.

This concludes a summary of the methods and ‘procedures establish-

- ed by section V, and it should be noted that the two goals stated at

the beginning of this section have been satisfied with this approach.

In the next part of section VI, Bode techniques will be employed

to-aﬁalyze the closed loop stability of the crowd-hoist regulator =

model of figufe»lS page 52,
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B, dee Analysis Of Svstem GH

Utilizing the results of section V énd the ﬁethods and pro-
cedures_of sectibn VI A, it is now possible to.aﬁalyze the closed
lboﬁ stability of the crowd*hoist'regulatof model of figure 15, page 52.
- Figure 15 identifies tﬁe systemAGH as;

GH(S) = Hch2 Ye k | I H : 6.1
‘ T — b g chl v

=]

Since the system is defined as a function of S, any of the standdrd

(2)

techniques of linear analysis cduld be applied at this point.
Whatever technique is employed theiBasic COnceét remains the same.
The basic concept is, as always;‘the seafch for the roots of the
characteristic equation, - |

1+ GH(S) = 0
The Root Locus techniqu¢(2> accomplishes_this solution by mappingf

the locus of all points on ﬁhe S plane which will satisfy the

condition , -

]
I
=

GH(S) =

that is,

i
[

6o

. ZGH(S) = —186°'

The Bode'technique(z)_lets S equal jw and considers a frequency
domain solution of the same characteristic equationkby plotting

separately ]GH.(jw)I'versus~the angular frequency w; and‘M[Gngwé
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.versus:anguiar frequency.. Visual:inspection of both,plots-yields

,» and the .phase angle, {GH(sz, for any angular

the gain, lGH (Jw)
frequency. Again, the p01nt of absolute stablllty is where,

enGw| = 1

.~-180°
‘Therefore, using Bode techniqﬁes; the angular frequency wco,,which ‘
is defined as the "crossover" angular frequency of the system,

‘defines the critical point of interest where,

IGHC'Iw)] = 1

» Then from the plot of [/ GH(jw) is obtalned the phase angle of the .

:functionvGH(jw) at the same angplar frequency wco' If the condition
exists such that,: fGH(jw) = —180°, at'wcgnenbesciilator of‘angular
frequency Yoo in the time domain has been created) The other classic:

- example is where 'the following condition exists,‘ |

fmlﬁm)=-ﬁm‘.‘ 'etww

Thisvcase will have essentiéliy’the respense characteristics of a

" single time constant system which has the usual physical preperties
of e:simple exponentialrate. of rise and decay in the time domain;

N Any practical*real~wofldieystem is,exﬁected Fo fall somewhere
"ewithin this range and the differeﬁce"between;#he”z’Cﬁ!j&) and - 180°

: »iS‘terﬁed the phase margin of the system; Therfore,; the phase margiﬁv‘

(6) is generally defined as, '

6 = 180° + {_ GH(jw) .
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For industrial control systems, it is generaily considered good
design practice to maintaiq'é phase margin of about 40° which means,
ﬁGH(jw) i_ 14Q° |
To make Bode Anélyéié aﬁ’éésier tool; it is common'practicevto
use a Bode ruler with a phaée angle §cqle;(2) This feature-eliminates
the req@ireﬁenf forbﬁlotting fGH(jw)~ver$us w, by allowing the

phase angle /GH(jw) to be read from the gain versus w plot of the

straight line approiimation féf |GH(jw) .

Since Bode analysis técﬁﬁiques will be used,fér the study of
the system GH(S), the intention of this section so far has been to
cite only the very baéié‘coﬁéeﬁt.of Bode's approach to the solution
of the ciassié characteristicbéquation. It is assumed fhat'the |
reader has a fluent knoWledgé'of.the standard Bode.analysis techni-
'ques, |

Now it is desirable to reﬁurn tovequation.6;1 and figure 15,
pal‘ge'52 foflthe brime-purposéfof dempnsffating’the use of the two
cbﬁpgﬁsation.transfer‘functiohs, Gcl andvG;Z, in the Hcﬁ feedbéck
network. | . '

: Iﬁ orderbto bétter_unders£and ;he compensation techniQues tb

be'used, it is best thét,thevGH equation 6.1 and figﬁre 15 be

understood as consisting of two main sections as follows, .

o= S M % m . 6.2

ol
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and,’

therefore, from section VB2a figure 16, page 53,

B =Hg G 6 HTF Gy Ky 6.3

this of course means that equation 6.1 may be rewritten as,

GH(S) = I, (S) E_. (5) "-' o o 6.4

h
c 'Ih

i

Furthermore, from équation 5.26 ofvsection"VBZa the DC gain term
.of‘Hch is givenAby, B 7 o
AIho_ '

There are also two simplifying assumptions which will allow direct
access to the important aspects of equation 6.3,

1) The time constaﬁth of-Gb’ig'at least 20 times smaller

D

than‘the next smaller H¢

h time constant. Therefore, the.

effects of'TD are neé}igible to tﬁe system GH.
2) The HfF tuﬁed fi;ter, as pointed. out in section VI A,
is the ratio of two ‘second ordef'polynomials of different
damping constants. _The‘cdmpiéx zeros (damping constant

gl) are intended to cancel the complex poles (also of
_ dampiﬁg gonstant ¢1) which»ére:expected ﬁo appear in the

signal from hoist armature current (Ih). ‘Now assuming

-
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-HTF is- pr0per1y tuned, thﬁ cancellatlon is. assumed to be effectlve andv_v;:

1.i.the Bode analysis of the system GH will only consider the denominatorv:

of H TF'

[ ThlS ‘means equatlon 6+ 3 may be expressed as, -

RFC O T ),?c';i‘“cé)f_..:} |

h h(1+2z;2T S+T252)”

6.6
sp: where. Gc (S) is an expre351on whlch 1ncludes only the tlme constant
x.‘of‘Gél‘ from flgure 16, page 53 as follows,'

GC(S)"—.'l-»I.-Tl\S..i" 1+T35 B S
1+T, 8 1+T4s}_. : :

Now-equatibn 6 2 may be recdnsidered in. order o gein insight

":  and also to 81mp11fy it for the comlng Bode analy31s. The following |

‘,s two p01nts are worth cons1der1ng, :;fdt
'Aipnl)g -By puttlng in a step at E of figure 15,‘page 52,with the'%

.'CHZ signal- temporarlly dlsconnected and monltorlng the T ,d

.‘atdﬁtput quantlty_IH,i1t is possible‘to get an approxi—‘ :

“mation to the gaip;terﬁlofiiht; This gain term will be the

U E
" .'rate of integration duegtotthe_l of~Eh3 Since eVerythiﬁg,:*
ST e

’7-‘f'iniih :exceptdﬁgland'kb,“has beep defined,quantitetiVely;ff;:ffT}

- E_ . .8
R T EETD

© 7 an appIOXimation“of”théjgéiﬁ‘ih'terms‘of,Eh_will allow ﬁf:° i
c -




-80-

approximation of the terms kc‘and kb.
2) © Since the complex zero pair of,HTF has been neglected,
the complex pole'paif-of‘EE due¢ to the mechanical system,
L
when it is resolved from section VAB;must also be neglected.
Now a Bode analysis of the system .GH (S) as expressed by equation

6.4 and shown in figure 15 will proceed. ‘Since it will add measurably

to the insight obtainable from this analysis, the transfer functions

. making up the system GH (S) will be defined quantitatively. The

.'numbers used will be repreéentative of the actual,system; although
- it should be remempered that the,teqhniéues utilized are of greater
;éignificance than the numbers fhemselvesq

Let, u = 250

E_ .
c

1+ 205095 + 092 2] [1+ 208035 + .0n? sZ]
.Let;. |

L= 02E+2(6)(8)S+(8)22—I |
Poatma+s a+ ozss)[+2c4}(015)s+(015) 2]

=3

Based on. a mechanical system_To = 0.14-
and equation 6.6, - :
fet;Be = Bpg oo (140,068 6 G)

hoo hol_l +20 (s + (10 .82]'
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Since the complex quadratlcs given cannot be plotted dlreetly on
a Bode with straight line approx1mat10ns, a method must be’ employed
to propefly represent them. - ConSLder the general quadratlc,
1+2¢Ts +71° 8 |
there are the usual thrée‘possiBilitiee;'
b'l)f' If > 1 the ﬁuadretie;is easily £aetored§ihto two real‘
roots - |
2)  If ¢ = 1 the result of factorlng is t&o real and equal
roots namely; | |
(’1 + TS)2
'3) 4IfA§’< 1 the reOts:ere imaginary. However, there are
many standard.grephs whiéh’allow both gain and phase
shift correction as a_functiqﬁ of . the parameter'c.(z)
Therefofe; thefcomplexvquadretic caﬁ‘be exﬁressed for a
stfaight»line'Bode analysis if the intelligence of the
daméing‘COnstant is maintained. This will be done by’
using the follow1ng notatlon,' |

1+2z;Ts+Ts E.+TS]
. (%)

Applying this notation and'comhlnlng.the transfer functions to form

GH(S) yields,
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(0,6)
cH(s) = Xou. I_;+085_[ (‘1+ooes)

S (L4 28)(+8) [+014s:l |1+ o9s] EJ&,O@Z

Cc) o 0.5). (0.8)
X -   qcn§$)
' _ o T2 .
(1 + .0258) |1+ .0158 B 6.8
(0.4)
where, - _
KCH = 50 FC kc kb
- AL
: ho

and, GC(S)-represents the compensating time constants of Gcl GcZ in

the .form of equation 6;7,2
Figure 19 is the stréight line Bode répresentations of the
:: System“GHE(jw)‘ under thfee cbnditions as'fbllows;
1) ‘Acurﬁe,A is the ﬁode forlCH(jd)lbf equation 6.8 with,
B o) = | | |

and neglectlng the H denomlnator,

T
!—1+014s]2
(r,)_ 3
2) ) Cﬁrvg B‘is the same’ as éurve‘A.egcept the:HTF:denominato?
. is'not‘negiected‘and the 9Qrfectedvsystem»dampiné cons;ant
islpaken aé’ |

‘ ;2'.‘& = _0'58‘
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31:«-Curve C is’ the same as Curve B except the compensatlon of
» G (S) is added and taken as, | o .

+ ZS
+ O.SS-l

0
O' S

-6 (8) = L 1w
. 1 1

Figure 20 is a plot of the phase angle of GH (Jw) under the

. same system conditlons as flgure 19, and the letterlng of the curvesd
'-fcorrelates the [GH(Jw)| | GH(Jw) as a functlon of the angular.
: frequency w . ” . |

| lhebprocedure tollowed‘eqnside?s»the‘gain term'KCﬂ.as 40ddb

© which in straight gain would’.» be,’ o ' |

_ This value of KCH is Selected‘arbitrarilv,simply'tb.designate'a one

. per unit scallng for the galn term. In other words, the actual system .

cH 1s the most diff;cult system parameter to establish quantiff;;l

,l tatively. Because of'thiS~factv'the dee’system enalysis is best

*'v}accompllshed by looklng prlmarlly at the phase angle of GH (jw)

‘and determ1n1ngvfrom»flgures 19 and 20 the optlmum system crossoverv"
1 :frequency (w' ) In addltlon 31nce the bank gain term kb is a -

- functlon of the geological conditlon of theioverburden at any tlme,
Gll’allowance must be made in the:Bodefanalysls for a variable gain. L
| 2 Curves A and‘B‘ef figureLZO“eerrelstedlvith figure.lg show=‘

"{Taptendech{towardspnarginslkstebilitygofﬁtheESySteﬁkif;the?erossover;‘»fcv

i

.+ frequency were taken at,: = *

S e e Ly 22 radfsec:
LT . .: » ‘ : R CO - . F
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~ Under . thls condltlon a. losa of galn would also reflect a. loss of .phase
margin, which. is contrary to . the normal axiom of . reduc1ng ‘gain to
‘1ncrease phase margin and thus stablllty.

The reduction 1n syetem phase. margln caused by the system
mechanlcal oscillatory frequency 1s.demonstrated by inspection of
curves A and B of flgure 20.

The‘sjstem compeﬁsatioﬁ in.this example was selecred to
allow a system crossover‘frequency of, |

w = 4 rad/sec
Cco S

end at the same time fiarten out the dip occurring at 2 rad/sec in
the phase angle of CH(jw) as shown on figure 20.: |

<For the systemvcrossover.fregueqcy of 4 rad/sec in this example,
thefsystem gaih at this angﬁler rrequency-is shifted and re-defined .
as the 0 db 1ine. - -

Therefore after correcfing the straight'line’Bodeicurve C at
the system crossovervfrequency} the arbitrary~28 db line is taken-
asithe 0 db'line,.and'coneequently the system gain is.identified as,

Reg = 40 - 28 = 12 ab

Thus for this ekampie,a system gain of 1é db‘with’a>system
crossover»frequency of 4 red/éee, wili give.prqtection'against>loss
of phase'marginvcaused‘byalossvof-syetem geinzthroﬁgh either.a chang-'
.iﬁé overburdenlconditioe or.Sateratien, Which ié thebeSsenrial non-

linearity of the basic motion regulators.‘



* Although this example was .selected based on the characteristics
of é particular stripping shovel. control system, there is good reason
to believe that the techniques established in this example will carry

over analogously to other*such.Stripping shovel control systems.
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X. APPENDICES
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Appendix 1. . Analysis Of Mechanical System

The:purpose of ‘this éppéndi;AiQ to shoW‘how the models and
equation of section IV were gen¢rated'from the basic analysis of the
mechanical'system's dynamics; |

Figure 21 shows a model éf tﬁefmec@énical system., Althéugh
it is wvastly simplified from the true éhysical world reﬁresentation,
it is to all intents sufficient'for the purpose; &ﬁe drawing shows
how ﬁechanidal oscillations due tovthe interactions between the |
hoist drive (hoist motor, gears and'drﬁm) and the driven mass (dippef
and dirt) are introducéd into the hoist motion through the‘hoistvrope.
'Tﬁe hoist fopé is a steel cable with a cértain'coefficient of
elasticity; | | | |

-~ Since, it is preferabievwith‘é rotéting mechanical ‘drive to
cohsider the méchanical system in rotational terms; the analogous ..
system model of figure.22 supplantsithe.original model of figure 21}~
In other words;,the«elasfic,rope and‘rigid shaft is replaced with a
rigid rope‘and an elasﬁic shaft in ;rdéf to represent the sﬁring
constént‘as a torsional ratherlthénia'étraight line force represen-
tation. o |

" Based on the quei'of figuie.22, the fbllOWing differenﬁial

iequations will yield'the proﬁerties of the'toréional analog.

| Breaking the elastic shaft at its mid-point, and tﬁen con~ |

sidering the inertial effects of motor (M) and load (L) will yield,



| HeisT
- ‘MoTOR .

"~ HoisT DRuM

CwiTh sPRING ToRsioN ConsTANT Ky

L S
B "FfélsT.D,RUM

B

 Biasmic SHAPT

.__v'D\‘pPEKV, . . T » T . » . '_ DBP‘FER". |

,Figlire, 21. Mechanical system'- Fdrce - Figure 22, - Mechanical System -‘Torsi@malA



oy eMs +D® L)Sékf&%-e)- L

|
=)

J@ 'S_zjv}-‘}D;ce - e z s r @ ‘szeL)j

1
o,

where, D= meChanical system damp;ng constant~’”ff

,K‘ = sprlng tor81on constant

Ty
1

7 motor iﬁeftiak-”"“

[N
[

load inertia

-Forjthe~ffequéhcyvof?oSbiiiatidﬁ Ofithis‘mechaﬁical system,

- 'set D equal, to zero, and éonéidéi théféharaétefistiC'equation of the

. resulting 2 x 2 determinamnt, = .

(J s? + X ) j»—Krf?: 
2+K)1}

K, ff f” (J s

4" ”2,
JMJLS +(J +J)K S

TR e o
8 +‘JM + JL Kr =0
B 'O/

Clet s - g

'3 ﬁheﬁé;'wO.i$[the'OSCillatéry7méchaniCAivéyétém frequéncﬁ“thié_yieidé,fﬁfA"
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.: which is,fhé expression that Dr; Black has:in his report (section IV).
What fhié réally,yields is a means of experimentally determin;
ing the constant Kr from observation of the oséillatory frequency
present in the mechanical éystem. Similarly, a good approxiﬁation
“of the damping constant (D) can. be obtained from actual obseryation4’
of the shovel}s mechanical system whenl$ubj¢ctéd to a disturbance.
The block diagram of the motor and mechanical_syétem figure 4
section IV ié a direct representa£ion of the system differential
equétions given in this appéndix. If iﬁ is desired to reduce the
block diagram of figure 4 pagé 16;to obtain the simplifiea model
of figure 5, page 17,it is eésily-done by a determinantél solution

from the matrix expression,"'

|t LR 0 e T
5
-1 ' 1 e = I
—_— v — 2 2
JMS o1 > {L§
-0 o -(D + EI?; 1-. .e3 o —13
S

:,Where; from left to right on figure 4, neglecting the Vg input, the

se, and e

summing Juncﬁlonvlnputs are Il’ Iz‘and 13 (TL)f and e 2 3

1
are - the errors after these summing junctions.

‘The determinantal solutions, where the delta is the determinant

of thé 3 x 3 matrix, are = IR o
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’ Appendix‘2.“ HAnalysis ofvsysgem‘Ht  o

From sectlon IV equatlon 4 6 says that

b"vH

£ : KV (1— z ) 2 T S '

G (1 + T S)

A simpllfication of the transfer Gf from sectlon VAl is glven by,

k (1 + T S)

(l+bS+ra',Sb)
- Based‘on this‘assumptien;:7

Ht= K, S(l+bS+aS)

‘v:}' - “h;b A2,1 S
(1+T s)(1+T s) I o

vhere, k<X, GeE)T,

Now, consider the block dlagram of,flgure 23 Whlch has the follow- T;h'

ing transfer functlon, L

Ht=KmKt s |xg (1 + T S) 2(1+T25) S

oiaT s | 1 + T, s o 1+T, 8
A 3 SO

”"*m;ﬁhere.K. =fK K.
ST W T e

7Q:ihis'resdlﬁes to.eqaatiohhAZ;Zjae‘fdiieﬁs‘.E;ef’




- Téch .

kl (1+ Tl S)

1+T3s'

AL L

Figure 23, Hy Feedback Network D Hy,

ky (14Tp8) | |

1+ 1), S ]

L
©
0.

I
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H =K K S (kl _sz) + [:kl (Tl + T4) -,kZ.(:Z + TBEJ S

% + TO S ' a+ T3 S) (1 + T4 S)

+ (kl T1 'I‘4

2
- k2 T2 T3) S

(1+7Ty8) (1+7,S5)

Sinc¢e equations A2.1 and A2.2 are to be equal, the following
conditions are met,

1) ' _kl - k2 =1

2) k(T +T) -k, (T, +T,) =b

D kT T, ok, Ty Tyma

Also; arbitrarily let,

Then for these conditioms,

1 2

2) 2T, - T T b + T0 - ZTf
3) 2Tf Tl - To T2 = a

Now simultaneous solution by determinants.yields,

T, = a- (b + TO.— 2Tf)‘T0:'
2 (Tf - To)‘
T, =a=-(b+T "ZTf)'?f '
(Tf - Tb)

If the Ht feedback network is kept in the most general form, -two

equations from equations 2) and 3) reSult,_

CA2.

A2.4

3

A2.

2



-101-"

By Ty ky Ty =btky Ty =k T,

A T T T

'“*,_‘NOW’simultanéous solution by determihants;yiélds,

= Tl =a- (b f k, T3‘—.k1 Ty T, )

A2.5

Ty @, - Ty

T, =a-(b+k -k, T,) T, »
2_ 273 LW A 4.6

Ry (T, =T

"When KW,_Tf,.TQ, a aﬁd b afefknﬁﬁﬁ'froﬁ,the systembstudy,'these
g ¢qﬁations wili be required”glbﬁésﬁith.fhoéé équations in section -
.::VBl.in ordér to resoi?e,théﬁﬂgiféédbgék'ngﬁworklfdgthé particular

' ‘pystem parameters. . . .
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- Appendix 3. Ht‘Time Domain Linear Analysis Response

: The‘purposé of this éppeﬁdix‘is to develop a general solution
' for the time response of the Ht‘feedback nefwork to a given ramp
input. This isbnecessary‘in order tq inéure that the safuration
lleveis of theboperational amplifiérs are'not exceedéd. In other
words, the'Htﬁfeedback network ié &esired fb be liﬁéax.'
The Ht network of section VBi'and abpendix 2 may‘be fepresenﬁed
.iﬁ Lapl§ce>no£ation as shown in figufe 24,

The following assumptions are made:

1) V. (t)=At; V. (S) =4
t : t . R .'n 2 . “\t\
. g“ .
2) kt ko‘ = Kt | |
3) 1n1t1al condltlons V (t) 0 at t =0
For solution of’ V (t),(lo)
v, () =_A ke s l=‘f-‘kt ! e
28% 1+4Ts 2 s@+T 8) 2 S+ 1
, , T
Taking inverse Laplace,(ll) - : o ’ : : v : :
A W =k |1- eft/T%] I I A3.1
v —t : IR o : . v
For solution of Vz»(t),~
: V (S) = kt S k (1 + T- S) =,A kt kl 1+ Tl S

~28% 1+ T, S 1 +T 8 2 1+ T, s)2



,_kts

G AT, 8

.
N _
2 - 147,85 1+ T S
L kS 1k, A+ Ty 8) |
2 1+T, 8 1T S
where; . K,

Figure 2. Hy Branch Circuit Model

4
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'By:partial fraction expansioh,(;O)A

Taking inverse"Laplace(ll>- : f‘ e R
L .; ‘ a L ~-t/To - B o o - r
Yy (g) = Ak kl.‘; - e .t;,+»(T Tq)ﬁt e =
2 T

A3.2

- ,For so1ution of V3 (t), ‘ Lo S
Feg R QAL O Ak Kk AT

-Y31(s) =A "tS

2 821417 85 14T
. o R ”f

s 2 :(1.+ T, $) (1+7T, s)

By partial fraction expansion,

T, =T, T, -
+ T f,Toi*'fl*if‘f T

2 s s+

_ Ak Ky L

iji' :"w, o

_(l;):t,_w.

’Y‘Taking invefSQ“Laﬁlace,

e T
A3.3




For solution of H__ (t),
Hy (t)'= {Eé (t) —_V3 (ti},ko :; o
g‘sgbstituting for Vz_(t)vand VB (t)gyields-equation A3.4

(—

Tf-To.

N Tf—TO

yherg»normally, 12 ?‘Tf %lTl >'To_g,

3

(kiikz)f,v(Il-To)ki F+_(T2&To)k2— k

Te

l .
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Appendix 4. General Form Of Motion Transfer Functions

The purpose of this appéndix is to identify iﬁ general form
the motion transfer funétions of figure 12, page 30 for the crowd
and hoist motions. To help correlate figure 12 With the’physical.
system, fhe fixed plant will be listed'sepérateiy from the control
‘system transfér'fuﬁctions, énd,the_éorrect units for the gain term
of the transfer function will be giveh. | B

Fixed Plant (Ward—ieonard Loop)

G. = K

=5 - & : volts
1+ TgS I . amp turn
G6 . 1 1
' RA(l f‘TAS)  v4' ‘ R o ohm
Gy, o= K o : - 1b - ft
: : amp
6g = L . _rad/sec_
' JS . " b - ft
_H5 = KSF . . ' ‘ | amp turn
) . amp
H6 = TKV : o ’ , CEMF wvolts

‘rad/sec
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Control system

'Gl = 1 . amp turn-
1+ T8 - A - amp turn

G, =__2 o |  yolt
1+ 7T,8 . ' » amp turn

G3 = K3 . amp_turn
' ‘ volt
K, T ,
G4 =4 : anip_turn
' (1 + TfS) (1 + TqS)' ‘ amp turn

Note: G4 actually consists of four gain blocks
each with its own gain and time constant,
héwever.itimay be simplified to the transfer
function given without unduly jeopafdizing

. the integrity of the,system. ‘G4 is the

generator field exciter.

H, = CS o o amp turn/sec
: -~ wolt

H2 = KVR-‘ ‘ ' © -amp_turn
' volt
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H3 = KVC ‘ R .ﬂ v amp_turn
volt

(1 + TCFS) ' R amp _turn

Hy =Rep Rep

As shown on figure 11, page 28 the erOWd motion is not in
current limit, and therefore.for the area of interest of ﬁhis thesie
the Gl’ Hl’ H3 and H4 crowd motion gain blocks are not required.

It is nof intended in these generalized motioﬁ transfer functions
to imply that any of the actual numbers fog a particular gain block :

are the same for both:theihoiét and crowd motions, normally they are

-diffefent..



AN AUTOMATIC CROWD-HOIST REGULATOR
FOR THE STRIP MINING INDUSTRY

ABSTRACT

The object of this thesis is to é;tablish the necessary design
criteria for a number of special feedback networks which were required
to allow the final development of the Strip Mining Industry's first
Automatic Crowd-Hoist Regulafor._ |

The introduction consideré the purpose and negdé for such a
regulator by Briefly outlining the present manual dipper loading
éperation.

Sectioﬁ'IV and Appendix.1 presents the analytical system
requirements which are basically determined from an analysis of the
_system's inherent mechanical oscillatory frequency.

Section VA is concerned with.the development of the hoist and
crowd motion transfer functions which afe necessary to accomplish
the stability analysis of the system. A general determinantal-:
solution is obtained based on linear analysis to allow expression
of the motion transfer fﬁnctions.as a faétored polynomial.

In séction VB, the development of the nécéssary Créwd—Hoist
feedback: circuits is accomplished in terms of the system parameters
defined from the.anéiyéis-of thg‘oscillétory mechanicai_system.

Section VIA outlines the procedures to be followed iﬁ going
from the basic mechanical sysﬁem pérameters to the specific control

system hardware.



The general requirements‘for a Bode analysis of the system GH
is defined in Section VIB, inciuding the general procedures to follow

‘in the utilization of the two lead compensation circuits provided.

"~ William A. DeLorme



	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110

