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As a result, the meagurement system was applied to ascertain the real time
motion, and hence the frequency content of the motion, as a function of shaft
depth, based on a single or dual camera measurement. This information could
then be employed to identify the natural frequencies of the catenary, and the
location of maximum modal response relative to shaft depth.

1.6 Commissioning Tests

During the commissioning tests, a total of three fest 1ns:surenients were per-
formed at Elandsrand Gold Mine. The purpose of the mocasuvements was
primarily directed at commissioning an ! evaluating the performance and ver-
satility of the video system. The first tv.o tests were performed on the Siemens
Rock Vent Shaft catenaries, whilst due to availabili‘y problems, the third test
- was performed on one of the adjacent rock winders, The test configurations
are listed below.

L5.1 | Measurements Performed

(i} Test 1 - This consisted of simultaneously measurirg the overlay and un-
derlay motion of the catenaries on th- Sieinens RY winder. The cameras
were positioned vertically below each catenary.

(ii) Test 2 - This consisted of focussing one camsra on the underlay catenary
of the Siemens RV winder, whilst the other camera was focussed on its
corresponding vertical rope at the shaft collar.

(iii) Test 3 - The purpose of this test was to evaluate the feasibility of mon-
itoring the 2D motion of the rope by locating each camera at a base
distance from the vertical plane of the catenary, and aiming the cameras
ak the same portion of rope, ag illustrated in figure 1. The cameras were
inclined at appreximately 40° from the horizonts! plane. The test was
performed on an adjacent rock winder as the Siemens RV winder had
stopped winding due to a bin blockage.

I.5.2 Measurement Results

The results of the measurements for each test are presented graphically in
figures 1.3,1.4,1.7. These figures present the displucement time traces, which
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clearly illustrate the gross motion across the drum, foliowed by a layer change
at the end of a fraverse, The vertical scale on all plots represents pixels;
One rope diameter is approximately 20 pixels. Thus, the system measures to
well within one rope diameter of motion. In addition, the higher frequency
components of the motion lie within the bandwidth of the system®. Figure
1.9(a,b} represents a section of the data trace extracted from figure 1.7(a), and
illustrates the consistency of the measured data.

The time traces presented in figure 1.3 for fest 1, indicate a difference in the
dvnamic behaviour of the underlay and overlay catenaries. This arises as a
result of the different catenary lengths of the underlay and overlay ropes. The
overlay rope exhibits a lower overall amplitude of vibration during the winding
cycle, whereas the underlay rope clearly experiences dynamic amplification.
Coneequently this measurement illusirates the sensitivity of the system to
small changes in physical parameters. This behaviour complicates the process
of defining the optimum hoisting speed, such that tow amplitude vibration
is achieved for both the overlay and undetlay catenaries during ascent and
descent.

Cascaded autospectra of the data captured in test 2 was constructed for the
catenary and vertical rope, during the ascending and descending cycle. The
cascade was constructed by applying a moving data window with a 50% over-
lap, and calculating the autospectrum for each window sequentially. This data
is presented in contour form in figures 1.5,1.6. It is evident that the natural
frequencies of the catenary increase when the skip is descending, and decrease
on ascent. This is to be expected, as the natural frequencies are directly re-
lated to the rope tension in the catenary, which increases with depth due to
the increasing rope mass.

In order to construct the in and out-of-plane motion as measured in test 3, 2
tranaforniation was applied to the measured dataZ, to obtain data in a carte-
sian. co-ordinate system, aligned with the vertical and horizontal axes. At the
same time the Jata was calibrated to physical dimensions by measuring the
rope diameter in each frame for eack camera independently”. By assuming an
average rope diameter of 48mm, the motion was converted o a displacement
measurement. The physical rotion of the rope in the in-plane (vertical) and
out-of-plane (horizontal) directions is presented in figure .8. A number of ob-
servations can be made covcerning the transformed data. During an ascending

10n typieal mine hoisting installations, the first catenary mode occurs at approximately
1 #z. Thus the measurement system should track up to the twentieth mode without aliasing
problema.

?Each camera was inclined at an angie of 40° from the horizontal plane.

9This process accounted directly for the differing amounts of zoom on each camera.
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cycle the rope tension decreases with shaft depth due to the changing mass
of the vertical rope. Consequently the catenary sag increases, which would
represent a downward drift of the mean position of the catenary, The opposite
would occur during a descending cycle. This behaviour is clearly evident in
figure 1. B(a.,b] It would also be e:-cpected that d'1e to rope curvature, the rope
would rise as it approached the maximum mo' .1 in the out-of-plane direc-
tion, An expanded plot of the in plane and out-of-plane motion as presented
in figure 1.8, presented in figure 1.9(c,d) confirms this behaviour. The change
in mean position at the end of the descending cycle and at the beginning of the
ascending cycle, as illustrated in 1.8(b), occurs due to loading the conveyance.

1.6 Discussion

The data obtained during test 2 was considered the most pertinent for discus-
giort, since it contains information concerning the catenary and vertical rope
motion, and reflects the coupling beiween the two systems Figures 1.5,1.6
present the frequency content versus depth records of the catenary and verti-
cal rope respectively.

1.6.1  Catenary Response

Test 2 consisted of monitoring the catenary motion with a full skip ascending,
and subsequently an empty skip descending. A number of features are evident
in figure 1.5, and are noted below.

(i) On ascending, the catenary frequsncies decrease as the catenary tension
decreases.

(i) On reaching tbe shaft collar, the skip is emptied, thus the catenary ten-
sion decreases over a short time interval; consequently a discontinuity is
evident between the corresponding harmonics.

(i1i) The natural frequency lines exhibit a higher slope on decent than on
ascent.

{(iv) Closer scrutiny of the initial and final ascent and descent regions, where
the skip is accelerating to constant speed or decelerating from the wind-
ing speed until it is stationary, revesls that a local change in slope of
the frequency lines occur. This is consistent with an increase/decrease
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- in catenary tension due to inertial loa,dmg during acceleratmn and decel-
eration respectively.. . :

(v) The Lebus coil-cross over excitation frequency is evident at approxi-
mately 1.8 Hz. This compares favourably with the calculated value of
1.73 Ha.

(vi} Harmonics of the Lebus coil-cross over excitation frequency are evident
at various stages of the wind. For instance the second harmonic appears
continuously, whilst the fourth and fifth harmonies of the coil cross over
frequency are evident in the first phase of ascent.

Accurate data perfaining to the winder and catenary configuration was not
available, and correlation of the natural frequencies with analytically calculated
valuies was not atternpted. However, excellent correlation between measured
and calculated natural frequencies was achieved at Wildebees South § shaft,
whete the physical parameters of the aystern were accurately measured.

i.e_._‘z. Lateral Response of the Vertical Rope

A cascaded spectral contour plot of the lateral response of the vertical rope
is presented in figure [.6. The behaviour of the vertical rope, as reflected in
figure L6 is related to the motion of the catenary.

Possible sources of excitation to the vertical rope consist oft

o Parametric longitudinal excitation due to the coil-cross over excitati»u
at the winder drum.

o Autoparametric excitation due to the lateral response of the catenary.
o Lateral excitation at the skip due to guide misalignment at the buntons.

o Lateral response of the sheave and supporting structure due to the lateral
forces applied by the catenary.

On examination of figure 1.6, the following observations are made;

o Vibration levels are higher on ascent, where the laterai motion of the
vertical rope at the shaft collar rises to an amplitude of approximately
0.25 m peak to peak.
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- @ Frequency trends are apparent which correlate with the catenary re-
sponse. Namely, on ascent, the contour plot reflects a band of response
-spanning the second and third catenary natural frequencies, and narrower
bands corresponding to the fourth and sixth catenary natural frequen-
cies. :

o T}iere is no clear indication of the Lebus coil-cross over excitation fre-
quency, or the bunton passing frequency.

Dimitriou and Whillier[1973] proposed that parametric response of the vertical
rope would be induced by lateral motion in the catenary. The existence of
lateral response at frequencies related to the natural frequencies of the catenary
tends to support such a relationship. However, it is also possible that this may
be caused by lateral response of the sheave and its supporting structure to the
catenary forces, and hence direct excitation of the verticas rope. Thus it is
probable that both parametric and direct excitation apply simultaneously.

Pursuing the hypothesis of Dimitricu and Whillier[1973), the lateral response
of the vertical rope spanning the second and third catenary frequencies would
represent main parametric resonance of the vertical rope due to the lateral mo-
tion of the catenary in the second and third mode. Since response of the fourth
catenary mode is not evident, the response of the vertical rope at a frequency
related to the fourth catenary mode may represent a secondary parametric
resouance region where the lateral natural frequency of the vertical rope tunes
to the parametric excitation induced by lateral response of the second lateral
catenary mode. This argurnent may be applied to explain the response at the
sixth catenary mede. For instance if f, represents the parametric excitation
frequency induced by the catenary motion, the following relationships may
hold.

— calenary _  coetenary . pverfical
fp - zf 2 - = f 4 = Jn

f =2 f;atenury — f;ntsnnry - fverticul
P - = Jdn

WE- - ~esponse occurs at the n' lateral natural frequency of the vertical rope
f:erhcnl'

In fact the presence of the fourth catenary mode in the lateral response of
the vertical rope, presents the most convincing evidence of sutoparametric
response. Since the lateral motion of the fourth catenary mode is not evident,



the support structure cannot be exc1ted at this ﬁ‘equency, and thereby pl‘OVLdB o

direct excitation to induce lateral response of the vertical rope. Since no other-

- explanation describes the presence of the fourth mode in the la.tera.l Tesponse

of the vertical rope, it is atiributed to antoparametric excitation by the second
catenary mods, which exc:ltes the second region of main pa.rametnc Tesonance,

as descnbed above. :

| I’?' Summw-y

. The teésults oh*_ined whilst cornmissioning the system confirmed the success
' of the measur’ g technique. The system was passive and did not interfere with

_' -_produc.tlon, aud its resolution was well within one rope diameter. Although
_ two dimendional meagurement of the rope was not considered practxcal for

‘highly accurate measurements, the transformed time traces presented in figure

- 1.8 indicates that the approximate motion of the response can be succrssfully

extracted, Two cameras were appiied to capture the motion of two ropes
. mmulta.neousiy This provided evidence of antoparametric excitation of the
~ longitudinal rope due to lateral response of the sheave, thus emphasising the
~ coupling between the catenary and verticsl rope. The simultaneous measure-
ment of the underlay and overlay catenaries indicated that small differences in
catenary length can result in appreciable differences in the response.
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Figure [.2: Mixed video image of the rope
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Figure 1.3: Test 1: Time trace
Siemens AV winder, Elandsrand Gold Mine

{a) Overlay Catenary ~ Descending Conveyance, (b Overlay Catenary - Ascending Conveyance,
(¢} Underlay Catenary - Ascending Conveyance. (¢} “nderlay Catenary - Descending Conveyance,
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F1gure 1.4: Test 2: Time trace

Siemens BV winder, Elandsrand Gold Mine
(a) Underlay Catenary - Ascending Conveyance. (b) Underlay Catenary - Descending Conveyance.
(c) Vertical Rope - Ascending Conveyance. {d) Vertical Rope Catenary - Descending Conveyar.ce.
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Tigure 1.5: Cascaded spectral contour plot

- n*h lateral natural frequency of the catenary,
- nth coil cross-over excitation frequency.

nfo*

\Viemens RY Winder Underlay Catenary, Elandsrand Gold Mine
In



Figure 1.6: Cascaded speciral contour plot
Siemens RY Winder, Vertical Rope at Shaft Collar, Elendsrand Gold Mine
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Figure L7: Test 3: Time trace
Rock winder, Elandsrand Gold Mine

(a) Camera 1 - Ascending Conveyance. (b) Camers 1 - Descending Conveyance,
(c) Camern 2 - Ascending Conveyance. (d) Camera 2 - Descending Conveyance.
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Figure 1.8; Test 3: Transformed time trace

Rock winder, Elandarand Gold Mine
{a,c) Descending Conveyance.
(a) In-plane Mntion.
(¢} Out-of-plane Moation.

(b,d) Ascending Conveyance,
{b) In-plane Motion,
(d) Out-of-plane Motion.




’ '289.3.

(ECH

Z
m
' 104 AE4 SRR ¥ - B 1 S £ 00 - 1M 102 109 104 -

goo
-
b 200
100 - _I. ..I oy - e “0.5 . 1 i e 3 L _ N
200 104 108 108 ‘04 ~ 100 in w2 108 104
Time (g} - Hine (a) '

Figure 1.9: Expanded time trace: Tost 3

Rocl winder, Elandsrand Gold Mine
(a) Camera 1 - Ascending Conveyance, (b) In-plane Motion - Ascending Convayance
{c) Camera 2 - Ascending Conveyance.  (d) Qut-of-plane Motion - Astending Conveyance.



Appendix J

Stationary Stability Analysis -
Further Considerations

In Chapter 4 the stability of the first approximation to the planar steady state
motion was examined. The stability of the the motion was investigated as a
criterion to identify areas where nonlinear coupling could be expected. The
analysis confirmed the existence of regions of simple and combination paramet-
ric resonance related to the lateral catenary and longitudinal system modes.
It is important to note that the steady state solution which was applied as
the basig for the stability analysis, represents a linear solution. This solution
ig only valid away from regions of primary external resonance of the catenary.
Normally, the steady state solution is approximated via a harmonic balance or
perturbation technique, and results in an approximate nonlinear description
of the response, which may be multi-valued. The stability of the approximate
nonlinear steady state solution then dictates which branch of the solution is
physically realisable, This leads to the identification of the jump phenomernon,
and subcritical stability where more than one stable solution occurs simulta-
neously. Although this aspect was appreciated, the linear steady state solution
was purposely applied ag a datum for the stability analysis. The rational for
this was dictatel oy the need for a practical design tool in industry, and it was
congidered that a nonlinear steady state solution would introduce complexities
beyvond the scope of a typical design team. It ia also likely that a condition of
external resonance of the catenary will occur during the winding cycle. The
system parameters can be chosen to shift the condition of resonance with re-
spect to shaft depth, and thereby change the tuning between the lateral and
longitudinal modes. Thus by utilising the linear solution as a datum for the
stability analysis, the eigenvalue exponent provides a direct indicator of the
severity of the region, reflecting the compliance of the lateral to longitudinal

200



201
system funing,

Although the approach adopted in Chapter 4 is practical for industrial needs,
and this congtitutes the primary motivation for its adoption, & more conven-
tional approach where the nonlinear steady state solution is coustructed could
provide further insight idto the system behaviour. This appendix presents a
discussion regarding the potential nonlinear behaviour of the system. This is
achieved by considering studies of similar nonlinear multi-degree-of-freedom
systems presented in the literature, In the process, techniques applied in non-
linear studies are briefly discussed. Finally, by applying the method of multiple
~ seales, system tuning which may induce conditions of secondary resonance and
- internal resonance in the system, are identified. Such conditions confirm the
results of Chapter 4 concerning simple and combination resonance. However,
the steady state analysis is not attempted. Such an analysis would require the
gtudy o a series of tuning conditions, the development of which is presented
as an incentive for further study and res arch,

3.1 Nonlinear Equations of Motion

The nonlinear pa.rtxa.l differential equations of motion for the mine hoist system
were developed in Chapter 3. These equations were simplified in Chapter 4,
where the linear steady state stationary nature of the system was examined,
in the absence of catenary curvature and transport velocity. In Chapter 5 the
nonlinear partial differential equations of motion of the system, as developed in
Chapter 3, ware transformed into nonlinear ordinary differential equations via
a normal mode expansion. A numerical simulation was applied to account for
the nop-stationary nature of the system as well as steady state and transient
excitation. The nonlinear ordinary differential equations of motion considered
in Chapter 5 are reproduced below:

Bi + Wuwids +wip + ( ) Hry + Kig + Dgalyre 4 gimed = Bi(1) (3.1)
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where p;(t);_ (t), nilt) fepresen.t the ** principal co-ordinate in the longitu-
dinal, in-plane and out-of-plane lateral directions respectively. 7. . :oupling
coefficierits contained in these equations are described in Chapter 5.

Although it may be possible to corside’ squations by means of analytical
techniques, the purpose of this appent better served by simplifying the
equations at hand. Firtly the analysis presented will consider the planar
stationary system. in the absence of rope curvature. In this regard only the
pi(t), m(t) cw-ordinates will be considered, and in the absence of curvature
and rope velocity the equations of motion reduce to:

i + 2o + s+ O 4 Dyryms = Ri) (.4)
[
w . i N
b 20t + 330+ (DD 4 20y,
[ -}
v(G,1) 3 .
+3 T, Bisarymy -+ Agjapyre + 5&5;;?5%?; = Ri(t) {4.5)

These equations form the basis for the ensuing discussion, and will be con-
gidered further with regard to the possibility of secondary resonances, and
conditions of internal resonance.
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J.2 Nonlinear Methods of Analysis

The purpose of the analysis presented is to extract salient features of the
equations of motion developed. Existing  nalyses in the literature are discissed
where pertinent. A brief discussion concerning a few of the available strategies
for analysing weakly nonlinear systems are presented. These strategies can
be found in detail in Nayfeh and Mook[1983]) , Nayfeh{1973b], Schmidt &
Tond1[1986], Bagedorn[1988].

Weakly nonlinear systems are characterised by periodic oacillations occurring
in the region of a stable focus or centre. In essence perturbation methods
atternpt to approximate the nonlinear solution by perturbing its linear coun-
terpart, and thus periodic expansions are developed about a centre or equilib-
rium position to approximate the nonlinear oscillations occurring in the neigh-
bourhood of the centre. Current methods comprise of the straight forward
expansion, the Lindstedt-Poincare’ method, the method of multiple scales, the
method of harmonic balance, and averaging methods, It is established that
the straight forward expansion is not uniformly valid, however the latter pro-
cedures can be designed to overcome this problem. Nayfeh and Mook[1983],
briefly discuss these methods with regard to the nonlinear oscillator:

The straight forward expansion

In this method, the solition is sought as an exninsion with respect to a small
parameter ¢ in the neighbourhood of the linearised solution z;.

[ty €) = exy(t) + Ezi(2) + Eza{t) + -

Substituting the expansion into the equation of motion and equating powers
of ¢, leads to a sequence of linear equations, each containing terms from the
preceding order. The method successively solves the equations to obtain the
solution to crder €. However, the expansion may not be uniformly valid, since
as the expansion progresses, secular terms appear in higher order equations
These terms result in a non-periodic solution, as well as being unbounded
with respect to time. Thus the situation arises whereby higher order terms z,
contribute to the solution more significantly than lower order terms.



~ The Lindstedt-Poincare’ Method = .. -

In this .methbd, if:-is'a;ss_umed that the frequeﬁcy and amplitude of the _n-iotion
interact, & phenomenon commonly associated with nonlinear systems. By
introducing a new independent variable 7 = wi, where w is an unspecified

function of ¢, an expansion for w can be devised such that the secular terms
are ehmma.ted By assummg expansions of the form:

i ..(lj.=-@o-+;‘-‘-¢1 +.€2-'-_Q3_'t‘
alt, €) = em(r) + Eua(r) + Ex(7) + -+
.'r ~;-:a.n'f

arid ensuring that the secular termns vanish, & uniformiy valid expansion can be
" achieved. This method results in periodic expressions for the motion, as well
a8 a frequency amplitude relationship, higher order harmomt.s in- the higher
order expanslons, and drift-or strea.ming terms.

The Method of Mu1t1ple Scales

Nayfeh[lgﬁﬁ] proposed the me.’ﬁhod of multiple time acales as an approach to
analyse the periodic solutions of weakly nonlinear systems. In this method,
the solution is considered to be a function with multiple independent variables,
or time scales; where the number of scales ie determined by the order of the
expansion required. Thus in general the expansion. is sought as:

T =t
2(t,€) = e2y(To, T1, Ty + ) + €215, T1, Too - o) + €24 (T, Ty, Tay v ) 4+ -

It follows that;

d_df, 8 4 8

G- aorn,taen TS et

.d2
75 = D? 4+ 2D, Dy + (D2 + 2D,Dg) + - -



Back substxtutwn mto the equation of motmn, a.nd equa.tmg pOWers Of € lea.ds. '

to the definition of solvabmty conditions; dependent on elimimating secular S
“terms from the higher order equations. Sat.sfa,ctmn of theae cond1tiona lea.ds_-. '

- to the approxxma,te nonlmea,r solution

Unlike the previpus methods, the method of harmonic balance does not depend
.on the concept of a small parameter. In this method the periodic steady state
nonlinear solution is a.ssumed to be represented by a tngonometnc expansmn
. _-of the form: : . :

oz -—-Z AMaoa(mw-}-ﬁm)

'.m=0

' The trigonometrm expansion is substxtu’ced into the equatmn of motlon, and
the harmonics are equated to zero, resulting in a set of nonlinear algebraic
‘equations in terms of the amplitudes 4, , and frequency w. Thus a frequency
amplitude relationship is implicitly cor ained in the method., Nayfeh and

o Mook[1988] show . that unless a sufficient expansion is assumed in the initial

solution; erroneous results may vesult. Thus either adequate knowledge of the
solution is required a priori, or suffcient terme are required in the expans:on for
the method $o work adequately. Schmidt and Tondl[1986] support this view,
hawever consider that if the method is correctly applied, superior results may
be achieved. Mickens[1984, 1986] discusses the application of the method, not-
ing that providing certain conditions are satisfied, the method gives superior
results. Mickens notes that if multiple equilibriumn states exist, the method
should be applied in the neighbonrhood of each state separately. Handy[1985)
generalises the method, by combining the harmonic balance method with the
method of sjowly varying phase and amplitude (Kryloff Bogoliuboff), hroad-
ening the range of the harmonic balance method to include transient response.
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Mcthods of Ave.ragmg

The Luethods of a.veragmg are ba.sed on the concept of slowly varymg phase
and amplitude. Thus the solution is assumed to be:

2 = at)cos(wot + B(t)) = a(t)cosd(t)
S_irl_c_é_.t'he'.p'hase and é.x‘iipl'itude are assumed to vary slowly:

-c-lf- = ——asm(@)

Thua the condxt'lon of leﬁly varying phase and amplitude requires that: |
' a"cés@z - d!I)’sintI' ..= 0

By a.pplymg these rela,tlona, the equa.tmn of motlon is transformed mto differ-
ential equations in terms of a, ®,, Since the phase and amplitude vary slowly
mth respect to the period, they are assumed to be constant over a period. By
averaging the equations over a period, the variable  is eliminated, resulting in
linear autonomous equations defining the steady state amplitude and phase.

Other methods such as the integral equation, and the Van der Pohl method
are discussed briefly by Schmidt and Tondlf1986]. It appears that a popular
method currently applied to analyse weakly nonlinear systems is that of mul-
tiple scales. This method results in uniform expansions, and will be applied
for the purpose of discussing the nonlinear equations of motion developed.
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J.3 The Analysis of Nonlinear Systeras with
Quadratic and Cubic Nonlinearities.

The equations of motion for the mine hoist system result in a set of coupled
nonlinear equations with quadratic and cubic nonlinearities, subject to multi-
frequency parametric and external excitation. A general analysis of the ensuir 3
motion will require the study of a s..ies of special cases. Analyses exist in the
literature, but usually restrict attention to the interaction between two modes,
or specific cases of multi-degree-of-freedom systems. In the mine hoist system,
the natural frequencies of the lateral modes are integer multiples of tne funda-
mental, and repeated frequencies occur with respect to the in and out of plane
lateral modes, Longitudinal modes may tune to promote internal resonance, a
condition which may occur simultaneously with secondary resonance regions
involving the longitudinal and lateral modes, or with external resonances, or
combinations of these!. Note that anay number of these conditions may occur
simultaneously. Thus where a description of the amplitude of the motion is re-
quired, an intensive study would be necessary to examine these possibilities for
a particular hoist configuration. Although svuch an approach would be beyond
the capabilities of design teams in industry, an appreciation of the potential
interaction in a region where nonlinear effects are dominant is essenvial. With
this in mind, it is considered important to examine the behaviour of nonlinear
systems presented in the literature, as a datum for discussion, prior to any
examination of the equations at hand.

Although the subsequent section will examine existing analyses for nonlinear
systems with finite degrees-of-freedom, many analyses examining the behaviour
of single degree of freedom systems exist in the literature. Efstathiades[1974]
examined the occurrence of combination tones generated in a system with cubic
nonlinearities, as a consequence of multi-frequency excitation. It was shown
that it was possible to generate single mode response at combination tones of
the excitation frequencies of a two degree of freedom system. Nayfeh[lu. 3d]
examined the response of a single degree of freedom system to subharmonic
excitation, which identified regions of subcritical stability dependent on thLe
excitation amplitude, where both trivial and finite ampl‘tude steady sta*e mo-
tion ensues depending on the initial conditions. Nayfeh[1984b] re-examined
combination tones in the response of SDOF systems with quadratic and cu-
bic nonlinearities, due to dual frequency external excitation. Applying the

Internal resonance refers to tuning between the natvral modes of the system, such as
wy = %y, external resonance refers to linear resonance of the system which occurs when the
frequency of an external excitation coincides with the linear frequency of a mode, Secondary
resousnce regions refer to regions where a combination of the linear frequencies tune to the
frequency of the external excitation ie { = wq % wy stc.
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method of multiple scales, the solution to second order was developed, show-
ing that the combination tones arise in the solution to both first and second
order, and that the natural frequency of the sysiem changes, and thus a jump
phenomenon may arise. Nayieh{1984c] examined the interaction between a
fundamental parametric resonance and a subharmonic resonance f order one
half, and defined conditions leading to quenching or enhancement of the mo-
tion, Nayf h[1984a, 1984d] furthered this analysis by considering the quench-
ing of a primary resonance by a superhamonic resonance and a combination
resonance of additive or difference type. Zavodney and Nayfeh[1988] examined
the response of a SDOF system with quadratic and cubic nonlinearities to a
fundamental parametric resonance. The aspects of subcritical stability, combi-
nation tones in the case of dual-frequency external excitation, and quenching
of a fundamental parametric resonance by a subharmonic resonance induced
by external excitation, represent a few features extracted from weakly non-
linear SDOF systems by applying a perturbation method such as the method
of multiple scales. These analyses clearly demonstrate the complexity of the
potential response, as well as the consistent and syste:natic application of the
method of multiple scal .. Numercus analyses exist, which examine different
orders of subharmonic and superharmonic resonanc These will not be dis-
cussed, as the primary interesi with respect to the mine hoist system lies in
analyses dealing with multi-degree-of-freedom nonlinear systems, ‘“ere in ad-
dition to the features mentioned, a  ndition of internal resonaice may arise
when the ratural frequencies of the system are commensurable, or nearly se.
In the absence of internal resonance, where intermodal coupling does r.ot arise,
the results of the SDOF analyses are pertinent.

Nayfeh and Mook[1983] discuss the analysis of a two degree of freedom system
of equations with quadratic nonlinearities, » hich are similar to those applied
by Nayfeh, Mook and Marshall[1973a] in a study of ship roll pitch mction.
Since these equations are similar in form to those of the mine hoist system,
the behaviour of aystem is discussed below. The equations discussed by Nayfeh
and Mook{1983] are reproduced below:

?Il + 2#111:1 - w?ul + g = f]COS(Qt -+ Tl)
Uy + 2uquiy + wgu-g + leguf == fgcos(ﬂt + 1"2)

The free and forced response of this system is considered, where the behaviour
of the system is studied under various conditions of external, internal, and
combination resonance.
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This system ia similar to a truncated form of equations {(J.4,d.5) which repre-
sent the planar stationary mine hoist system, where the parametric excitation
and the cubic nonlinearity in the lateral equation of motion has been neglected.
In this context u;, uz represent the lateral (r;(2))and longitudinal (p;(1)) modes
respectively. The salient features of Nayfeh and Mook’s[1983] discussion of this
set of equations is presented, o illustrate the potential behaviour of the system.

With regard to the free oscillations of the system, Nayfeh and Mook show
that behaviour of systeins with quadratic nonlinearities is the same as the
linear system to second order, unless an internal resonance exists, coupling
the modes. In the absence of an internal resonance the frequencies of free
vibration are independent of amplitude, and the modes are uncoupled. When
an internal resonance arises such that w; = 2w;,w, = wy, + wg, the modes
are coupled through the internal resonance, and the first order approximation
differs from the linear solution, in that a continual exchange, and dissipation
of energy results between the modes. Figure J.1 illustrates the results of the
free oscillation, for an internal resonance wy = 2wy, where the first mode has
been excited.
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Figure J.1: Nayfeh & Mook (1983): Figure 6.8 p 386

The forced response of the system, due to single frequency excitation, is consid-
ered for a number of cases. Firstly the case were {1 is near to w, is considered.
This would be analogous to the situation where a longitudinal mode is reso-
nant, whilst the lateral inode is detuned from the excitation. It is shown that in
the absence of an internal resonance, the first approximation is not influenced
by the nonlinear terms. However when a condition of internal resonance ex-
ists, wy = 2wy, dramatic differences in the behaviour arise. A similar situation
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occurred on the upwind of the Kloof Mine, where the second harmonic excites
the fourth longitudinal resonance, which is tuned to approximately twice the
second lateral mode of the catenary. The behaviour of the Kloof system is far
more complex however. On further examination of the Kloof system, it is evi-
dent that the first harmonic of the excitation tunes closely to the second lateral
mode and the secnnd longitudinal mode, as well as being twice that of the first
lateral mode. Although the system discussed by Nayfeh and Mook{1983] is a
substantial simplification of a realistic hoist system, the discussion presented
is instructive. Nayfeh, Mook and Marshall[1973a) illustrated the character of
the ship roll-pitch response by arbitrarily choosing parameters, Figures J.2,J.3
are reproduced from Nayfeh and Mook[1983]. In these figures the steady state
modal amplitudes a,, a; represent the wu;, uy degrees of freedoin, or in the con-
text of the mine hoist system, the lateral and longitudinal modal amplitudes
respectively?. In order to assess the behaviour according to the degree of tun-
ing between the external excitation frequency §} and the condition of internal
resonance in the system, detuning paramelers &y, o5 are introduced as:

Q=w;+eo‘1
Wy = 2un + €07

In figures J.2,J.3 the amplitude of the excitation applied to the longitudinal
mode ug is varied, and the steady state modal response of the system is con-
structed. In Loth figures the internal resonance is perfectly tuned, ie oy = 0.
Figure J.2 represents the case where the external resonance is not perfectly
tuned, ie oy # 0, whilst figure J.3 represents perfect tuning of the external res-
onance, ie oy = 0. It is evident in both figures that a saturation phenomenon
arises in the u, (longitudinal) mode, whereby increasing the magnitude of the
excitatio irduces ne further increase in amplitude. At the point of satura-
tion, the trivial solution for ihe u; (lateral} mode becomes unstable, nonlinear
effects become dominant and thus the lateral mode increases in amplitude.
As noted, the longitudinal mode ug provides parametric excitation for the u,
mode, which becomes unstable ounce the amplitude of uy exceeds a threshold
value, Figure J.2 illustrates the presence oi a jump phenomenon, where mul-
tinle stable solutions co-exist for the lateral mode when (; < fi < (5. The
arrows guide the progression of the response as f; is slowly increased from a low
level to a high level an visa versa. If a sufficiently strong disturbance is applied
to the system in the region {3 < fo < {2 , then the jump phenomenon may be

2These amplitudes relate to the modal system response at frequencies w,ws respectively.
In the absence of nonlinearity, such response would only occur as transient motion, or due
to linear resonance.
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induced resulting in a sudden increase in the modal amplitudes, even though
a stable trivial solution may have existed prior to the disturbance. This is
pertinent to the miné oist system, where a substantial disturbance occurs at
each layer cross-over. The large amplitude whip observed in the Kloof system
was preceded by such a layer change.
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Figure J.2: Nayfeh & Mook (1983): Figure 6.13 p 406
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Figure J.3: Nayfeh & Mook (1983): Figure 6.14 p 407

The case where () is near to w; is also considered. In the absence of an internal
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resonance, the solution corresponds closely to that of the linear solution. Once
again the condition of internal resonarce is examined where wy = 2w;. This
condition relates to the situation in a mine hoist system, where the lateral
mode is in resonance, whilst A longitudinal mode is tuned to twice the lateral
mode. Once again this applies to the condition atising in the Kloof system,
where the second lateral mode was in resonance due to the excitation of the
first harmonic of tLe coil cross-over frequency, whilst the fourth longitudinal
mode was tuned to twice the second lateral mode. Under these conditions, a
saturation phenomenon does not arise. Figures J.4,J.5 are reproduced from
Nayfeh and Mook(1983]. In figure J.4, the external resonance is perfectly
tuned, o1 = 0, whilst the tuning of the internal resonance is varied. In figure
J.5 the internal resonance is not perfectly tuned, o1 > 0, whilst the external
resonance is varied.
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Pigure J.4: Nayfeh & Mook (1983): Figure 6.17 p 410

A jump phenomenon ig evident in both these figures. Also, a region exists
where no stable steady state solution occurs. In this region, a continuous
shuttling of energy occurs between the modes.

The non-resonant case is also examined. In this case, the excitation frequency
does not coincide with a linear resonance frequency. Nayfeh and Mook[1983]
shw that secondary resonance regions exist where § = 2uy,Q = %wl,ﬂ R
wsy, ) "¢ wy 4w, as well as an internal resonance when wp = 2.0;. Nayfeh and
Mook[1983] discuss the second and fourth cases.

In the case of 22 » w;, where the system does not possess an internal reso-
nance, the modes are uncoupled and a superharmonic response occurs for the
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Figure J.5: Nayf~h & Mook (1983): Figure 6.18 p 411

%; mode alone®. When the system possesses an internal resonance we & 2wy
, Nayfeh and Mook[1983] show that the response is of & similar form to that
illustrated in figures J.4,J.5, Consequently for some parameters, regions occur
where steady staie periodic motion does not exist,

In the case of {1 ™ wy & wy, in the absence of internal resonance, Nayfeh and
Mook[1983] show that the solution to first order is either stable and equivalent
to that of the linear system, or unstable in the homogeneous part of the first
order solution, and consequently the response grows without bound, In the
l=iter case, in reality the response does not grow without bound, but rather
the system is no longer weakly nonlinear, and the analysis is no longer valid.
However, Nayfeh and Mook point out that one could expect to observe a
marked change in the response behaviour. A laboratory model confirmed the
existence of this region. It was evident that the system could be tuned to a
condition of neutral stability, by ad,asting the excitation level. A disturbance
resulted in growth in response at the natural frequencies of the respective
modes. This response represents the homogeneous term in Nayfeh and Mook’s
analysis?,

3Thus although the catenary is excited ot a frequency at half its linear resonant frequency,
responee occura at both the excitation trequency and close to its resonant frequency wy or
20), which is a superharmonic of the excitation.

*In the laboratory model, the tuning w; = 35H 2, wy nt 20H 2,0 = B3 Hz existed, Thus
at low excitation, response oceurred at 55Hz, 110H 2z due to the forced excitation, wkilst
beyond the pcint of neutral stability, the dominant response occurred at 20,35Hz in the
longitudinal and lateral modes respectively.
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When an internal resonance w; & 2w, co-exists with a combinaticn resonance
1 & wy  wy, the first order solution can be either: the equivalent linear
response, or ray differ from the linear solution due to the existence of fractional
harmonic pairs. In this case Nayfeh and Mook[1983] give the solution to second
order as®:

¥

7 1
w= Sf_l—lﬁfcos(m +71) + eacoslz(Qin — 1 — )] + O())

B

Ug = —4——
Q|¥__Q2

2 1 \
cos(t + 72) -+ eaqeos[ (St + Lk 1) + O{e?)

Since wp = 2w; and Q = wy + wy, 1,20 are equivalent to wy,w; respec-
tively, Thus forced response will result at the excitation frequency, combined
with response frequencies close to the linear natural frequencies of the system.
The modal amplitudes ay,a; are dep. .ent on the modal damping factors,
the system tuning, and the excitation amplitude /. Figure J.6 depicts the
modal amplitudes as a function of the excitation amplitude F; = ¢f;. It is
evident that a critical excitation amplitude exists beyond which ai,as differ
from zero. A form of saturation occurs with respect to the longitudinal mode,
whilst the lateral mode increases with increasing excitation. At a sufficiently
high amplitude, steady state motion ro longer occura and energy may be shut-
tled confinuously between the modes. Note that although a critical excitation
amplitude exisfs, progression to non-trivial modal amplitudes is not as & con-
sequence of multiple solutions, and thus cannot be induced via a disturbance.
Furthermore, beyond the critical poins, the response amplitudes are related to
the excitation level. This result centrasts with that obtained in the absence
of an internal resonance, where the first order approximation grew without
bound for certain system parameters.

According to the equations of motion derived, the mine hoist system contains
external and parametric excitation, as well as quadratic and cubic nonlinear-
ities. If one considers the linearised problem, where the parametric excita-
tion iz retained, then in regions of parametric resonance, the trivial solution
grows without bound. Hsu[1963] analysed the regions of parametric resonance
of linear systems with muliiple degrees of freedorn and multi-frequency ex-
citation, obtaining expressions for the transition curves between stable and
unstable motion. To achieve this, Hsu[1963] applied a straight forward ex-
pansion, and a method of averaging. Hsuf1963] identified that in additicn
to the normal sum and difference parametric resonance regions, anomalous

$Fractional harmonic pairs were discussed qualitatively by Eler[197%).
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Figure J.6: Nayfeh & Mook {1983): Figure 6.20 p 416

regions may exist where these resonances interact simultaneously, a feature
which may easily arise in the mine hoist system. Nayfeh and Mook[1977]
applied the method of multiple scales {o investigate the regions of paramet-
ric resonance of linear systems with many degrees of freedomn. Their anal-
ysis confirmed that the method of multi ie scales correctly predicted estab-
lished parametric resonance regions and expressions for the transition curves,
ie pf} & wy, 3w, where n,m are integers. The anomalous cases mentioned by
Hsuf1963] were analysed, ie simultaneous combination sum and difference reso-
nance ) & wy, Fwy, & wytw, with m,n being different from r, s. Nayfeh{1983a]
extended this enalysis by focussing on the aspect of simultaneous resonance
in the response of a two degree of freedom linear system to multi-frequency
paremetric excitation. Nayfeh[1977] considered the case of two simultaneous
parametric resonances, namely simultaneous resonance of the sum and dif-
ference type ie 1 = wy — wy & wp + wi, and simultaneous main resonance
and sum or diference combination resonance ie } & 2wy ~ ws — wy, and
) & 2un = wy + . In these cases, the equations describing the modulation
of the phase and amplitude could be transformed into four real ncat order au-
tonomous equations. By solving these equations, the characteristic exponent
of the system could be defined, and hence where this exponent becomes posi-
tive, the transition curve of stability is attained. Nayfeh[1983a) concludes that
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when three or more simultaneous resonances exist, it is not possible in general
to transform the the modulation equations into an autonomous form, and thus
numerical analysiz may be required .

Nayfeh[1983c] consider.. the response of a twe degree of freadom syztem with
quadratic nonlineariti . to a parametric excitation. The behaviour of the sys-
tem is examined in the presence of an internal resonance w, = 2uwy. Two condi-
tions of tuning to the parametric excitation are considered, namely: Q = 2w,
a fundamental parametric resonance of the first mode; @ = 2wy, a fundamen-
tal parametric resonance of the second mode. The analysis demonstrates the
phenomena of saturation in a directly excited mode, as well as the existence of
subcritical stability. In the case, {} = 2wy, Nayfeh[1983¢] shows that a satura-
tion phenomenon arises in the higher mode which is directly excited, where the
amplitude of the response is independent of the level of excitation®, whereas
the lower mode which is indirectly excited through the internal resonance, in-
creases jn amplitude with increasing excitation. In the case where 3 = 2w,
a saturation phenomenon does not arise, and beyond a threshold excitation
level, both modes increase in amplitude with an increasing amplitude of ex-
citation. In both cases, depending ca the system parameters, a subceritical
stability may arise, where below a cerfain excitation amplitude F' < {3, the
trivial motion is stable, and disturbances decay, F > {3 the trivial solution
is unstable and the motion grows in both modes to a steady state amplitude.
When {; < F < (3, the trivial solution is stable and the motion decays to zero
according to the linear analysis, whilst according to the nonlinear analysis,
the solution may either be trivial or achieve a nontrivial stable steady state
motion depending on the initial conditions. This condition is referred to as
subcritical stability. Nayfeh[1983¢| extends this analysis in a later publication
to examine the response of a multi-degree-of-frzedom system with quadratic
nonlinearities to a harmonic parametric resonance. In this case, an internal
resonance of the combination type is >xamined ie w3 = wy + wy. Under this
condition of tuning, the response to a fundamental parametric resonance of
the third mode is examined ie @ =~ 2w;. Nayfeh[1983¢] shows that the third
mode exhibits a saturation with respect to the excitation, whilst the first and
second modes grow in amplitnde. The system also exhibits suhcritical reso-
nance. When the first or second mode is excited by a fundamental parame* ric
resonance, ie £} &% 2wy, or {} & 2ws, and when F < (3, the trivial response is
the only steady state condition. When # > (; the trivial solution is unstable
resulting in amplitude growth according to the linear analysis, however ac-
cording to the nonlinear analysis the motion is non-periodic. Plaut et al.[1983]
examine a similar system under two frequency excitation, where a natural fre-
quency is close to the sum of the two excitation frequencies ie. wy, = £); + {13,

5The response is similar to that described previously, where the longitudinal mode was
externally excited at resonance.
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whilst an infernal resonance such as w, = 2w; tunes that frequency to another
frequency. It is shown that a saturation phenomenon arises in the directly
excited mode, when the natural frequency of that mode w, is higher than
the other mode coupled through the internal resonance w;. Mook et al.[1985]
consider an analysis of a multi-degree-of-freedom system with quadratic and
cubic nonlinearities, with a fundamental parametric resonance ) & 20, as well
as internal resonance wy ¢ 2w;. The analysis demonstrated vhat the internal
resonance pives rise fo saturation in the directly excited mode, whilat the indi-
rectly excl .d mode behaves in & manner similar to that of the directly excited
mode in the absence of internal resonance, and thus a behaviour described as
mode reversal occurs. Since the amplitudes may be significantly reduced in
the preserice of an internal resonance, it is suggested that this may lead to a
passive vibration control strategy. The analysis also demonstrates that under
the condition of internal resonance, in certain regions of the parameter space,
interaction occurs between the modes, resulting in a non-periodic solution, and
a continual intermodal erchange of energy. Plaut et al.[1986] consider a series
of cases involving two simultaneous external resonances of a system subjected
to two-frequency excitation. The cases presented consider two simultaneous
conditions of combination, subharmonic, superharmonic and primary external
resonances. It is demonstrated that quenching can occur for certain combina-
tions of the resonances. Nayfeh[1987] examined th: parametric excitation of
& double pendulum, under the condition of internal resonance and a funda-
mental parametric resonance. Saturation was observed when the higher mode
was directly excited by the parametric excitation £ &2 2wy, whereas the lewer
mcde which was indirecily excited through the internal resonance increased
in amplitude. Due to the nature of the equations analysed, it was found that
in certain regions of the parameter space, both Poincare' and Hopf bifurca-
tions existed. When the lower mode was excited by a principal parametric
resonance, the periodic solutions exhibited period doubling, leading to chaos.

Tezak, Nayfeh and Mook[1982] considered the case of a parametrically excited
nonlinear multi-degree-of-freedom system with repeated natural frequencies.
A study of panel flutter iliustrated the nature of the solutions. Nayfeh[1983b]
considered the linear parametric resonance of a multi-degree-of-freedom system
with three repeated natural frequencies, for the case of fundamental resonance
of the modes with the repeated frequency, and combination resonance involving
the repeated modes and one other. Conditions of stability of the motion were
then derived for these cases.

Bux and Roberts[1986] examined the vibratory interactions in systems of cou-
pled beams. The method of multiple scales was successfully applied to examine

A Poincare’ bifurcation arises where the number of fixed points increases as a control
parameter changes.
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the system respon. = in the case of three mode interaction, where a combination
internal resonance and an external resonance of one of the modes existed simul-
taneously ie £) » wy ~ wp+wyp. This is similar to the analysis by Nayfeh[1983¢],
where the system was tuned to a combination internal resonance and a funda-
mental parametric resonance simultaneously. Bux and Roberts[1986] obtained
stationary solutions for this condition, showing that multi-modal response is
possible even though the modes may not be directly excited. The four mode in-
teraction was investigated, where in addition to the tuning £ & wp »2 wp +wr,
an additional internal resonance w; & 2wp occurs. Stationary solutions were
not obtained from the perturbation aualysis, however experimental results pre-
sented illustrated violent interactions between all four modes. Ashworth and
Barr[1987) exfended Bux and Roberts{1986] analysis in an investigation of
the resonances of structures with guadratic inertial nonlinearities under direct
and parametric harmonic excitation. A combination of an harmoenic balance
and perturbation method was successfully applied. This analysis discusses the
concept of cascading behaviour of a multi-mode structure., where either the
response of the structure {o the external excitation or the parametric exci-
tation, autoparametrically induces further excitation of other modes of the
structure through internal resonance, thus achieving a multi-modal response.
Ashworth and Barr[1987) demonstrate this behaviour on a four mode beam
structure, where one parametrically excited corabination resonance interacts
through a combination of internal resonances providing autoparametric excita~
tion of the two remainirz modes. Cnnsequently modal response is obtained in
all four modes due to . single parametric excitation frequency. Cartmell and
Roberts[1988] consider a similar problem of interacting beams, in the vicinity
of a simultaneous combination sum and difference internal resonance, where
one mode is externally excited at resonance. In this analysis the methoa of
multiple scales was applied, and a set of autonomous firs¢ order differential
equations defined the modulation of the modal amplitudes and phases, The
resulting equatinns for the steady state amplitudes could uct be solved analyti-
cally, and consequently an integration procedure was attempted. Experimental
results were employed to demonstrate the multi-modal response of the system.
The difficulty encountered in analysing three or more simultaneous resonances
was considered by Nayfeh[1983a], where it was shown that in : e general case,
it may not be possible to reduce the equations to an autonomous form, and
pumerical analysis may be required. Multi-Modal interaction, and stmultane-
ous resonance as discussed above, is pertinent to the mine hoist system and
clearly defines the potential cnmplexity of a thorough dynamic analysis of a
mine hoist system. Note that in these analyses, a single excitation frequency
was applied, resulting in a multi-frequency response. In the mine hoist system,
multi-frequency external excitation co-exists with multi-frequency parametric
excitation, and simultaneous parametric and external resonances may arise in
the presence of simultaneous internal resonance between various modes of the
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system, complicating the potential response further. HaQuang et al.[1987b]
exumine the response of a single degree of freedom system with quadratic and
ctthic nunlinearities to primary external and secondary parametric excitation.
Applying the method of multiple scales, asymptotic solntions for small motions
were developed. The steady state amplitudes were investigated with increas-
ing amplitude of the parametric excitation, and different parameters dictating
the strength of the quadratic and cubic nonlinearities. It was shown that as
the parametric excitation increases, multiple solutiou branches develop. The
asymptotic solutivus were com, ared with numerically integrated solutions, il-
lustrating that additional large amplitude solutions exist, which lie beyond the
realm of approximation of an asymptotic method. These large amplitude solu-
tions exhibit period doubling leading to chaos. HaQuang et al.[1987a] extend
this analysis to a multi-degree-cf-freedom system where one mode is involved
in the external resonance, and demonstrate that mnlti~inodal response can be
geneiaied in the first order solution, even in the absance of internal resonarce.
Plaut et al.[1990a] considered the resonances in a multi-degree-of freedom sys-
tem with quadratic and cubic nonlinearities subjected to external excitation at
frequencies 21, i, in the absence of internal resonance. When there is more
than one excitation frequency, response may arise at combination tones of the
excitation frequency, which may be further complicated by simultanecus res-
onances. The analysis considers conditions which arise at 2w, = ; + Q; and
wn & {284 £ ). Plaui et al.[1990b] extended the previous analysis to include
multi-frequency parametric excitation in addition to multi-frequency external
excitation. The analysis examined the condition of resonance involving both
the parametric and external excitation frequency ie |Qf £ 0 + Qf| = w,, and
|9 + 0 £ 0%} ~= w,, where superscripts e, p refer to external and parametric
excitation, and w, refers to the natwral frequency of the ¢ mode. The analysis
considered these conditions in the absence of any other resonance. Thus the
more pertinent case of simultanecus resonance involving other mades, or in-
ternal resonance was not considered, and consequently a <ingle mode response
occurred.

Nayfeh and Asfar[1988] consider the case of a single degree of freedom system
with cubic nonlinearities to a non-stationary principal para- ‘ric excitation.
In this instance the system natural frequency remains constan., ..hereas either
the frequency of the parametric excitation, or the amplitude of the parametric
excitation was allowed tc change slowly - 7ith respect to time ie either the para-
metric excitation frequency was assun 2d to be 2 = 1, + rT3,0r the amplitude
of the parametric excitation was assumed as f = f, + rT1, where r represents
the sweep rate, and 7 the slow time scale. The mine hoist system could be
considered to be the inverse of this case, where the natural frequencies of the
system change with time, whilst the excitation frequency and amplitude re-
main constant, Research to date has treated the mine hoist system in a quasi
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static form, where the axial velocity and hence the rates at which the natural
frequencies vary have been neglected. The primary motivation for this assump-
tion is two fold, namely the analysis would become protracted and is view.d
as a future research incentive, and geuerally the rate of change of the natural
frequencies becomes significant close to the shaft head, where the longitudinal
modes change rapidly with respect to depth, In practice whip has been oh-
served at greater depth. Nayfeh and Asfar[1988] show that the rate of change
of the parametric excitation frequency or amnplitude can significantly alter the
response, in that the nonlinear resonance curves for the stationary case are
penetrated and become smudged as the 1ate increases. Thus if the excitation
18 initiated at a frequency where the stationary trivial response is stable, and
progresses into a region where this response is unstable, then the depth of
penetration into the unstable region is related to this rate; this penetration
is then followed by a jump to the nonlinear stable solution, which may result
in overshoot and oscillation. Miyasar and Barr{1988)] consider the response of
a linear oscillator under parametric excitation with fluctuating frequency. In
their analysis, the parametric excitation is assumed to vary about a mean ie.
cos[204t + ccosPt]. Although this study is of interest, it is not particularly
relevant to the mine hoist system.

It is evident that the mine hoist s, tem represents an extremely complex d--
namic systern. A thorough understanding of the behaviour would prescribe a
consistent study of the possitle mechanisms of interaction. These interactions
will be parameter dependent, and thus may vary in severity for different -
stallations. Although the industry currently attempts to ensure the dynamic
integrity of a system by simply avoiding regions of external resonance of the
lateral catenary modes, this is clearly not sufficient. The neglect of the longi-
tudinal interaction in current design procedures is clearly highlighted by the
foregoing discussion. The dynamic integrity of the system with resp::t to
the catenary response has not been considered significant with respect to the
fatigue life of the rope. This assumption has no theoretical basis, and aone
surmises that it is linked to the neglect of longitudinal and lateral coupling be-
tween the lateral and longitudinal motion in the linear wave equations. Thus
the behaviour of mine hoist dynamics as perceived by the industry is severely
limited by linear assumptions.

As it is the purpose of this study to consider the potential dynamic behaviour
associated with mine hoist systems, it is pertinent to examine conditions which
may lead to reeonant conditions other than those predicted by a linear analysis.
Thus if the system is correctly designed to avoic anditions leading to external
resonance of the catenary, the dynamic integrity of the system may be com-
promised by regions of secondary resonance. Although the method presented
in Chapter 4, where the stability of the steady state planar motion is exam-
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ined, leads fo a design methodelogy capable of avoiding regions of zonlinear
interaction, & more direct approach is desirable to confirm that such regions
exist, as well as to lay the foundation and flavour of future ressarch incentives,
A perturbation analysis utilising the method of multiples scales is presented in
the following section. The conditions necessary to induce secondary resonance
are defermined. The steady state perturbation solution for the condition of
seconda.ry resonance i3 not developed further, as this is vxew;d 28 & futurr*
resea.rch lncentlve : : :
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J.4 Secondary Resonance Conditions

The intention of the following aralysis is to demonstrate the potential existence
of secondary regions of resonance by applying the method of multiple scales.
Secondary resonance regions are identified by the occurrence of secular terms
in the perturbation expansion, which would induce unbounded growth in that
component of the solutions expansicn. This leads to the formulation solvabil-
ity conditions, ensuring that the secular terms in the expansion are identically
zero. These solvability equationa define the steady state resyonse of the sys-
tem. Multiple solutions may exist, requiring further analysis to determine the
stability of the various solutions.

In the following analysis, the method of multiple scales is applied up to second
order expansion in €2, where small response of the order of ¢ is assumcu. ie:

Pi(t, 5) = €Pro + €2P='1

ri(t,€) = ery+ ey
o
B‘E = Da + EDI
o2 g
5E= D3 4 21 Dy _ (J.6)

Where ¢ introduces the normal notion of a small parameter about which the
solution is expanded. The equations are ordzred by ensuring that the damp-
ing, parametric and nonlinear terms appear in the second order expansion.
Equations (J.4,J.5), may be presented as®:

2
i + 2eGuicds +wlp+ €] 3 Vocos(n@dt + B))USrs + Tugaryma = €B) (1)

n=1

2
7y + 26 it + T + E{Z Vaeos(nQt 4+ B, ) U505 +

n=l
4 2
ZV,,cos(th + Ba)}Visrs + Aijepirr + {Z Vacos(nSi + Bu)}ijerith

n=0 n=t
+Bigriryrery = eR(2) (3.8)

8The constants in equations (J.4,3.56) have been factored into the coefficients of equations
(3.7,J.8). The lateral excitation at the drum is represented as: §= = 2 1 Vacos(nQit4fa) =

Y2 3V,e0To 4 e whilat ()= Y o Vncos(nflt + B,) = Ta —p $ Ve 4 cc.




By substltutmg relationships (J 6} into the equativng of motmn (.I 7 J 8), the .
ﬁrst and second order expansions are obtained as: '-

First der: €

Dopw +wip, = E B, cos(nlt)

s=l

Dzm e Wit = E Rncas(nﬂt)

ne=l

" The solution to these equations is:

. Pto - A ( 111) em.T,, + z A emn:{;, + e : . . ( Jag)
: T .o . ) .
rio = Bi(T1)e™ T + Y xine™™ 4 e (3.10)

n=1 .

where cc represents the complex conjugate, and:

Pn'

1 .



314

The second order expansion of the equations of motion are:

Second Qrder : e

2
Dlpu + wipn = ~{20wi Dy + 2DeDilpte = 3, Vacoa(nQli + Ba)Ukr50

fml

_'rijl:fjgf'ﬁn =0 (311)

Dirg +@ira = —[2@0Dy + 2D Dilrio = ¥y Vncos(nt + £n)U3 pso
' = Yamo Vacos(n@ + Bo)Vijrso — Aijepporho+
32 1 Vacos(nQt 4 Bn)bizariotie = 0 o (319)

substitubing ps,, rs from equations (J.9,J.10} into equations {J.11,J.12), and
employing complex algebra, where * represents the complex conjugate, leads
to: : ' o

4
D2piy +wipn = —2iwi[A; + Cn e T - 2igor Y nQA e Te

nml

2
_% Z {ngBjei(ﬁﬁnnﬂ. + V2 Uy B Ea(ﬁ;—nn)"l’.}

nwl
1 2 . 2 2
—s {VnUij Z xjmei{m+n)n'r. + VU E P jmei(num)ﬂT.}
nwml mmi mwl

2
—Tk {Bj Bie'@+PETe 4 p, pe T -T)Te | E[Bj Xine @stn)To |

nml

B; x;ne“(w"—"ﬂﬁu + Brx; “ei[wa-}-nﬂ)’.!‘, + B; Xjﬂefc"n"wkﬂ‘o +

2
Xjn 3 {XpmeimimItTe xi,,.e“"'“"“’*’*}]} +ee=0 (J.13)

mml
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Diriy +wirn = 200 B} + Ci@i Bile™ T w 260, T2, nllyinenOTe
4 Thus {VolB LA T 4 T8 Attt}
~FE L (WU 4 T, Ay}
4 Do {VaVis (B T#rRITe L 52 mefltmITa] 4
VaVy[Bye@inTe L 0 tjmeilm—miate]}
By { Ay Bred@WitieiTo o A, B2 gilws—Ta)To
4By, z; 1 [A in i@ +nit)To o A';n &M@ -nn}:r.}
+Aj E:Hl [xkneitwj+ﬂn)z‘. + x;”ei(mj—-r.n}‘.'&]
+2:w}. Z:u-u Xin[A; mcfntmaTs o, A;,,,E‘(" _mmr’]} -+
36 [Eﬁ-z Va { B; Bye @s#TutnMTe | B Br i@ -Tutn@)ls 4.
anml [Bitheifﬁj+(nfm)n}To + Bjximeifﬁj—-(m-n)n)'r. +
kajme"(wh'i-(n—i-m}ﬂ)?'. 1 BEijei((ﬂ'!'m}n-W")T" +
+ Xim 2?"1 [iageiCHmInTe | xi;e‘(""”‘m]}} +
Z:wl 7 {Bije:'(ﬁ’qu—-nn}T. + BjB;ei(ﬁ'j—-m.—nﬂ)T, +
zilﬂll [Bjkag"ﬁf'!'(m“")nﬂ'n + Bjx;mg‘.@j_(m'{'ﬂ}nﬂo “+
Biyjm@@Hm-mIOTs | pro. cilln-m-Tu)Ts |
+ Xim Tk Frueft-mIRTs +x;;e"'f"+')“""°1] }] teoe=0 (J.14)

It is clear from the preceding equations, that secular® terms may arise if any
of the following condifions are satisfied. '

w= =nfl n=1L16
wi= nfl n=16
nfl= Widkw n=14
nl= wxw; n=16
wi = W; £
Wy = W kW
(J.15)
%ie If any coruplex exponent on the right hand side of the equality is equal to the natural

frequency of that equation, the corresponding term is gecular, as it induces a resonant
condition.




The first two conditions represent the ca's'gé-pf. exteraal resona;_nce,'_ the second -
- two conditions represent secondary resonance conditions axising.ab the sum

and difference frequencies between the lateral and lorigitudinal modes, whilst
the remaining conditions represent the case of internal resonance between the
longituditial and lateral modes. This analysis was primarily concerned with
identifying regions of secondary resonance, and thus the first two conditions
are excluded. Note that the latter condltmns may be satisfied simultaneously
fot a number of combinations of the modes, Also, since the internal résonance
arises at sum and differénce combinations of the lateral modes, and because
the latieral modes are integer multiples of the fundamental, a number of in-
ternal resonances arise simultanecusly. This gives rise to a.ddltlonal coupling

between the modes; which generally results in multi-modal response. The anal-

ysis required to determiine the steady state response will be significantly more

- complex, to the extent where it may not be posslble to determme the stea.dy
_sta.te salutmn analyhcally ' '

In the a.bsence of secular terma, the solva.hlhty cond1tlons for the amphtudes_
- A;,B; reduce to

a A b Gy =0

Since these etiuaﬁ.tmns' are damped first order equations, the stea;dy state am-
plitudes A;, B;, C; are trivial, and consequently the solution is governed by the
first order sclutions g, rio.



o
J.5 Conclusion

Secondary tesonance regions may arise when the excitation frequency tnunes-
to a sum or difference combination of the lateral and longitudinal modal fre-
quencies. In addition, it has been demonstrated that the condition of internal
resonance arises when a longitudinal mode is tuned to a sum or difference
combination of the lateral natural frequencies. Since the lateral frequencies
are related by integer numbers, the difference condition introduces an internal
resonance when a longitudinal natural frequency is equal to a lateral natural
frequency. Also, the system is always internaily resonant with respzact to the
~ lateral modes, By accounting for the in-plane equation of motion, it can be
ghown that similar conditions of secondary resonance exist with respect to the
longitudinal and, in-plane lateral modes.. An additional condition of internal
resonance however couples the in and out-of-plane lateral modes. Since the
- in-plane and out-of-plane linear natural frequencies are nearly identical, this
condition is always approximately satisfied. In this analysis, excitation fre-
quencies were assumed to be harmonic, and the first and second harmonic of
the Lebus drum frequency was accounted for. As a result of the nonlinear
" coupling between the lateral and longitudinal modes, external excitation was

indnced to excite the system up to the sixth harmonic of the Lebus drum
frequency. :

The general nonlinear alialjrsw of the mine hoist system by means of an analyt-
ical technique is probably an intractable mathematical problem. The studies
presented regarding nonlinear multi-degree-of-ireedom systerns illustrate the
potential response of the system. Namely, the possibility of a quenched re-
sponse and mode reversal, non-periodic solutions, subcritical sta.blllty, and the
effect of internal resonance. Although the inherent features of the mine hoist
system dictate to a large extent the need for a direct numerical simulation of
the nonlinear equations of motion, the theoretical discussion presented pro-
vides a necessary basis to interpret the numerical results.



Appendix K

Sﬂ:abﬂi?ty of Liner ODE’s with
Periodic Coefficients

K.1 Parametrically Exited Systems

In the linear analysis of mechanical vibration, it is usual to arrive at a causal
relationship befween the system response and excitation, where this relation-
ship may be expressed as a set of non-homogeneous differential equations with
constant coefficients. The systems behaviour reflects the paradigm of a single
degree-of-freedom oscillator, and thus the concept of free and forced response,
and resonance is introduced, When considering reslistic conditions, where
positive damping exists, the response is always bounded and stable.

Parametrically excited systems arc described by differential equations with
time dependent coefficients. In this context the system parameters such as
mass, stiffness and darping which are normally deemed constant, vary with
time, and thus the term parametric excitation refers to the ezeitation of these
parameters, rather than the existence of an external forced excitation!. The
term excitation implies that a system response can be achieved in the absence
of the normal notion of an external excitation. This concept is well established,
where the salient feature of a parametrically excited system, namely instability,

! Although parametric excitation is induced by a forcing function, as in the case of the
lateral parametric resonance of a string as presented in Appendix B, the resuliing equation
of iotion is homogeneous, and devoid of an external excitation,
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is reflected by the behaviour of the single degree of freedom Mathieu equation.
# + w1l + aCoslit)z =0

The behaviour and analysis of the Mathieu equation is presented in maay
sources, such as Stoker [1950], Bolotin [19641, Mclachlan [1947], Nayfeh and
Mook {1983}, Newland [1989]. In essence thi. 7uation exhibits regions of in-
stability for certain combinations of the natv . frequency w, the parametric
excitation frequency (1, and the parametric excitation amplitude a. It 1s im-
portant to note that the equation is linear and homogeneous. Unlike systems
with constant coeflirients, where a causal relationship exists between the exter-
nal forcing function and the amplitude, in the case of a parametrically excited
system, the .. mplitude grows in an unbounded fashion as a result of dynamic
instability. The growth of the motion thus depends only on the existence of
an infinitesimal disturbance or initial condition. Although damping generally
exerts a stabilising influence, instability may still arise for a sufficiently large
parametric excitation. With reapect to the Mathieu equation, regions of insta-
bility occur in the neighbourhood of the ratio of the natural to the parametric
excitation frequency such that {} = %“’-‘-, where the span of the region is de-
pendent on the degree of damping and the amplitude of parametric excitation
a. The primary or principal parametric region ocemrs when n = 1, with a
sequence of higher order regions existing for n = 2 These regions become
successively narrower, and more difficult to excitn  Newland[1989] considers
the response of the Mathieu equation in a region of instability, and demon-
strates that on the boundary of stability, the dominant response frequency is
always close io the linear natural frequency of the system. The primary re-
gion of parametric resonance, where ) = 2w, is thus often termed subbarmonic
resonance, since the dominant response occurs at half of the parametric excita-
tion frequency. The shaded areas in Figure K.1 represent regions of instability
related to simple parametric resonance of the Mathieu equation, where the
response grows in an unbounded manner. This figure reflects the fact that on
the boundary of regions of instability, the solution is periodic of period T or
2T, where the period T refers to the period of the parametric excitation.

In reality, the growth in a region of instability is contained by nonlinear restor-
ing forces, and is ultimately bounded. Thus although the initial phase of
growth within a region of parametric resonance may be described by a linear
differential equation, ultimately nonlinear effects must be included to obtain a
description of the final motion. In nonlinear dynamic studies, the linear notion
of single valued response and of the principle of superposition no longer ap-
plies, and thus multiple dynamic states may arise. Thus a nonlinear solution
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Figure L. Regions of simple preametrd- inseabdlity for v Mothizu eqooting.,

Fig_ﬁre K.1: Takahashi (1982): Figure 1 - Regions of simple parametzic reso-
nance : _ _ '
where &7 = &/w.

requires that a stability analysis is performed for each solution branch, in or-
der to determine whether that branch is physically realisable. By considering
small perturbations to the nonlinear steady state motion, the stability of the
motion may be defined in terms of a variational equation. Linearisation of this
equation generally results in a differential equation with periodic coefficients,
or a parametrically excited system. If the variational equation is stable, then
a perturbation or small disturbance applied to the motion results in a tran-
sient motion, which dissipates if damping is present. The converse indicates
divergence of the motion to an alternative solution, This is commenly asso-
ciated with the jump phenomenoa in a nonlinear system with cubic stiffness.
However, this technique is limited to determining the stability of the motion
to small disturbances, and consequently fails to indicate the dependence of the
final steady state motion, where multiple stable steady state solutions exdst,
on large disturbances. This reflects the global stability of the system, where
larze disturbances or initial conditions may result in the system response be-
ing attracted from ope stable solution branch to another. The determination
of the influence of initial conditions on the final steady state motion resnlts in
the definition of domains of attiraction of the fixed points in the phase plane.
Guttalu and Hsu[1984] discuss three techniques to accomplish & global study,
and present the cell mapping technique as a computationally economic alter-
native. This technique is applied fo determine the domain of attraction of
asymptotically stable periodic solutions of an impulsively excited pendulum.

This thesis is concerned with the stability of linear parametrically excited
systems, o1 conversely the stability of the nonlinear steady state motion sub-
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jected to small disturbances. Particular attention is directed to multi-degree-
of-freedom systems with periodic coefficients. Thus, cousideration is given te
a set of equations of the form:

™m
B + 2Cwnd; + Wiz 4 Z B jucos(n{lt + ¢r)z; = 0

n=1

where P, ;, represents the parametric excitation coefficient of the n** harmonic
of the parametric excitation frequency ). Such a system was examined by
Hsu[1563], by applying a perturbation technique. Hsu[1963] demonstrated that
in addition to regions of simple parametric resonance at ) = 2%, regions of
combination resonance of the sum and difference type could arise at (¥ = ﬁf—”l
The existence of the sum type combination resonance is dependent on the
magnitude of the terms P j,, Pj:, and on P,,, x P;;. > 0. Difference type
combination resonances exist when F,; x P;; < C. The technique applied by
Hsu[1963] is examined in detail in Appendix B. Hsu's analysis considers the
primary parametric regions for each harmonic of the parametric excitation,
neglecting higher order regions and anomalous regions, where conditions of
simultaneous parametric resonance may arise. The method is also restricted
to the concept of a small parameter, and hence small parametric excitation.
Nayfeh and Mook[1977] examined the same system, confirming Hsu’s[1963]
results by applying the method of multiple scales. Nayfeh and Mook{1977]
also considered a number of anomalous regions. In the context of the mine
hoist system, it was considered that a more general approach was required
which accounted for all regions directly, without requiring the study of special
cagses. Consequently techniques involving the harmonic balance method were
considered.

Szemplinska-Stupnika[1978] considered the application of the harmonic bal-
ance method to determine regions of combination parametric resonance in
which the notion of a small parameter was not introduced. It was demon-
strated that although perturbation techniques can be applied to examine re-
gions of combination resonance for small parametric excitation, vhey inher-
ently constrain the motion to the normal co-ordinates involved in that region,
and therefore neglect all other coupling coefficients. Bolotin[1964] appli:d i+

harmonic balance method to examine simple regions of parametric resona o
of multi-degree-of-freedom systems. Szemplinska-Stupnika[1978] notes t at in
this solution, the direct and indirect parametric coupling $erms of the paramet-
ric excitation are inherently accounted for, and thus unlike the perturbation
techniques, the solution is not constrained to the normal co-ordinate involved
in the resonance. Bolotin’s method can be applied successfully to examine
regions of simple parametric resonance, since the solution can be shown to be
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of period T or 2T on the boundary of stability, where T is the period of the
parameiric excitation. This method cannot be applied to regions of combina-
tion resonance, since on the boundary of stability of these regions, the system
is not periodic. I is almost periodic consisting in the first approximation of
two harmonic cormponents, with uncommensurable frequencies (Szemplinska-
Stuprika[1978]). Since the Fourier expansion applied by Bolotin[1964] can-
not accommodate this requirement it is not applicable to regions of combina-
tion resonance, Szemplinska-Stupnika[1978] developed a method utilising the
method of harmonic balance, and imposed the condition that on the boundary
of instability of a primary combination resonance, w; + w; = 26. Ultimately
the method led to a system of nonlinear algebraic equations for the definition
of the boundary of stability. Also the method did not account for higher order
regions of combination resonance which wniay be of period T rather than 2T.

Takahashi[1981a, 1981b, 1982] proposed an alternative implementation of the
nethod of harmionic bulance, and considered a system of equations of the form:

[CHF} +2(CIEH Y + (] - o[AD{f} - pBleostt{f} =0 (K1)

where [C] = diag(L)?, [H] = diag((;), [I] = diag(1), [A] represents an initial
stress matrix, and [B} represents the parametric coupling matrix, a is the non-
dimensional initial force, B is the non-dimensional parametric excitation, and
@ is the parametric excitation frequency. The solution fo this equation was
sought as:

{Ff()} =M %bo + i(aﬂsinnﬂt + bacosnft)} (K.2)

ne=1

Direct substitution of equation (K.2) into equation(K.l), and applying the
harmonic balance method leads to a relationship defining the response of the
system in terms of the exponent A, and the coefficients b,, ap, b,. Takahashi
demonstrated that this relationship could be formulated in matrix notation as:

(IMo] = A[Ma} — A[M]){X} = {0} (K.3)

where [M,], [M}], [M2] represent coeflicient matrices of the powers of A, and
{X} represents a column vector containing the coefficients of the expansion
boyan; ba. Eguation (K.3) may be transformed into an eigenvalue equation
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in A by introducing the transfornation {¥} = A{X}. Thus equation (K.3)
becomes:

[M;'?M 1\/11;{1\,:11 } { § }= "{ ifi } (i4)

Equation (K.4) represents an eigenvalue extraction for the exponent A. The
stab.lity of the system is thus dependent simply on reaI(A) < 0.

It is important ta noi‘.e tha.t the expansion .assumed in equation (K.2) is of
period T. As Takahashi[1982] demonstrates, the requirement for the solution
to accommodate solutions of period T and 2T and thus higher order regions
of instability, is satisfied by accounting for the imaginary part of the exponent
A in the expansion. Since X is a natural consequence of the solution process, it
enables the solution to assumie a periodicity of either T or 2T on the boundary
of stability. With regard to regions of combinatior resonavce, the imaginory
component of the exponent introduces side-band .1es in the expansion
such that additive or difference combinations of these components equate to
the parametric excitation frequency. Thus the method satisfies the conditions
required on. the boundary of simple and combination parametric resonance.
Takahashi[1981a} demonstrates that this technique yields similar results to
those obtained by Szemplinska-Stupnika[l1978] for a two degree of freedom
parametrically excited oscillator. Takahashi[1982] also demonstrates that the
method accounts for the potential destabilising influence of non-uniform damp-
ing on regions of cornbination resonance. This is illustrated in figure K.2, which
is reproduced from Takahashi{1982], for three different cases of damping.

The method iy easily to coded, and applies a general approach to the problem
without introducing the concept of a small parameter; most importantly the
method does not require the analyst to identify special or anomalous cases
as in the perturbation techniques. The disadvantage of the technique is that
it is computationally intensive, however in light of the rapid developments
in computations]l resources, this is not viewed as a serious limitation. With
regard to this study, the technique was coded using Matlab, and accounted for
systems of the form:

[CHF} + 2CIHEN{F} + ([ — o[AD{f} = D {[Snlsinnbt + [Culeosndi} {f} =0

nml

The parametric coupling matrices are defined for the mine hoist system in
appendix F. During the eigenvalue extraction process, the real part of the ex-
ponent was stored, enabling the regions of instability to be complimented by
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contour plots of the maximum exponent This exponent indicates quahtatlvely
the degree of severity of the region, as it is indicative of the exponentlal growth
of a disturbance. In the context of the mine hoist system, if it is necessary to
traverse a region of instability, then it would be desirable to traverse a region
where this exponent is minimal. It is also important to consider that the stabil-
ity analysis of the mine hoist system as presented in chapter 4, only considers
stationary steady state response. Thus the influence of the transport speed
which induces non-stationary system behavior is ot accounted for. This lim- -
its the applicability of the analysis, since in the case of catenary vesonance, -
the maximum steady state amplitude will not be reached, and furthermore it
will be delayed with respect to the resonant condition. In addition, once the
system passes through a region of instabilit+. the response may be substan-
‘tially different from the steady state condition. Thus although the steady state
- stability analysis may indicate that the motion may be stable in the context of
the stationary steady state response, transient or residual respense induced by
a layer change or by the earlier traverse of a rrgion of instability may induce
further regmns of instability, and hence a bifurcation to alternative dynamic
state. It is emphasised that in the context of this study, the purpose of the
stability analysis was twa fold. Firstly, to demonstrate a mechanism describing
the potential nonlinear interaction inherert in the system, anid confirmation of
this mechanism with respect to a laboratory experiment. Secondly, to provide
an approximate method to asses the dynamic characteristics of the system
for the purposé of avoiding regions of nonlinear interaction, prior t6 & more
sophisticated nonlinear numerical sirnulation of the system. In this context
the objective of the analysis was fulfilled; clearly, substantial scope exists for
refinement =i the stability analysis to accommodate the non-stationary nature
of the svstem.



Appendix L
Numerical Sensitivity Study

Since the system parameters on a realistic hoisting system will not be known
precisely, and may change during the life of the rope, the quasi-static simulation
was applied to investigate the sensitivity of the system. In this study, the
winding velocity was changed from 14 m/s to 16 m/s iz 0.2 m/s increments.
This was conducted for the ascendi~g and descending cycle of the Kloot hoist
system. The numerical results are presented in figures (L.1 - L.22). Each figure
is headed by the linear system characteristics, where the first four longitudinal
(dotted lines) and lateral modes (solid lines) are presented, and the first two
Lebus groove excitation harmonics (dashed lines). The layer-change locations
are represented by vertical lines.

Since the lateral frequency lines have a low slope, a small change in the winder
velocity can shift the resonant location. Since the layer layer change locations
remain fixed relative to the shaft depth, the effect of a change in winding veloc-
ity is to shift the resonant locations relative to the layer change location. This
is an important effect, which was evident in the simulatinns. As the lateral
excitation changes phase after a layer change to accommodate the change in
the traverse direction across the drum, the location of the layer change relative
to a resonant condition changes. In this regard a layer change may be located
such that the motion which has increased on approaching resonance, is atten-
uated by the change in phase of the excitation. Since the in-plane motion is
dependent on the amplitude of the out-of-plane motion, such an attenuation
can retard the growth of the in-plane motion. This effect is evident in the
ascending and descending cycle. Consider the difference in the response on
the ascending cycle at 14 m/s and 14.2 m/s, illustrated in figures (L.1,1.3)
respectively. In the latter condition, the layer change iz located ciose to the
linear resonance. This location attenuates the growth in the out-of-plane mo-
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tion, and as a result the m—pla,ne tmotion does not grow to-the degree that
it would at ldm/s or 14.4 m/s. This pattern is repeated with respect to fig-
ures (L.,15,L.17). Similar trends are evident in the results of the descendmg-
simulation, for msta.nce in figures (L.2L.4L,16L.18). ' :

The resu_lts of this study c‘;o_n'.ﬁ_rm that the system Is sensitive to its overall state
of funing, 1t is also evident that in the Kloof mine hoist system, the response
is caused by primary external resonance of the catenary. With regard to the
descending cycle, the natural frequencies are lower, and thus as the winding
speed incréages, higher lateral modes are excited. For instance above a winding
- velocity of 15.4 m/s the third lateral ntode is excited by the first harmonic of the
Lebus excitation. Since the higher modes are stiffer and more difficult to excite,
the response and tension fluctuations are lower. This tends tv indicate that an
appropriste tec:hmque to design the winder would be to locate resonances on
‘the descending cycle, and to increase the winding so as to avoid the resonance
on the ascending cycle. Although winding speeds of 18 my/s are ergployed, this
‘approach is counter-intuitive, and usually the winding speed is lowered. In the
case of Kloof, the speed was lowered to below 14 m{s to overcomne rope whip.

On the Kiloof winder, no clear indication exists of secondary regions of reso-
nance, where large atnplitude motion is observed in the absence of external
resonance of the catenary. Further simulations on different installations, com-
‘bined with expetimental correlation is required to ascertain if this observation
is generally conasistent.
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Figure L.1: Ascending cycle - Kloof Mine hoist system: 14 m/s
a) Linear Frequency Map.
b) In-Plane Motion - s = I;/4,
¢) Out-of-Plane Motlon - s = [,/4,
d) Dynamic Catenary Tension.

328



Frequency (%)

b BOw 1000 . 1600 )

T B—

| smgltude m) -

oo s 1000 1800 T zoon
o Depth {m)

Amplitude {m}

0 ' ' 500-'" — 1000 } L6500 T Zoon
Depth (m)

s &0 0w 1800 2000
Depth {m}

Figure L.2: Descending cycle - Kloof Mine hoist system: 14 m/s
a) Linear Frequency Map.
b) In-Plane Motion - s = [p/4.
¢) Qut-of-Plane Motir - § = [,/4.
d) Dynamic Catenary lension.
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Figure L.3: Ascending cycle - Kloof Mine hoisi system: 14.2 m/s
a} Linear Frequency Map,
b} In-Plane Motion - ¢ = [/4.
¢) Out-of-Plane Motion - s = [./4.
d} Dynamic Catenary Tension,
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Pigure L.4: Descending cycle - Kloof Mine hoist system: 14.2 m/s

a) Linear Frequency Map.

b} In-Plane Motion - s = {/4.

c} Out-of-Plane Motion - & = [,/4.
d) Dynamic Catenary Tension.
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Figure L.5: Ascending cycle - Kloof Mine hoist system: 14.4 m/s
a) Linear Frequency Map.
b) In-Plane Motion - 8 = [, /4.
¢} Out-ofPlane Motion - s = [./4.
d) Dynamic Catenary Tension.
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Figure L.6: Descending cycle - Kloof Mine hoist system: 14.4 m/s
a} Linear Frequency Map.
b} Tn-Plane Motion - & = [, /4.
¢) Out-of-Plane Motion - s = [,/4.
d}) Dynamic Catenary Tension,
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Figure L.7: Ascending cycle - Kloof Mine hoist system: 14.6 m/s
aj Linear Frequency Map.
b) In-Plane Motion - 5 = {./4.
¢} Out-of-Plane Motion - s = [, /4.
d) Dynamic Catenary Tension.



335

. Frequency (Hz)

Amplitnde (m}

o g0 w0 1800 2000

Amplituds {m) -

- 00

Tengion (kN)

[ 500 1600 20600

Figure L.8: Descending nycle - Kloof Mine holst system: 14.6 m/s
a) Linear Frequency Map.
b) In-Plane Motion - 8 = [./4,
c) Out-of-Plane Motion - &8 = {,/4.
d) Dynamic Catenary Tension.
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Figure L.9: Ascending cycle - Kloof Mine hoist system; 14,8 m/s
| a) Linear Frequency Map. |
b) In-Plane Motion - s = /,/4.
¢) OQut-of-Plane Motion - 5 = [./4.
d)} Dynamic Catenary Tension.
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Figure L.10: Descending cycle - Kloof Mine hoist system: 14.8 m/s
a) Linear ¥Frequs nicy Map.
b) In-Plane Motion - 8 = [./4.
¢} Out-ofPlane Motion - » = I,/4.
d) Dynamic Catenary Tenrion.
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Figure L.12: Descending cycle - Kloof Mine hoist system; 15 m/s
a) Linear Frequency Map.
b} In-Plane Motion - & = [,/4.
c) Out-of-Plane Motion - 8 = I,/4.
d) Dynamic Catenary Tension.
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Figure L.13: Ascending cycle - Kloof Mine hoist system: 15.2 m/a
2) Linear Frequency Map.
b) In-Plane Motion - s = [ /4.
¢) Out-of-Plane Motion - s = {;/4.
d) Dynamic Catenary Tension.



Fregueacy (Hz)

* Amglitude (m}

Awaplitade {m)

341

o 500 o0 1500 &ono
Depth {xa)
| 50 1000 is00 2000 -
Depth (m}
1=

500 1oop

1000 1800 " z000
Dapth {rx)
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Linear Frequency Map,
In-Plane Motion - & = I./4.
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Dynamic Catenary Tension.
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Figure L.16: Descending cycle - Kloof Mine hoist system: 15.4 m/s
a) Linear Frequency Map.
b) In-Plane Motion - & = I./4.
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Figure L.18: Descending cycle - Kloof Mine hoist system: 15.6 m/s
#) Linear Frequency Map.
b) In-Plane Motion - s = I./4.
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d) Dynamic Catenary Tension.
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Figure 1.19: Ascending cysle - Kioof Mine hoist system: 15.8 m/s
&) Linear Frequency Map.
b) In-Plane Motion - s ={,/4.
¢) Out-of-Plane Motion - s = /4.
d) Dynamic Catenary Tension.
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Figure L.20: Descending cycle - Kloof Mine hoist system: 15.8 m/s
a) Linear Frequency Map.
b) In-Plane Mstion - 8 = 1./4.
¢} OQut-of-Plane Motion - 8 = [o/4.
d) Dynamic Catenary Tension.
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Appendix M

Equations of Motion Including
Sheave Wheel Constraints

The equations of 1. . apter 3 apply if the lateral motion
of the rope at the she C & * is constrained. This boundary
condition is satisfied if & frictiom " which ie aligned to the tangent
of the equilibrium profile o e he sheave end. The rope is

attached to this guide, such that muow . .1 . cungential direction is admitted,
whilst lateral motion is restrained. This constraint is a realistic approximation,
since small longitudinal motion is generated at the sheave for realistic lateral
deflections. Consequently the lateral movement which does exist in reality
is not considered significant. However, the case where the geometry of the
sheave is accounted fo:, and such an assumption is not made, is presented in
this appendix. Since the curvature of the catenary, and the transport velocity
of the rope add unnecessary complexity, they are neglected in the subsequent
analysis. To further simplify the analysis, only the planar system is considered.

In order to develop the equations of motion without prescriptive boundary con-
ditions at tte she~v», the kinematic relationship between the movement of the
rope and sheave requires consideration. Figure M.1 illustrates the equilibrium
configuration of the rope, and the final configuration due to lateral and longi-
tudinal motion of the station which was initially in contact with the sheave.
Figure M.2 presents the geometric relationship between tle rope and sheave
rotation. A massless chord passes over the she ve wheel and attaches to the
vertical rope. Thus the catenary, sheave and vertical rope are considered as
separate sub-systems, which are combined via constraint equations developed
to account for the kinematic relationships between the three subsystems.
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Since the geometric relationship defining the interface between the end of the
rope and sheave requires the definition vf the displacements u(l, £}, v(l, ), the
spatial derivative v.(l,t), and the sheave rotation, three independent kine-
matic constraint equations inveolving these variables are required. An addi-
tional constraint relutionship is required to couple the vertical subsystem to
the sheave rotation. The crnstraint equations necessary to account for the
sheave geometry are thus: ’

f1 = VN - (Rtanﬂéﬁ o ul)tanvm

fr = RO-(u} +v})?

b = jux (1 +ug + %ﬁ:) 8in{vy — vy )de + (I — Rtam-11‘?).5:7?1«::au

fo = G—~R§ S (ML)

where uq,v represent the displacement at the interface between the rope and
chord. v, represents the slope of the rope at the interface between the rope
and chord. 8, %, represent the sheave rotation, and the displacement of upper
boundary of the vertical system.,

The first equation defines the constraint relationship ensuring that the chord
between the end point of the rope and the point of contact with the sheave, is
tangential to the rope and the sheave. The second equation rolates the total
displacement of ths end point of the rope to the sheave rotation. The thivd
equation requires that the profile of the catenary is geometrically related to
the distance between the drum and sheave, I, and the slope v,,. The fourth
equation couples the sheave rotation and the vertical system.,

The equations of motion may be obiained by introducing Lagrange multipliers

A and applying Hamilton’s principle’. Following Craig[1981], the potential
energy V is modified to account for the constraint forces by utilising V* where:

W:V—-ia\.'fi

=1

and C represents the number of congtraint equations f;.

ITha conatraint equations ave holonomic and thus the motion at t0 and t1 is considered
defined, henca the variation of the motion at these Limes is zero /Meiroviteh[1970)).



362

Fallowing the development in chapter 3, and accounting the constraint via the
potential energy of the rope, the Lagrangian is defined as:

j {—~m(u +9%) — (P + -AEe)e+ ,\373} dz
+ / {-—mu - (P+ —AE“‘)E-{-mgu} dy
+ -192 -M"‘2+Mgug
+ }\1f1 b Ag fa b f\afa + As Sy
where z,y refer to the spatial domain of the catenary and vertical rope;

Py, F(y) represent the static tension in the catenary (constant). and in the
vertical rope respectively:

- 1. .
fa=(l4u,+ ;z-v;,,)sm(v,, — V)

Fa = (h - Rtan—-———n)smvm

Hamilton’s principle requires stationarity of the action integral, for arbitrary
variations in the generalised co-ordinates, vanishing at the limits i, ¢;.

h
$I=68] Ldi=

to

The Lagrangian function contains continuous and discrete terms. Through
appropriate integration by parts, and accounting for the equilibrium configu-
ration, the resulting equations of motion are:
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b= P+ Moo} = e () (M.2)

3. 2 9

3
Ulu = Ezvvzm + cz{(ulﬂvlz)n” + EU? v,.‘.!‘.'.'l‘.‘} A am Bv ) (M'B)
07y ., 974
I§ = A—=2 50 + A= 5 (M.4)
ﬁ“ = Czﬁ‘yy (M.S)
My = —AE |([,,;} (M.86)
7 :u Ity 0 M AE¢
Bo8E Blue 0 | % | ] (A+aBaw, )
i ph gz,_ 0 A3 0 '
gy Gvay  OUpy o M AE7
6 0 0 s

Equations (M.7) are functions of the unknown variables u(l, ), v(l, %), v.({, ).
Thus equations (M.2)-(M.7) represent eight equations in twelve unkvowns ie
the variables u(=, t), v(z, t),u(l, ), v(l,1),v.(1, 1), 8, W0, 1), Ty, 1), M, Aay Agy Ae
The four additional equations required to define the system are provided hy
the four equations of constraint M.1. This results in a set of mixed ordinary
and continuous differential and algebraic equations, which must be satisfied si-
multaneously. In addition, the constraints may be redundant al various times
during the motion. The solution of these equations will present a difficult task.
It may be possible to transform the equations into a mixed set of ordinary dif-
ferential equations and nonlinear algebraic equations. This would require the
application of an expansion for the continuous variables. If such a transfor-
mafion is possible then standard numerical tzchniques exist to integrate the
equations with embedded nonlinear algebraic equations of constraint. Such
methods are discussed by Amirouche 1992}, Nikravesh{1988]. FurtlLer consid-
eration was not given to the equations presented in this appendix, since the
boundary condition assumed at the interface between tne cotenary and sheave,



a8d

as implemented in chapter 3, was consideted sufficiently accurate. An accuraie
representation of the sheave interface would be necessary if very lazge catenary
motion and sheave rotation occurred, In the context of the mine hoist system
the rotation of the sheave is of the order of 20%/1.R ~ 0.01.

Figure M.1: System configuration with geometric constraints

x* Equilibrium configuration
x! Pinal configuration



Figure M.2: Geometric constraint relationghipa

Iy
dL= {14 vg 4 god)ds,  dIf = dLein(ue - ) fﬁ dEde = (i ~ Rian 52 )einvy,
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