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Abstract: Vibration measurement of the large structures of which modal components are located in the 
very low frequency range 0.3 to 3 Hz it is a difficult task. Using a seismic accelerometer, piezoresistive or 
capacitive type, is difficult to separate the two motion components, translation and rotation, presented in 
the recorded signal. The laser measurement requires special expensive instrumentation which are not 
justified for sporadic need. The paper presents a simple method which allows ease to obtain the absolute 
low motions of a structure using a digital image processing technology. On the structure is placed a panel 
with a grid of points and with a customary cheap camcorder placed in a fixed position is recorded the 
motion of the focalized grid. Then by image processing frame by frame it is obtained the frame (absolute) 
position of the grid points and actual lows of the structure in the area focused. Using more one camcorder 
it can be obtain the real motion of all machinery structure. The method was successful verified in the 
laboratory on wind turbine blade and in the field on a surface mining huge structure machinery.  
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1. INTRODUCTION 
 

The practically of interest for the large machines 
structures are the first few, two or three modal 
components, which have significant influence in the 
equilibrium stability, as in case of a huge mining 
excavator. Basically, a excavator structure is 
consisting from; a carriage platform 0 (on 
caterpillar, Figure 1), a tripod 1 which supports, by a 
thrust ball bearing 2, the machinery rotating upper 
structure. The rotating upper structure, around 
vertical axis OZ, is consisting of a tower 3, 
supporting the arm 4 (with bucket wheel 4’), by the 
pulley tackle 5 and bucket chain 8, and the balancing 
arm 6, which is supported by the tyrants 7. The arm 
4 yaw motion is carried by a pulley tackle 9. 

By numerous experimental studies of the 
Vibration Testing and Research Laboratory (VTRL) 
we observed that the general motions of the 
excavator structure in its vertical plane can be 

practically approximate by three motion lows: φ0(t), 
the rotation of the rotating upper structure around a 
horizontal axis 0-0, in the plane of trust bearing, 
which is one of the most stressed and deformable 
part of the excavator; φ1(t), the yaw motion of the 
arm around the horizontal axis 1-1, and φ2(t) the 
rocking motion of the bucket chain 8 around the 
horizontal axis 2-2.[1],[2] 

The both rotation axes 1-1 and 2-2 are 
cinematically well defined, so the instant positions 
of arm 4 and bucket chain 8, at a moment t, given by 
the angles φ1(t) and φ2(t), depend of the pulley tackle 
controlled cinematic position and of the elastic 
deformation of its cables, and of tyrants 7elastic 
deformations.  

With this assumptions the dynamic model of the 
excavator structure in the vertical plane motion can 
be written by Lagrange equations  
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where  
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The equations (1) were developed and 
numerically resolved for an excavator structure in 
[3] and [4], here being presented only a short 
overview of the developed particularities  

So, Ec the kinetic energy which, in case of 
mining machine as variable structure, depends of the 
both, velocity, explicit by the column vector{ }ϕ& , and 
by the position coordinates column vector{ }ϕ , 
implicit by sinus and cosines of φ0(t), φ1(t) and φ2(t). 

 

 
Figure 1 Illustration excavator mechanisms and 
experimental setup 
 

The potential energy Ep depends of the vertical 
positions zo, z1 and z2 of the mass centers G0, G1 and 
G2 
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the angular coordinates φ0(t), and φ2(t) including 
elastic deformations only, and φ1(t) both elastic 
deformation and cinematic component controlled by 
pulley tackle mechanism. 

Considering, the elastic deformations in the area 
of thrust bearing 2, of angular stiffness kφo, the 
deformations of pulley tackle 5 wiring cables, of 
stiffness kptk, and the deformations of the tyrants 7, 
of stiffness ktr, the deformation energy is a 
summation of three components 
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where )0(21 OO  is the length of undeformed 
unloaded wiring cables and )0(43OO  the 
undeformed unloaded length of the tyrants. 

The distance )t(OO 21 in deformed variable in 
time state is of the form 
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2
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the coordinates x1 and z1 and x2 and z2 of the end 
points O1 and O2 of the pulley tackle cable wiring, 
depending, by geometrical conditions, of .φ1 and φ2. 

For a given position φ1o=δ at which the operation 
of yow motion arm, controlled by pulley tackle, is 
stopped, on the whole excavator occurring free 
decay vibration motions (see Figures 4,5). For 
vibration motions study the above equations can be 
linearized replaced φ1 by δ+ φ1 were new φ1 is a 
small variation, of elongation below 50. 

The same consideration is for bucket chain 8 of 
angular motion φ2, which is replaced by φ20+ φ2, φ20 
being the geometrical position of the bucket chain, 
fixed at φ20=600, φ2 becoming of the small variation 
as φ20.and. φ0 being also of small elongation. 

Developing (5) in the Taylor series, around 
geometric length )0(OO 21 , and taking in 
consideration only first order terms it is obtained the 
linear form,  
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The same approximation is done for the tyrant 
length variation ( ))0()( 4343 OOtOO − . 

The generalized forces column vector {Q}, 
contains two components, one, {QFc} of the cutting 
force of bucket wheel 4’ during excavation, and 
second {QG}, of static loads mog, m1g and m2g, 
occurring from potential energy (3) series 
developed. 

Finally, passing over a large number of 
developed forms, [3], an approximate dynamic 
model of excavator structure motion in vertical 
plane, can be written of the form  
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[M], being the inertia matrix, deriving from kinetic 
energy.  

The elasticity of the excavator ensemble structure 
is presents in the equation (8) by three matrices;[Ko] 
of thrust stiffness, [Kpltk] of pulley tackle stiffness, 
[Ktr] of tyrants stiffness, and [KG],is a matrix 
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deriving from potential energy (3). The damping of 
excavator structure can be considered a proportional 
one the values of constants c1,c2 and c3, are fractions 
of proportional damping developed in thrust bearing, 
pulley tackle and tyrants, and these terms occurring 
from dissipation energy Eds.  

In view to simulate different critical excitations, 
dangerous for the integrity of the excavator 
structure, it is necessary to identified, by a hybrid, 
experiment and design data, the system of equations 
(8). Very important, for this identification task, is to 
have determined more accurate the lows motion of 
the structure including cinematic displacement and 
those which occur from elastic deformations. 

In the case of using seismic sensors for motion 
measurement, as a capacitive or strain gage 
accelerometers, it is very hard to be separate the two 
component of the sensor output signal, the 
component of acceleration along accelerometer 
sensitivity axis and component of the gravity 
acceleration g projection on the same axis. More 
suitable is a laser measurement system which is a 
expensive equipment to be sporadic used, as for the 
special measurements as in presented cases. 

Below is presented an alternative method which 
respond to the both desiderates, easy to be used and 
inexpensive. 
 
2. CAMCORDER IMAGE PROCESSING 
METHOD FOR VERTICAL MOTION 
DETERMINATION  
 

In view to determine the absolute vertical motion 
of any point on the excavator or other large structure 
it was placed in the structure area of interest a target 
rectangular panel Trpl (Figures.1and 2) on which was 
drawn along its surface a matrix grid of points 
spanned with d=50 mm between. The points are 
marked by square dark spots of 5mm. 

 

 
 

Figure 2 Illustration of target plate with the matrix grid of 
points 
 

The camcorder cam was placed, by a fixed 
tripod, on the ground and its zoomed window frame 
wfr was focused in the area of target panel. The 
camcorder being fixed on the ground the frame wfr 

remain also fixed in the space, in the same vertical 
plane, covering a given space of panel grind. So, the 
absolute position of a given spot point P of the grind 
is given by the coordinates x and y, reference frame 
Oxy, considered as fixed in space, connected  to 
windows frame wfr. 

The digital images recorded as a move in an AVI 
extension file, for example, can be imported by a 
general used graphical software, as Corel R.A.V.E 
console (in this paper). In Figure 3 are illustrated the 
technology of the coordinates determination. By the 
cursor, an image, recorded at time ti=iΔt, is 
displayed on the screen, i being the number of the 
image frame and Δt the time increment between two 
consecutive images. With a point frame Pframe, 
(yellow frame) free moved on the image by mouse, 
it is superposed exactly over the contour of a dark 
square spot of the grid connected on the structure. 
The coordinate xs1and ys1 of the center P1 of the 
spot, reference frame Sxsys, can be reading by Corel 
screen ruler (Figure 3) and numerically displayed on 
the Property bar: Group.  

For the next image frame the point P1 changes its 
position and new values of coordinate xs1and ys1 can 
determined and written in a file. 

 

 
Figure 3 Illustration of point position measurement using 
Corel R.A.V.E. 
 

To get the actual values of the point P1, 
coordinates, x1 and y1, it is takes in consideration 
that grid span is known, in this case d=50 mm, so, 
taking the coordinates xs2 and ys2 of a second point 
P2, (in the Figure 3, two spans distance to point P1) 
can calculate a calibration constant  
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Now processing image by image can be obtained 

the screen coordinate values of two or more points, 
which define the vertical plan motion of the 
structure aria where the target grid plate was 
attached. 
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For large displacements when one of the points 
quantified tends to leaves the screen windows than 
other point which just entering in the screen 
windows is quantified. The coordinates of the point 
which is leaving the screen can be determinate easy, 
by taking in consideration the span between the 
point processed and new one. 
 

On the grid panel are, also, printed the field 
number, (in the figure 3 appearing the fields F2, F3 
and F4) which are helpful in image processing.  

For a general motion of a large structure can be 
used two or more synchronized camcorders. One, 
with a fixed target area, and the others with the 
sequential changed target areas, covering all 
structure. More practically for this synchronism is to 
replace the video signal of first camcorder with a 
signal of an accelerometer placed on the structure in 
the same place, or more suitable being a signal of a 
strain gage montage, as that used in this work,: a 
signal of the reaction force RA in bearing A (Figure 
1), measured by a full strain gages bridge montage 
applied on the bearing A beam, which shares the 
bearing load to the two caterpillars. This signal is 
more suitable because it contents, as in video signal, 
the both components static and dynamic, necessary 
for structure equilibrium stability determination. 
 
3. APLICATIONS AND CONCLUSION 
 
3.1 Excavator arm motion recording 
 

First verify of the above presented method was 
applied to an excavator structure, being determined 
the motion in the vertical plane of the aria of the 
bucket wheel 4’ (Figure 1) The arms of the 
excavator starts down from the horizontal position 
and after a vertical displacement of about 370 mm 
the motion was stopped, occurring free damping 
decay vibration.  

In Figure 4a are illustrated the diagrams of the 
two horizontal and vertical motions by screen 
coordinates xs and ys respectively. It can be observed 
that along the sequential processing it was changed 
seven times the processed point, the length of the 
displacement overcome many times the screen 
windows dimension. The all sequences connected 
lead to the actual motion lows plotted in the Figure 
4b, which find out a smooth start of the motion and 
the same smooth action of the break, the dynamic 
effect being of low level, resulting the vertical 
vibration y(t) under 3 mm elongations (se the 10 
times amplified y(t) plot during 14.5 to 20 seconds 
time record). 

   
a) sequential image processing 

 
b) time history of actual displacement 

 

Figure 4. Illustration of horizontal and vertical motion of 
the excavator arm  

 
 

a) and its FFT spectrum 
 

 
b) of the ΔRA reaction in bearing A variation during 

breaking motion of the excavator arm 
 

Figure 5. Time history 
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The same time evolution is for the signal of 
reaction in bearing A variation ΔRA (Figure5a), the 
main components being of first mod at frequency 
0.3893 Hz , also pregnant in the signals x(t) and y(t)  
(Figure 4a). Applying the modal parameter [1] it was 
found two modal components at 1.1955 and 1.435 
Hz . 

The same processing technology was applied to 
arm motion of a store yielding machine with bucket 
wheel (Figure6b) where was processed two point P1 
and P2. In Figure 6a are presented the motion time 
histories of the two points P1 and P2; yP1(t) and yP2(t) 
vertical motions and xP1(t) and xP2(t) horizontal 
motions. It can be notices that motion lows of two 
points are the same denoting the main motions being 
of translation. The record sequence presents a 
machine arm in down motion of 80 mm, with a final 
break down, following by free decay vibration 
motions, inertial excited, occurring by the first 
modal component of 0.51 Hz frequency, the first 
mode being pregnant presented and in the reaction 
force RA signal, synchronized with the image 
recording. 

 

 
 

Figure 6 Illustration of displacement measurement in two 
points; a) time history of displacements b) store yielding 
machine with bucket wheel. 
 
3.2 Large blade of a wind turbine modal testing 
 

An another verify of the method was in Vibration 
Testing and Research Laboratory (VTRLof 
University of Timişoara) on a wind turbine blade 
(1Figure 7a), in modal testing on a dedicated stand 
2,[4]. The panel grid 3 was placed on the free end of 
the blade (14m, 1500 kg) horizontal clamped in a 
massive body of the stand and the camcorder was 
placed at 11 m distance. It was recorded a free decay 
vibration in the vertical plane start elongation on the 
vertical axis being of 10 mm. By image processing it 
was obtained the time history of both motions 
(Figures 7b). y(t) by vertical axis, of which 
spectrum, (figure 7c), find out the all modal 

components in the frequency domain 0 12 Hz, 
instead of being main excited only first mode of 
frequency 2.35 Hz. Even the horizontal motion x(t) 
was obtained, instead of being under 0.5 mm 
elongation level (representing 10 times amplified in 
Figure 7b). 

 

 
 

Figure 7 Illustration of displacement measurement in two 
points. 
 
3.3 Finally conclusions 
 
• a useful and cheap method for large 

displacement measurement using only a 
commercial camcorder, as Sony DCR-TRV120E 
used for this work;  

• accuracy of the measurement and sensitivity are 
good, sufficient for the applications presented 
above, and can be improved using the latest 
commercial camcorders;  

• no special climatic conditions are necessary, the 
clouded weather in the field applications being 
presented 

• both components, cinematic and deformation 
displacements are determined, and, very 
important for the mining structures, they can be 
separated  
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