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Abstract. Historically, the negative effects of mis-
alignment between the motor shaft and the load on the
electric drives are well known. Vibrations, loss of life
of couplings and deterioration of efficiency are some of
these effects. Regarding this last point, the literature
offers contradictory opinions. Some studies consider
that the loss of efficiency in cases of misalignment is
undesirable; while others consider that it has significant
importance. In this paper, experimental results show in
which cases the misalignment has a significant effect on
efficiency and in which cases it can be neglected. For
this, radial and angular misalignment cases are stud-
ied with four of the most used flexible couplings in the
industry. The obtained results are analysed in relation
to the actual regulations on energy efficiency in induc-
tion motors. The reached conclusions offer new tools
for the correct selection of flexible couplings tending to
the improvement of energy efficiency.
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1. Introduction

Induction Motors (IMs) have become an almost exclu-
sive alternative for developing mechanical power for in-
dustrial applications. It is estimated that between 43 %
and 46 % of the generated electric power in the world is
currently destined to power electric motors, which are
mostly IMs [I]. Current normative have established the

(© 2020 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

minimum efficiency allowed for this type of machine.
Premium Efficiency Motors (IE3) and Super Premium
Efficiency Motors (IE4) have replaced the Standard Ef-
ficiency Motors (IE1) and the High Efficiency Motors
(IE2). Besides, the tendency to continue raising the
minimum efficiency levels allowed is expected in the fu-
ture [2]. TEC 600340 [3] standardizes the classification,
the measurement procedure and the indication of the
efficiency data on motors. These higher efficiencies are
obtained by modifications in the manufacturing pro-
cess such as: shorter air-gap lengths, use of cores with
reduced losses, special designs in the rotor bars and
end ring, optimization and better quality of the stator
winding, improved of the external cooling fan design,
etc. [4].

To reduce the consumption of electrical energy, it is
not only necessary to increase the efficiency levels of
the motors, but also to guarantee adequate operating
conditions. When an IM operates with low load lev-
els (over-sizing), its efficiency is significantly reduced.
Similarly, below-rated supply voltages or unbalanced
supply voltages affect the efficiency of the IM [5], [6]
and [7]. The presence of voltage harmonics is another
efficiency derating factor of IMs [§]. Good maintenance
practices require periodic control of all these conditions
in order to ensure high levels of efficiency.

Recently, research has shown that faults in IMs can
also reduce their efficiency. The most common cases
of faults are cracked or broken rotor bar and wear of
rolling bearings [9]. In addition to these cases, other
faults such as deterioration of the magnetic core, fan
defects or short- circuited turns of the windings in-
crease the losses of an electrical machine.
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Another operating condition that increases the losses
in electric drives is the misalignment between the mo-
tor and the driven load. Flexible couplings are cur-
rently used for power transmission through which they
can be easily coupled between the motor and the load.
Besides, these couplings can operate with certain lev-
els of misalignment. Misalignment produces losses due
to heating of the flexible element and additional stress
in the IM and load bearings [I0]. In [II], a mathe-
matical model is presented to find the variations that
occur in the torque transmitted from the motor to the
load when the shafts are not perfectly aligned. Such
variations consist of torque fluctuations at the coupling
rotation frequency and its multiples. Torque fluctua-
tions, in turn, cause harmonic components in the stator
current. These components are not linked to the me-
chanical power transmitted to the load, although they
generate losses in the windings. On the other hand, [12]
and [I3] analyse the temperature increase that occurs
in the coupling and bearings in cases of misalignment.
This temperature rise involves greater losses of energy.

The literature has extensively dealt with the mis-
alignment problem [I0], [I1], [12], [13], [I4] and [I5].
One of its most serious consequences lies in the gen-
eration of vibrations. Vibrations can cause damage
to the motor or other components of the drive [I3].
Furthermore, the couplings’ lifetime is significantly re-
duced as the misalignment increases. This is due to the
fact that misalignment causes additional stresses on the
couplings in relation to a perfect alignment state.

Some researchers suggest that the efficiency reduc-
tion due to the misalignment effects is not significant
and can be rejected [I0] and [I3]. Nevertheless, other
authors affirm that for misalignments above to those
allowed by the couplings, the losses can reach up to
2.3 % of the rated power of the motor [16]. How-
ever, these researches were made in the last century,
when energy efficiency issues of electric motors had not
gained the current relevance. Nowadays, the reduction
of energy consumption and care for the environment is
much more demanding than in previous decades. Slight
improvements in the efficiency levels of electric motors
can be of great importance. Such a situation forces
not to discard any possibility that allows the increase
of the motor efficiency.

Conclusions presented in [I0], on the other hand,
only consider misalignments less than or equal to the
limits recommended by each manufacturer. So, real
situations that occur in the industry where these limits
are exceeded are not taken into account. Otherwise, it
should be noted that some manufacturers have raised
such limits of permissible misalignment through the
development of new models of flexible couplings.

For all these reasons, it is interesting to review the
relation between misalignment and efficiency loss from
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a current point of view and taking into account mod-
ern flexible coupling models. It is also considered use-
ful to analyse situations where misalignment degree ex-
ceeds the allowed ones by the manufacturer. Therefore,
it is proposed to analyse the efficiency loss in drives
with flexible couplings through experimental studies
for cases of radial misalignment and angular misalign-
ment. The growing demands in relation to the energy
efficiency justify the study. It is focused on low-power
electric motors, which demand a significant fraction of
the total electrical energy consumed by electric motors.
Likewise, it is considered important the behaviour of
each of the flexible couplings currently used in the in-
dustry in relation to the efficiency loss due to misalign-
ment. Thus, it is expected to provide useful elements
for proper selection.

The problem of misalignment in general terms is de-
scribed in the following section and lists the different
cases that arise in industrial applications. Meanwhile,
in Sec. the consequences of misalignment on the
motor’s electric torque and stator current are analysed.
Section [3. ] shows the experimental results obtained
from a 5.5 kW motor and different types of flexible cou-
plings. Finally, in Sec. [ 4. ] the obtained results are
discussed and the reached conclusions are analysed.

2. General Characteristics of

Misaligned Drives

In order to carry out the mechanical power transmis-
sion from a motor to a load under ideal conditions,
the axes of each machine must coincide. In this case,
it is considered that the shafts are aligned with each
other. In industrial applications, this condition is very
difficult to achieve. Small misalignments usually occur
between the shafts of each machine. The elements that
are used to couple one shaft with another, such as flexi-
ble couplings, are designed to tolerate small deviations
in the alignment.

These misalignments can be of two types: angular
misalignment and radial misalignment. It is consid-
ered that there is angular misalignment when the rota-
tion shafts of each machine are contained in two lines
intersecting at the centre of the coupling as shown in
Fig. In such a case, the misalignment degree is
given by the angle ov. On the other hand, it is consid-
ered that radial misalignment occurs when the shafts of
each machine are perfectly parallel but not coincident,
as shown in Fig. In this case, the misalignment
degree is given by the distance between each shaft, in-
dicated as d in Fig. This differentiation between
angular misalignment and radial misalignment is es-
tablished mainly for study purposes; in practice, both
misalignment types usually occur simultaneously.
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Misalignment situations are widespread in industrial
applications. They usually arise during an inadequate
assembly process, in efforts on the shafts due to faulty
operation of gearboxes or belts, looseness of the motor
or load fasteners, and in eccentricities of the compo-
nents of the drive, among many others.

Misalignment problems cause excessive stress on
bearings, bending stresses on shafts and vibrations,
among other undesirable effects. To reduce these ef-
fects, elastic couplings are generally used. This cou-
pling type is able to bear small misalignment levels
and dampens disturbances that occur on the power
transmission between shafts. With the use of these
couplings, it is possible to reduce unwanted vibrations
and stresses on other elements of the installation. Flex-
ible couplings of different characteristics are offered
in the market. Each of them allows a certain toler-
ance in both angular and radial misalignment.

Although these couplings significantly improve the
behaviour of power transmission, high misalignments
cause a significant reduction in their useful life.
In addition, the increase in system losses due to stresses
on the couplings causes its temperature increase [10]
and [I4].

Figure [2] shows some of the most used flexible cou-
plings in the industry [13]. The so-called Jaw couplings
(Fig. stand out for their low cost and easy in-
stallation. The joining element is constituted by elas-
tomeric materials and goes up to speeds of 5.000 RPM.
They allow high levels of angular misalignment and are
one of the most used options in industrial applications.

Gear couplings (Fig. , on the other hand, show
high torque density and are torsion-resistant. The join-
ing element is constituted by synthetic resin and goes
up to speeds of 50.000 RPM. Metal Ribbon Couplings
(Fig. allow torsion as well as angular and radial
misalignment and can be used up to speeds of approxi-
mately 6.000 RPM. Unlike other couplings, the flexible
element must be grease-lubricated, which determines
certain limitations in relation to the working tempera-
ture. Finally, the Rubber-type couplings (elastomeric
joint) (Fig. , which are ideal for damping vibra-
tions and go up to speeds of 5.000 RPM, are one of the
most used. In these cases, the lifetime of the flexible
element is seriously reduced when the misalignment is
greater than the allowed one.

As it is shown in [I2] and [I7], in the event of
misalignment, a cyclical variation in the transmitted
torque by the motor to the load is observed. This dis-
turbance is repeated at twice the shaft rotation fre-
quency Eq. and is reflected in its multiples and
submultiples.
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where 6; is the angular position of load and 7; is
the load torque. Equation shows that if the mis-
alignment angle is zero, the transmitted torque coin-
cides with that requested by the load. The fluctua-
tion produced by the misalignment, on the other hand,
increases its amplitude as the misalignment level in-
creases. A torque fluctuation is reflected in the motor
stator current through sidebands around the mains fre-
quency, as indicated in Eq. (2).

fs=fEnf, (2)

where n are integers greater than zero, f is the supply
frequency and f, the motor rotation frequency. Thus,
it is possible to affirm that misalignment cases are ob-
served in the motor stator current and could be de-
tected from its tracing. The mathematical model rep-
resented by Eq. and Eq. was obtained consid-
ering a universal coupling. Therefore, its application
to cases of flexible couplings such as those presented in
Fig. [2] is not possible. However, it is useful to under-
stand the nature of the phenomenon and its effect on
the transmitted torque and the stator current. Com-
plementary studies [I7] have shown that the misalign-
ment phenomenon is also reflected in torque harmonic
components at the rotation frequency. In [I1], an alter-
native model for misalignment cases is presented where
the same conclusions as those obtained in this work are
reached.

3. Experimental Results

3.1. Misalignment Effects on the

Stator Current, Electrical
Torque and Coupling
Temperature

In the field of preventive maintenance of rotating elec-
trical machines, important advances have been made
during the last decades. On-line application techniques
have been proposed and tested successfully for both in-
duction machines [I8] and synchronous machines [19].
The advantage of these techniques over the traditional
ones lies in the possibility of implementing continuous
monitoring of a machine without removal from service.
Some works even propose to use the electric motor as
a sensor, in order to extend the diagnosis to the entire
drive. So, it is possible to detect misalignment between
shafts [12] and [I7] or faults in gearboxes [20], among
others.

According to the model presented in the previous
section, it can be ensured that a misalignment case
could be detected from the tracking of the component
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at twice the rotation frequency and its multiples in
the transmitted electrical torque by the motor or in
the sidebands that are observed around the fundamen-
tal frequency in the stator current [I1], [21] and [22].
In [17], it is shown that the misalignment phenomena
can also be detected from the tracking of the rotation
frequency component in the electric torque. When the
transmitted torque is used as a diagnostic tool, it is
not essential to use a torque sensor. On the contrary,
it is possible to use an estimated torque based on the
measurement of the voltages and currents in the motor
terminals. When the motor is at a steady-state, the
same components as in the torque are observed in the
electrical power input.

\
I
\
I
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T
\
I
\
I
\

(a) Angular misalignment.

(b) Radial misalignment.

Fig. 1: Different types of misalignment.

In Fig.[3] a schematic of the test bench used for labo-
ratory tests is presented. A motor of 5.5 kW, 36.2 Nm,
4 poles, 11.6 A, 50 Hz and 380 V was used. In all tests,
the induction motor was powered from the grid and its
speed ranges between 1450 RPM and 1499 RPM, de-
pending on the corresponding load factor. The motor
is suspended on a base which can be moved relative to
the load base. Thus, through the regulators indicated
in Fig. [3] as "alignment adjustment", it is possible to
misalign the motor in both angular and radial direc-
tions. An analysis of the frequency spectrum of the
instantaneous power for a jaw coupling with different
load states and misalignment degrees are observed in
Fig. @] and Fig. [5] obtained through the experimen-
tal laboratory results. Particularly, Fig. ] shows the
frequency spectrum of the instantaneous power con-
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(a) Jaw coupling. (b) Gear coupling.

(c) Metal ribbon

pling.

cou-  (d) Rubber tire-type coupling.

Fig. 2: Different types of couplings.
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Fig. 3: Schematic laboratory assembly.

sumed by a motor of 5.5 kW under normal operating
conditions (without misalignment). The motor is op-
erating with a 50 % load factor. A small component
is observed at the motor rotation frequency (f,), while
no appreciable components are observed at the multi-
ple frequencies of the previous one (2f,. and 3f,.). The
component at f,. can be attributed to a small misalign-
ment or to a mass imbalance in the motor or load.
In Fig. the same frequency spectrum is presented
but in this case with a 2 mm radial misalignment in-
tentionally caused. In this case, the component at f;
is observed significantly higher than that observed in
Fig.|5l Moreover, components at 2f, and 3 f, are easily
identifiable. These changes are undoubtedly due to the
misalignment between the motor and load shafts.

The fluctuations in the instantaneous power ab-
sorbed by the motor are reflected in the stator cur-
rent at the frequencies given by Eq. . In Fig. |§| and
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Fig. 4: Electric power frequency spectrum - Jaw coupling - 50 %
of load - aligned shafts.
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Fig. 5: Electric power frequency spectrum - Jaw coupling - 50 %
of load - 2 mm radial misalignment.
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Fig. 6: Stator current frequency spectrum - Jaw coupling - 75 %
of load - aligned shafts.

Fig. [7 the frequency spectrums of the stator currents
are presented for the cases of alignment and 2 mm ra-

dial misalignment, respectively. In Fig.[7] components
at f — fr, [+ fr and f + 2f,. are clearly observed.
These components are practically not seen in Fig. [f]
It is important to highlight that these harmonic com-
ponents do not provide mechanical power transmitted
to the load; however, their flow through the windings
generates electrical losses.
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Fig. 7: Stator current frequency spectrum - Jaw coupling - 75 %
of load - 1.5 mm radial misalignment.
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(a) Aligned.

70,0°C

30,0°C

(b) Radial misalignment (1 mm).

Fig. 8: Thermal images in a rubber tire-type coupling.
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On the other hand, as it was advanced in the intro-
duction, the additional efforts that occur in a flexible
coupling due to the misalignment operating conditions
increase its temperature. In [I3], this effect is analysed
for couplings of different characteristics and for differ-
ent misalignment levels. With misaligned couplings,
temperatures increase between 20 °C and 30 °C de-
pending on the type of coupling. In Fig. 8| a compar-
ison is presented on a rubber tire-type coupling. This
is coupled to the 5.5 kW IM transmitting its nominal
power. In Fig. and Fig. a thermal image is
presented for the case of aligned shafts and 1 mm radial
misalignment, respectively. The figures show the tem-
perature increase registered in the coupling in presence
of misalignment.

3.2. Misalignment Effects on the

Efficiency

In order to weigh the loss of efficiency in cases of mis-
alignment, the test bench described in Sec.[3.1. | was
used. Before each test, the motor was kept in nominal
operating conditions for one hour in order to achieve
thermal equilibrium. The ambient temperature was
maintained at 25 °C. The efficiency measurement was
made through the procedure called "direct method"
[22] that is measuring the power consumed by the mo-
tor and the power transferred to the load. The effi-
ciency was obtained according to Eq. :

_P77L
77—Pe

- 100, (3)

where P,, is the mechanical output power and P, is
the consumed power by the IM.
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Fig. 9: Motor efficiency with jaw coupling - radial misalign-
ment.

Figure [9] shows the efficiency curves as a function of
the load factor for a jaw coupling. A first test was per-
formed with the aligned shafts and then the procedure
with radial misalignment of 1 and 2 mm was repeated.
The comparison allows verifying that there is an effi-
ciency reduction in cases of misalignment for all load
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states analysed. The efficiency reduction is more ev-
ident as the misalignment between the motor shafts
and load increases. Figure [10| shows the efficiency val-
ues measured with the same coupling, as in Fig. [I1]
but in this case for angular misalignment. It can be
noted that the efficiency loss for angular misalignment
is less than for radial misalignment.
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— 0.75 ° angular misalignment
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Fig. 10: Motor efficiency with jaw coupling - angular misalign-
ment.
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Fig. 11: Motor efficiency with rubber tire-type coupling - radial
misalignment.
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Fig. 12: Motor efficiency with rubber tire-type coupling - an-
gular misalignment.

The results for a rubber tire-type coupling are pre-
sented in Fig.[TITand Fig. In this case, as in the pre-
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vious one, a more significant efficiency reduction for ra-
dial misalignment is observed. Moreover, it is observed
that for 1 mm radial misalignment, the efficiency loss
is almost imperceptible, while for a 2 mm radial mis-
alignment, it is much more evident. In both cases, for
the motor in nominal load condition, efficiency losses
greater than 1 % were recorded.

Tab. 1: Permissible misalignment for different couplings (differ-
ent manufacturers considered).

Rubber Metal Gear
. Jaw .
tire-type . ribbon cou-
A coupling X .
coupling coupling pling
Radial
misalign- | 5 0.3-0.5 0.5 0.8-1.2
ment
(mm)

Angular

misalign- 1-3 1-1.5 0.5 1.5

ment (°)

Table [I] indicates the permissible misalignment lev-
els defined by the flexible coupling manufacturers
with characteristics similar to those used in the tests.
It should be noted that these couplings were selected
using the usual procedure based on transmitted torque,
rotation speed and shaft diameter. Limit values vary
significantly from one manufacturer to another; there-
fore, in some cases, ranges of values are indicated. The
results presented in this paper consider misalignments
that reach values greater than the admissible ones.
This is intended to include possible frequent cases in
practice, in which the limits imposed by the manu-
facturer are exceeded due to poor maintenance proce-
dures.

85

84.5

84r 1

Efficiency (%)

835 b

83 . . .
0 0.5 1 1.5 2

Radial Misalignment (mm)

Fig. 13: Motor efficiency with rubber tire-type coupling vs.
dial misalignment.

ra-

In order to find the efficiency variation of the drive as
a function of the misalignment degree, tests were car-
ried out, maintaining the load factor at 0.95 and pro-
gressively increasing the misalignment. The tests were
repeated for each of the four drives studied and for the
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Fig. 14: Motor efficiency with jaw coupling vs. radial misalign-
ment.
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Fig. 15: Motor efficiency with metal ribbon coupling vs. radial
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Fig. 16: Motor efficiency with gear coupling vs. radial misalign-
ment.

two possible radial and angular misalignments. The
cases of radial misalignment are presented in Fig. [13]
Fig. Fig. [15] and Fig. In each figure, the val-
ues obtained in the tests and a linear approximation
of them are shown. For rubber tire-type coupling, the
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efficiency loss is less than 0.5 % for the maximum mis-
alignment allowed by that type of coupling and some-
what less than 1 % for twice the permissible misalign-
ment. In the case of jaw coupling, the efficiency reduc-
tion for radial misalignment is 0.6 % for the maximum
permissible misalignment. For metal ribbon coupling,
the efficiency reduction is 0.5 % for the maximum mis-
alignment allowed and, lastly, for gear coupling it is
rather higher than 0.5 % of the manufacturer admit-
ted misalignment.

Regarding angular misalignment, the rubber tire-
type coupling causes an efficiency loss of 1.2 % with
a 2 ° misalignment (the maximum allowed is 3 °). The
jaw coupling presents an efficiency reduction of 1.16 %
with 1.5 ° misalignment. In the metal ribbon coupling,
practically no efficiency loss is observed with angular
misalignment and, finally, an efficiency reduction of
1.8 % is produced for 1.5 ° misalignment (misalign-
ment that is somewhat below the maximum allowable)
with the gear coupling.

Table [2] and Tab. [3] present a more exhaustive com-
parison for the four types of couplings tested and the
different misalignment levels caused. The values in-
dicated by the tables are calculated based on linear
approximation. In general terms, there is an efficiency
reduction due to misalignment in all cases. In some
cases, such as drives with angular misalignment with
metal ribbon coupling, the efficiency reduction is ir-
relevant. However, in other cases, reductions between
1 % and 2 % could be verified. It is important to note
that in the test, only angular misalignment and radial
misalignment were caused independently. In practical
cases, it is possible that both types of misalignment
occur simultaneously, expecting a greater efficiency re-
duction percentage of the drive.

Tab. 2: Percentage efficiency variation for radial misalignment
and load factor of 0.95 (obtained from linear approxi-

mation).

Radial Rubber Metal Gear

P . Jaw .
misalign- tire-type . ribbon cou-

. coupling . .

ment (mm) | coupling coupling | pling
0.5 —0.17 —0.57 —-0.24 —0.23
1 —0.33 —1.14 —0.48 —0.46
1.5 —0.49 —1.71 —0.7 —0.69
2 —0.64 —2.28 - —0.92

Tab. 3: Percentage efficiency variation for radial misalignment
and load factor of 0.95 (obtained from linear approxi-

mation).

Angular Rubber Metal Gear
misalign- | tire-type Ja“.’ ribbon cou-
ment (°) | coupling coupling coupling | pling
0.5 —0.28 —0.39 —0.1 —0.59

1 —0.56 —0.78 —0.2 —1.18

1.5 —0.84 —1.16 —0.3 —1.77

2 —1.12 - —0.4 -
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4. Discussion and Conclusions

In [I1], the authors consider that the loss of efficiency in
the presence of misalignment is negligible. In [23], for
misalignment within the range allowed by the coupling
manufacturer, efficiency losses of 1 % were obtained.
In [I6], with misalignments in excess of those allowed
by the manufacturer, a loss of 2.3 % was observed,
while in [24], it is claimed that the loss of efficiency
could reach up to 10 %.

In this paper, it has been demonstrated that for cer-
tain models of flexible couplings and in the presence
of misalignment levels that can be found in the indus-
try, efficiency reductions of a drive cannot be under-
estimated. This reduction can even result in an order
similar to the one that defines the transition from one
efficiency class to another. That is, a drive could lower
an efficiency class if certain alignment conditions are
not achieved. For this reason, conclusions found in [I0]
regarding rejecting the efficiency reduction caused by
misalignment are currently questionable. The impor-
tance of a good alignment not only lies in preventing
vibrations or conserving the useful life of the coupling
but also in ensuring adequate efficiency levels.

On the other hand, the studies carried out allow
identifying the flexible couplings models that present
greater tolerance to misalignment from the point of
view of efficiency. In fact, for example, it is observed
that the metal ribbon coupling presents very good per-
formance for both types of misalignment. On the other
hand, the rubber tire-type coupling mainly causes sig-
nificant losses for angular misalignment, while the jaw
coupling causes them for both angular and radial mis-
alignment. Therefore, these conclusions could be use-
ful for the proper selection of a coupling. Based on
experimental tests with a 5.5 kW IM, the flexible cou-
plings misalignment effect on the efficiency of a drive
was analysed. This work allows affirming that although
the loss of efficiency due to misalignment is below
the values suggested by some previous researches [24],
it is not in any way negligible. In some cases, and for
misalignment levels often found in industrial applica-
tions, the loss of efficiency due to misalignment could
compensate the benefits obtained by the use of high
efficiency or premium efficiency IMs.

According to the results obtained, the need to
achieve adequate levels of alignment becomes even
more important. Thus, it is not only possible to main-
tain low levels of vibrations or to prolong the couplings
and bearings lifetime, but also to optimize the instal-
lation efficiency and reduce energy consumption. Un-
like previous studies, this work introduces the coupling
type used as an analysis variable. In the same test
bench, with a common assembly and measurement sys-
tem, several of the most frequently used flexible cou-
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plings were tested. The work also offers new tools for
a more suitable choice of coupling destined to a specific
application.
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Appendix A

Induction Motor Parameters

e Py = 5.5 kW,
o Uiy =380V,
o 1y =116 A,

e ny = 1450 rev-min—!.
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