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Abstract. Over the last few years, there has been a sustained 
and unprecedented increase in the number of electric motors 
driven by variable speed drives. While in some cases the project 
is already designed considering this fact, energy efficiency 
concerns also means that a number of existing motors are being 
retrofitted with variable speed drives in order to increase their 
efficiency, especially at lower or variable loads. Because 
variable speed drives provide a modified wave form, non-
sinusoidal, several power quality issues and some effects can be 
observed. This paper summarizes the conclusions from a 
number of experimental trials using different mechanical loads 
under different conditions, in order to determine mostly the 
thermal and vibrational consequences of using variable speed 
drives in this way. 
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1. Introduction 
 
Most variable speed drives (VSD) nowadays provide, on 
the output to the induction machine, a sinusoidal pulse-
width modulated (PWM) voltage wave, which in turn, 
due to the inductive nature of the load, causes a current 
wave resembling a ‘noisy’ sine wave.  
 
In order to fade the effects of these disturbances in 
power, VSDs use fast semiconductor devices, such as 
IGBTs, to achieve higher switching frequencies. When 
analysing these waveforms, usual low-frequency 
harmonics are less important than harmonics and 
interharmonics of higher order, near the switching 
frequency and above, in the case of the voltage; or even 
higher order frequencies, in broader bands, in the case of 
the current waveform.  
 
Figure 1 shows a sketch of the waveforms upstream and 
downstream from a variable speed drive: 
 

 
 

Fig. 1: Waveforms in a variable speed drive. 
 
In most of the cases, the mechanics of the motor+load 
system is such that the higher frequency terms do not 
cause a significant effect on the speed and torque of the 
mechanical shaft, both due to high mechanical time 
constants of the load and ‘adequate’ saturation 
characteristics of the magnetic circuit of the motor. 
Nevertheless, the presence of these higher frequency 
terms usually causes an increase in the noise, mechanical 
vibrations and thermal losses of the set. 
 
Effects such as those are difficult to compute or simulate, 
even using more elaborate machine models, mainly due 
to the highly non-linear behaviour of the magnetic circuit 
(and difficulty to determine such parameters), which is 
why an experimental approach was followed. 
 
2. Experimental equipment and trials  
 
In order to develop the experimental trials necessary to 
study the behaviour of an asynchronous 
motor+mechanical load, a number of different trial 
benches were designed and built, providing different 
loads, axle rigidity, number of rotating masses (1 and 2 
inertias), etc.  
 
Figures 2 and 3 depict two test benches built to perform 
the experimental work. 



 
 

Fig. 2: One stage inertia, thin axis test platform 
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Fig. 3: One/two stage inertia, thick axis test platform 

 
 
3. Thermal analysis 

 
In order to perform an adequate study of the thermal 
response, the experimental conditions had to be set 
regarding the necessary time to achieve thermal 
equilibrium between the shaft and the surround 
environment.  
 
After some tests, a period of 45 minutes was set to 
operate the trial (temperature stabilizes before this point), 
and four or more hours between trials for the platform to 
return to room temperature.  
 
Thermography shots were taken from a fixed stand, due 
to how thermography results can be affected by distance, 
other lighting and many other parameters. A 
thermography image obtained during the trials is shown 
in figure 4. 
 

 
 
Fig. 4.  Thermography image of the platform after 45 minutes: 

two inertias, motor 1 directly connected to the grid. 
 
As expected, the points where higher temperature (‘hot 
points’) are the shaft, the bearings and the motor itself.  
Clearly, temperature increases from right to left, that is, 
increases as the distance to the motor increases, with the 
exception of bearing B3 that, because of its proximity 
with B2, withstands less friction and thus less heating.  
 
The temperatures of the main points of the platform, 
obtained throughout the trials, are summarized in table I: 
 

  Temperature after 45 minutes (ºC) 

  
Bearing  

B1 
Bearing 

B2 
Bearing 

 B3 
Bearing 

 B4 
Motor  

1  
Inertia 

VSD 42,2 45,8 - - 37,6 

Grid 41,8 45,4 - - 36,8 

2 
Inertias 

VSD 38,4 52,8 41,4 54,6 38,3 

Grid 38,4 52,2 42,2 53,8 38,1 

 
Table I. – A summary of temperatures of the platform elements 

after each 45-minute trial 
 

 
From the obtained data, presented in the table, no 
absolute conclusions can be drawn, although some 
curious effects can be observed. Temperature is always 
lower on the nearest bearing of the pair for each mass 
disk, and higher on the furthest (i.e., lower in B1 than in 
B2, and in B3 than B4).  
 
Also, considering only the standard efficiency motor, 
temperatures for direct grid connection are in all cases 
lower than the corresponding using the variable speed 
drive, both for the motor and the bearings. 
 
It is also visible that the introduction of the second inertia 
lowers the temperature in the nearest bearing, and 
increases it in the furthest, in B1 and B2. 
 
These experimental data are consistent with the 
preconception that using a variable speed drive causes 
both added to the motor and added friction between the 
shaft and the bearings, resulting in higher temperatures of 
the latter.  
 

B1 B2 B3 B4 



Increased temperature difference in the pair of bearings is 
also not unexpected, being consistent with the usual 
rotodynamics of a shaft. 
 
These observations are valid for the trials with one inertia 
and with two inertias, even if in one of the bearings there 
is an apparent inversion, and the temperature measured in 
the trial with the variable speed drive is slightly lower 
than in the corresponding trial connecting directly to the 
grid.  
 
It is also visible that the introduction of the second inertia 
lowers the temperature in the nearest bearing, and 
increases it in the furthest, in B1 and B2. 
 
4. Vibrational analysis 

 
The results presented in this paper summarize the study 
on the effects of power supply on the behaviour of an 
induction machine and its mechanical load, and a 
vibrational analysis was already performed in [2].  

 
This time, for the sake of comparability, the results 
shown correspond to the same trial situations presented in 
the previous section. The vibrational behaviour is 
measured as presented in [1] and [2], with a pair of 
proximity sensors in quadrature, placed according to the 
caption in figure 2: (S1, S2) for the first inertia, and 
(S3,S4) for the second inertia. Using the two distance 
sensors in quadrature, it is possible, in a X-Y plot, to 
‘observe’ a cross section of the trajectory of the axis, 
presenting an intuitive view of the vibration amplitude. 
Figure 5 shows the comparison between the trajectories 
obtained when feeding the motor directly from the grid 
(green) and using the variable speed drive (blue): 
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Fig. 5 – Orbit of the axis when the induction motor is fed from 

the grid (green) and through a VSD (blue) 
 

Vibration amplitude is the Euclidean distance to the pair 
of sensors. The absolute value of the amplitude of 
vibration has no particular meaning in this context, and 
the significance can be found in the relative value as the 
frequency response is determined.  
 
The variable speed drive allows the extension of the 
range of speed and torque values which the motor can 
deliver; while this is generally an advantage, such an 
extension may mean that the mechanical load can be 

driven near or through its mechanical resonance, as 
depicts figure 6, showing the acceleration ramp sweeping 
the various values of speed and the corresponding 
vibration amplitude: 
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Fig. 6 – Frequency sweep of a one-inertia load, the electric 

motor driven by a VSD 
 
 

The vibration amplitude response to rotation frequency, 
measured in the first inertia (closest to the motor), for 
two motors (standard and high efficiency) with one and 
two inertias, is presented in figure 7: 
 
 

 
 

 
Fig. 7.  A comparison of the vibration amplitude frequency 

response in four different trial platform configurations           
(fed through a VSD). 

 
The careful observation of figure 7 provides some 
interesting insights to this question.  
 
Firstly, the trials with two inertias present lower 
vibrational amplitude than those with one inertia, which 
can be explained by the added moment of inertia 
provided by the second inertia. Also, on any given curve, 
a small ‘hill’ around 36-41 Hz shows what may be a sub-
harmonic resonance.  
 
Now, the vibrational behaviour is mostly determined by 
the mechanical parameter (1 or 2 inertias) rather than the 



efficiency class of the motor: the effect of adding a 
second inertia is the damping of the vibrations, as well as 
moving the sub-harmonic resonance to a slightly higher 
frequency.  
 
All of the former are rather expected results, thus 
confirmed. However, there is a not so expected 
observation: for the most of the curve, the trials with the 
IE2 motor present lower or equal vibration amplitude, 
with the exception of the neighbourhood of the sub-
harmonic resonance; here, the vibration amplitude 
increases significantly, clearly surpassing that observed 
with the IE1 lower efficiency machine. If this observation 
is to be found in other similar cases, this constitutes an 
added precaution to be taken when using IE2 or higher 
class machines. 
 
Also, near the sub-harmonic resonance, the presence of a 
larger inertia (2 inertias), which usually reduces the 
vibration, here increases it, proving that resonance 
problems have to be carefully taken into account when 
designing and operating these devices.  
 
 
5. Conclusions and Outlook  
 
The work presented in this paper provides a look into the 
questions triggered by the use of variable speed drives to 
drive mechanical loads through induction motors. It does 
so from an experimental approach, since models tend to 
fall short on detail on these particular aspects. 
 
Thus, a very first conclusion would be that, despite the 
widespread availability of ever more powerful simulation 
tools, experimental laboratory work is still of major 
importance in both validating assumed results and also 
providing interesting questions for exploratory research. 
 
Also, the application of thermography to this study 
reveals its potential to the thermal analysis of such 
processes, with the advantages of being a non-intrusive 
measuring technique and also providing an easily 
readable visual representation of the results. 
  
Thermal analysis through thermography, given the trial 
results example, be very useful in assisting the design, 
selection and preventive maintenance of the whole 
mechanical shaft, and especially the bearings, which are 
subjected to the highest amount of heat. 
 
Questions on the derating of induction machines when 
driven by variable speed drives can also be posed, as they 
are in [3] and [4], since an increase in temperature was 
found to occur in most cases where this device was used. 
 
 
 
 
 
 
 
 
 

On the vibrational analysis, an interesting point made is 
that the introduction of higher efficiency induction 
machines may reshuffle some of the present knowledge 
on vibrational behaviour, calling for further studies to be 
carried out in this particular subject. The former is more 
the case when European Directives and other 
international normative enforce that new motors sold 
have to be IE2 class or higher. 
Additionally, the point that using a variable speed drive 
causes added mechanical vibrations is also defended by 
the trials results. 
 
The trials performed and the conclusions drawn are 
naturally valid for small-scale uses, although most of the 
conclusions drawn can be extrapolated to the case of 
larger motors and loads. Verifying these results 
experimentally with larger machines, either trial benches 
or actual industrial facilities, is an objective to be pursued 
as future work. 
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