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I. INTRODUCTION 

ISTORICALLY, squirrel cage induction 
machines, powered with electronic converters, have 
been the most used in industrial drives topologies, 

both fixed speed and variable speed. The reason can be 
found at their robustness, reliability and low cost. 

By contrast, synchronous machines, given the absence of 
starting torque, have only been used in high power drives 
where induction machines are not technologically feasible 
by low efficiency and low power factor. However, operating 
at variable speed, power converter solves the starting torque 
problem and they become an alternative to traditional 
squirrel cage machines 

Nowadays, the electric drives technology tends to 
reduce the life cycle cost and thus provide environmental 
friendly solutions.   Therefore   permanent   magnets   
synchronous machines have become important due to their 
high efficiency. The use of rare earth magnets machine 
designs enables a high capacity of torque at low speeds. 
It allows eliminating the gearbox drive which further 
increases efficiency. 

So direct drive systems based on PMSM are a reality in 
many applications, such as wind power generation [1], lifts 
[2], electric train traction systems [3], ship propulsion 
[4], electric traction vehicles [5] or household appliances 
[6] 

The use of rare earth PMSM has some technological 
and economic drawbacks. From the technological point of 
view the temperature in the motor cannot be high because 
the permanent magnets are very sensitive to temperature, 
with  low  values of  Curie Temp.  In the  worst case, when 
 

 
 

 

 
working with temperature increases above the Curie 
temperature, the permanent magnets are fully and 
irreversibly demagnetized [7]. Another disadvantage of this 
machine technology can be its limitation in the field 
weakening operating mode, also to avoid the permanent 
magnet demagnetization [8]. 

From the economic point of view the price of permanent 
magnets is very variable, with large fluctuations [9], which 
does not always be a cost effective solution. Therefore in 
recent years are growing the studies in order to design with 
Ferrite and Alnico magnets, which have lower performance 
but with a more stable cost [10] 

In this scenario it is very necessary to train experts in the 
design and diagnosis of PMSM. Thus, in recent years this 
topic has been introduced in the subjects of ‘Electrical 
Machines Design’ and Monitoring and Diagnostics of 
Electrical Machines’, in the Electrical Engineering Master's 
Degree from the Polytechnic University of Madrid. 

In  order  to  provide  a  more  complete  teaching  and 
training to students it has developed the laboratory bench 
that is presented in this paper. 
 
 

II.   TYPICAL FAULTS AND METHODS OF DIAGNOSIS OF 
PERMANENT MAGNET SYNCHRONOUS MACHINES 

As just indicated, the permanent magnet synchronous 
motors PMSM  are  widely used  in  industry due  to  their 
higher torque and higher power to volume ratio. Moreover 
they have a better dynamic performance compared to the 
motors with electromagnetic excitation. In order to increase 
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PMSM performance, raise their lifetime, and lower their 
high costs, fault prediction in PMSMs is necessary. 

Fig. 1 shows the many different types of faults that can 
appear in PMSM drive systems. These are the stator and 
rotor faults, the mechanical faults such as the shaft and 
bearing, and the faults in power electronic components of 
the drive system [11] 

 

 
Fig. 1.  Faults classification in Permanent Magnet Synchronous Motors. 
 

The stator turn faults are caused by the breakdown of 
stator winding insulation system. It is deteriorated by 
overvoltage and thermal stresses produced by over current. 
The early detection of inter-turn short is quite important to 
prevent subsequent damage to adjacent coils and stator core. 
Although in the early stage of the failure the motor can 
continue operating, the local overheating produces a quickly 
propagation to adjacent turns. 

In the literature appear several detection methods 
classified as off-line and on-line methods. Off-line methods 
are based on the frequency domain analysis scheme using 
terminal voltages [12]. On-line methods are based on the 
analysis and signal processing of the feeding current [13], 
[14].  

The open fault in switching devices of inverter is perhaps 
the most frequent fault in power electronic converters. It 
arises when one or more switches are destructed by an 
accidental over current, or when the protection fuse is blown 
out. Since the inverter cannot synthesize desired voltages 
under this condition, it produces an increased current 
harmonic, large torque ripple and reduced efficiency, 
leading to machine stop in extreme case.  

Many diagnostic methods have been proposed to detect 
the faulty devices in inverter switch. However practically all 
of them are focused on the occurrence of single faults and 
do not have the capability to handle and identify multiple 
failures [15]. Recently, some studies have presented new 
methods for real-time diagnostics of multiple open-circuit 
faults in VSI feeding ac machines [16]. 

Mechanical faults involve bearing and eccentricity faults. 
Eccentricity faults are classified in static eccentricity, 
dynamic eccentricity and mixed eccentricity. They occur 
due to manufacturing imprecision such as unbalanced mass, 
shaft bow, and bearing tolerance. Eccentricity may cause 

magnetic and dynamic problems with additional vibrations, 
noises, and torque pulsations. 

The effects of the eccentricity faults have been reported 
in several studies of the magnetic field using finite-element 
method [17]. The diagnosis of the eccentricity fault will be 
very difficult if only the amplitude of the current is used. It 
is necessary to use the spectrum analysis of the current in 
order to diagnostic effects as eccentricity and misalignment 
[18]. 

The main reasons of demagnetization fault are 
temperature rise resulting from the operation and the 
armature reaction due to stator currents which opposes the 
remnant induction of the permanent magnets. The effect on 
the electromotive force of these faults has been studied 
using finite element analysis [19]. 

Other effects of the demagnetization faults are the 
increasing and distortion of cogging torque, but the 
incremental rate of the cogging torque depends on 
permanent magnets shape design. In [20] a diagnosis 
method based on the torque spectra analysis is proposed. 

III. DESCRIPTION OF THE TEACHING/TRAINING 
EXPERIMENTAL SETUP 

Some authors have developed experimental setups to 
evaluate electrical and mechanical faults in PMSM [21]. 
The main objective of this paper is to develop an 
experimental setup to teach methods of diagnosis of PMSM 
to students in Electrical Engineering Master's Degree. It is 
envisioned that using this experimental setup can be studied 
mechanical, electrical and magnetic failures. This requires a 
special design for synchronous permanent magnet machine. 

A. Permanent magnet machine prototype 
Next, the prototype design constraints necessary to cause 

the three types of faults are raised. 
First, the authors decide on a frameless prototype. 

Therein the shaft is supported by two bearings whose 
position is adjustable as indicated in mark 1 of Fig. 2. This 
setting adjusts the shaft alignment causing defects of static 
eccentricity. Moreover the bearings can be easily replaced 
by other in poor condition to cause bearing failure. 

It can also be adjusted the dynamic eccentricity due to 
movement of the pressure plate of the rotor sheets as seen in 
Fig. 3. 

In order to easily lead to errors in the permanent magnets 
it has chosen to place them in the stator, in an interior 
permanent magnet synchronous machine configuration, as 
shown in mark 2 of Fig. 2. With this configuration, the 
permanent magnets do not need any fixing as its position is 
stable in its housing within the stator core. Thus they can be 
easily replaced with other previously demagnetized 
achieving the same effect as the fault occurs in the 
demagnetization. With the proposed configuration it can 
move or remove the permanent magnet with the machine 
running or even cause vibration in its housing. 



 
Fig. 2.  Scheme of the prototype. 

 

Fig. 3.  Rotor assembly process. 
 
This stator configuration without windings, allows it to 

be built in two halves (Fig. 4). Thus it can be dismantled 
without moving the rotor, which is held by external 
bearings. 

 

 
Fig. 4.  Stator assembly process. 

 
Finally in the rotor has been housed a three phase 

winding with all accessible coils, as shown in Fig. 5. Thus, 
it is possible to cause failures between turns and failures to 
the rotor core and it can be introduced different values in the 
fault resistance. 

In order to feed the winding are arranged six slip-rings in 
the shaft which are accessed through brushes as shown in 

mark 3 of Fig. 2. 
 

 
 
Fig. 5.  Rotor winding details. 
 

B. Mechanical Drive 

The permanent magnet synchronous machine designed is 
mechanically coupled to a DC machine fed by a 
bidirectional converter. This mechanical drive was 
developed by the authors in a previous work to emulate a 
wind turbine [22]. However, with an adequate adaptation it 
can operate by providing a mechanical torque on the shaft 
when the faults on a permanent magnet generator are 
studied or providing a load torque when you want to study 
the faults on a permanent magnet motor. 

The mechanical drive consists of a DC motor driven by a 
commercial microprocessor-based DC converter that is 
easily configurable. The converter is controlled by means of 
a PC and an input-output data acquisition device that has 
been programmed using the commercial software 
LABVIEW. The specific components used are: 

 
1) A 7.5-kW DC machine. 
2) An AC/DC Siemens-Simoreg converter for DC 

drives. It supplies the suitable voltage/current to 
the DC machine in order to achieve the specified 
torque reference 

3) An NI PCI-6014 Data Acquisition System. It 
calculates the torque reference depending of the 
motor or generation application. 

IV. ELECTROMAGNETIC DESIGN 
The input data for the design of the permanent magnet 

synchronous machine prototype are: 
 
� Output power: P=7 kW. 
� Rotational speed: n=300 rpm 
� Permanent magnet characteristics: Br=1.2T; 

Hc=880kA/m 
 
With these specifications, using basic equations of 

permanent magnet machines sizing, the following 
parameters are determined (Table I): 

 
 



 
TABLE I 

BASIC SIZING PARAMETERS OF PERMANENT MAGNET MACHINE 
PROTOTYPE 

 

 
 
In Table II the geometry of the magnetic circuit is as 

follows: 
TABLE II 

MAGNETIC CIRCUIT DETAILS 
 

 
 
Finally, with all previous data the electrical specifications 

of the prototype can be calculated (Table III): 
 

TABLE III 
ELECTRIC RATING 

 

 
 
Below are some results of tests conducted on the 

prototype are presented. 

V. EXPERIMENTAL RESULTS 
Fig. 6 shows an overview of the laboratory bench 

developed with the PMSM prototype and the DC drive: 
 

 
Fig. 6.  Laboratory bench. 

 
First Fig. 7 and Fig. 8 show, respectively, the induction 

map and the field lines map of the of the prototype, when it 
rotates without load at 300 rpm driven by the DC machine. 

 

 
Fig. 7.  Induction map in a machine pole. 
 

 
Fig. 8.  Field lines map in a machine pole. 
 



For best viewing, the value of the induction in the air gap 
under a pole of the machine is shown in Fig. 9. 

 
Fig. 9.  Induction in the air gap. 
 
As shown, the mean value is slightly smaller than 

expected, which explains that the no load voltage value is 
less than the design specifications, Fig. 10. 

 

 
Fig. 10.  Phase to neutral no load voltage. 
 
Although the no load voltage is less, the tests show a 

constant ratio between the no load voltage value and the 
speed. Fig.  11 shows this issue: 

 

 
Fig. 11.  No load RMS voltage Vs rotational speed. 
 
Some tests with different types of load were carried, by 

operating as a generator to obtain the expected behavior in 
this type of machine, as shown in Fig. 12. 

Tests performed showed good agreement with previous 
simulations. For example, in Fig. 13 is presented the 
waveform with a 10  resistive load, both simulation and 

testing. 

 
Fig. 12.  External characteristic obtained through tests in capacitive load 

(red), resistive load (blue) and inductive load (green). 
 

 
Fig. 13.  PMSM with a 10  resistive load. a) Simulation results. b) Test 
result. 

Finally, some tests have been performed subjecting the 
machine to demagnetization, eliminating some of the stator 
permanent magnets. In Fig. 14, one of the stator 
configuration is shown 

 

 
Fig. 14.  PMSM without three poles. 



In Fig. 15 is shown as the no load induced voltage is 
reduced as the stator permanent magnets are eliminated. 

 

 
Fig. 15.  No load inducted voltage with demagnetization  
 
In Fig. 16, the voltage variation is shown as the load 

increases in the windings 

 
 

VI. CONCLUSIONS 
In this paper after highlighting the increasing use in 

industry of PMSM, it has done a literature review of main 
faults that occur during its operation. Also it has reviewed 
the methods used to diagnose different faults. 

The authors are professors in ‘Monitoring and 
Diagnostics of Electrical Machines’ in the Electrical 
Engineering Master's Degree from the Polytechnic 
University of Madrid and they have considered the need to 
teach and train their students in the diagnosis of PMSM. For 
this, they have begun to develop a laboratory bench with 
which to play all types of faults of the PMSM. 

In this paper, authors have discussed in depth the design 
of the PMSM prototype as the most important element of 
the laboratory bench. They have made simulations and 

experimental results showing the correlation between the 
original specifications and the final behavior of the 
prototype designed. 
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