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Abstract. This paper describes an advanced design procedure used in the design
of two test devices. The paper describes the use of advanced numerical modelling
methods applying FEM. Emphasis is placed on the accurate determination of the
natural frequencies and the natural shapes of the test equipment frames. Also, the
operating frequencies of the partial working mechanisms were evaluated and then
compared with the natural frequencies of the designed frames. The paper further
describes the use of the data obtained from the FEM in the design of the test
equipment itself. The paper compares two approaches to frame design not only
for test equipment.
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1 Introduction

When designing not only test equipment, two approaches can be applied:

e The drive part with the motor is a part of the frame;
e The drive part with the motor is not part of the frame of the test device, the
measurement takes place outside the drive frame.

The second option is an interesting alternative to the first solution from several points
of view.

e Possibility of different design of the drive frame and the measuring device frame with
respect to different loads on both frames;

e Minimizing the negative effects of the drive on the measuring device (the devices are
connected by a very flexible shaft);

e Economic aspects - two smaller frames are more advantageous in terms of price,
especially in terms of production.

The undeniable disadvantages of this solution include the following challenges:

e Larger building dimensions;
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e The need for precise alignment of the two frames in relation to each other;
e The need to eliminate the transmission of negative effects of the propulsion device
through the anchorage to the floor.

Despite the above disadvantages, it is the second type of design that is used in the
construction of a new test device for measuring the engagement parameters of gears, as
shown in Fig. 2. The design of the test device of the first type used to measure the effect
of the length of the cardan shaft on the manifested vibrations, can be seen in Fig. 1.

From the point of view of measurement accuracy, it is very important that the frame
does not resonate at the measurement frequency. The most important frequency is the
engine RPM, so when measuring, it is advantageous to use the area below the first natural
frequency of the test equipment frame. Hence there is a need to design the measuring
device so that the first natural frequency is well above the frequencies at which the
measurements are made. Another relatively significant frequency is the frequency at
twice the engine RPM. To ensure that the results from these devices are not affected by
other errors, it is also necessary to know the natural frequencies of the sub-mechanisms
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Fig. 1. Scheme of the measuring device of the first type
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Fig. 2. Scheme of the measuring device of the second type.
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occurring in the device, e.g. gears, unbalances, etc. According to [1-3] or [4] at engine
speed frequency, the causes of vibration can usually be expected as mass unbalance,
parallel misalignment, angular misalignment, bearing misalignment. At the second speed
frequency vibrations are usually caused by parallel misalignment, angular misalignment,
bearing misalignment. Vibrations caused by electrical faults can be expected at motor
speeds or at twice the mains frequency. Electrical faults can include [1, 3].

Broken rotor bar;

rotor bar passing frequency;
twice line frequency;

static eccentricity;

dynamic eccentricity;

loose sheet.

The algorithms for calculating the tooth frequencies that were required in the design
of the second type of frame are described in detail in [5, 6]. The procedures described
in [5, 6] lead to calculations of tooth frequencies, but in any case, it is necessary to keep
in mind the effects of the whole gearing, for example [7].

2 Materials and Method

The frame was subjected to modal analysis in FEM. For computational reasons, the frame
was made up of shell elements with an assigned thickness. Electric motors, gearboxes
and other working/measuring mechanisms were replaced by mass points defined in the
element centres of gravity. In the first type of frame, the fixed bond was defined at the
holes for mounting the frame to the floor; in the second type of frame, the fixed bond
was defined at the surfaces of the footings that touch the floor. The analysis includes
gravitational effects (Figs. 3 and 4).

The results of the modal analyses are presented in Table 1. In the case of the first
type of frame, the eigenmodes on the first three frequencies are unsatisfactory. These
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Fig. 3. FEM model of the measuring device of the first type.
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frequencies interfere with the measured area and need to be shifted out of the measured
area by further adjustment. In the case of the second type of frame, the values of natural
frequencies are unsatisfactory, and the frame needs to be further modified.

Based on the results of the modal analyses, the frame designs of the measuring
devices were modified. The frame of the first type was reinforced with steel welds and
the distance between the support parts (legs) was changed. For the second type of frame,
adifferent frame concept was adopted, mainly for economic reasons. The resulting frame
is heavier, cheaper to manufacture and, surprisingly, has better natural frequency values
than sheet metal frames.

The same procedures were used to perform the analysis as in the previous case. Only
in the case of the second type of frame, the top plates were modelled as 3D components
and bonded to the frame using bonded contact only at the edges of the plates to replace
the corner weld as accurately as possible (Figs. 5 and 6).

The optimized solutions show better eigenfrequency values, the eigenfrequency
values on first three frequencies are shown on Fig. 7.
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Fig. 4. FEM model of the measuring device of the second type.

Table 1. The natural frequency of the first version of the frames.

Natural frequency | Type 1 [Hz] Type 2 [Hz]
1. 6,10 51,9
2. 21,8 65,8
3. 38,3 82,8
4. 404 101,9
5. 46,5 114,2
6. 62,0 120,5
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Fig. 5. FEM model of the new measuring device of the first type.
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Fig. 6. FEM model of the new measuring device of the second type.

3 Result and Discussing

In the case of the first type of frame, the search area was ideal for measurement based on
the modal analysis data. In essence, a graph was created, in which the natural frequencies
determined by FEM were plotted and interleaved with the moment characteristics of the
electric motor obtained from [8]. On Fig. 8 the following graph is indicated for the first
type of frame before modification and reinforcement. The graph shows that the third,
fourth and fifth natural frequencies of the frame are close together and measurements in
this region are not an optimal. There is a relatively large measurement space between
the first and second, respectively second and third natural frequencies, or even the fifth
and sixth natural frequencies. The natural frequencies are spread over the entire speed
spectrum of the electric motor, which is highly disadvantageous. The spectrum of the
modified frame is indicated on Fig. 9.
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Fig. 7. Natural frequencies of modified measuring device frames.

In the case of the second type of frame the data obtained from the modal analyses were
plotted together with the gear meshing frequencies. In addition, the harmonic frequencies
of the engine RPM are plotted on Fig. 10. In the case of the second type of frame, a
linear relationship between tooth frequencies and motor RPM was established. The graph
shows that the first natural frequency of the frame is significantly higher than the engine
RPM. In addition, the second harmonic RPM of the motor, which is located between the
fifth and sixth natural frequencies of the frame, was checked. The graph also shows that
when a third stage gearing is used, the gearing frequency will be the same as the third
natural frequency of the frame. The advantage of the graphical representation is that the
areas suitable for measurement can be immediately and relatively easily restored, thus
minimizing the errors caused by the vibrations of the test equipment frames themselves.

From Fig. 9 by moving the first natural frequency above the speed spectrum as
high as possible, the area suitable for measurement is increased a little influence on the
measured results can be expected.
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Fig. 8. Determination of the ideal area for measuring the second type of frame before modification.
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Fig. 9. Determination of the ideal area for measuring the second type of frame after adjustment.



273

Modern Approaches in the Design of Measuring Equipment

sensseces

(paads ) reaur]

WdY 1010 XT

Kouanbag [emeu -9

Aouonbayy [BINBU 7
poods 't

aeee
senense
ceasser

Kouanbaiy Yooy 105 ‘pajewrxordde seare JuowaInsed]N *(f *SIq

[zH] Aouenbarg

00T

wesuse
csense

e

(paads “g) IBOUIT <vovrvene
INDY JOION = ==
Kouonbaij [eimeu g
Koudnbouy [eimeu - |
poads ¢ @

(poads “9) 1eaUIT ...
(poads *7) JeUI cevvevens

N Y 010U [BUWIXBIN XT
Aouanbaig [emjeu 4
pads9 @

pds'z e

0T 0

ST
V4
7/

(poads -g) JeaurT
(paads 1) Jeaur]
N 10)0W [RUWIXRIA
AKouonbaij [emjeu "¢
poads g

poods |

0

008

0001

00¢1

000T

00$T

000€

[[-utw] NJQY 1030

00s€

000¥

essessses




274 L. Hruzik et al.
4 Conclusion

The methodology described in this paper uses a modern approach in the design of the
measurement frame, modal analyses and work with the acquired data. This method is
often neglected in practice because of the mistaken belief that the computational pro-
cedure is time-consuming. However, thanks to newly advanced computational methods
and tools, the necessary data can be obtained in a relatively short time with satisfactory
predictive value. The paper continues to describe a frame modification procedure that
cannot be generalized to all possible cases, but the procedure implies the necessity of
shifting the natural frequencies out of the working frequencies. Additionally, two frame
design approaches are compared, where in the first type of frame the drive motor and
measuring system are mounted on one frame, and in the second type of frame the motor
and measuring system are mounted on two individual frames.
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funded by the Czech Ministry of Education, Youth and Sports.
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which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.
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