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Abstract— Failures in damper windings of synchronous 

machines operating in real facilities have been recently reported 

by several authors and companies. These windings are crucial 

elements of synchronous motors and generators, playing an 

important role in the asynchronous startup of these machines as 

well as in their stability during load transients. However, the 

diagnosis of failures in such elements has barely been studied in 

the literature. This paper presents a method to diagnose the 

condition of damper bars in synchronous motors. It is based on 

the capture of the stator current of the machine during a direct 

startup and its further analysis in order to track the 

characteristic transient evolution of a particular fault-related 

component in the time-frequency map. The fact that the damper 

only carries significant current during the startup and little or no 

current, when the machine operates in steady-state, makes this 

transient-based approach specially suited for the detection of such 

failure. The Hilbert-Huang Transform (based on the Empirical 

Mode Decomposition (EMD) Method) is proposed as a signal 

processing tool. Simulation and experimental results on 

laboratory synchronous machines prove the validity of the 

approach for condition monitoring of such windings.    

 

Index Terms—synchronous motors, damper windings, 

transient analysis, Hilbert-Huang transform, condition 

monitoring. 

I. INTRODUCTION 

ynchronous motors are less used than other electric 

motors in industry due to their more complex 

construction and maintenance, their stability  problems 

or the necessity of auxiliary systems enabling their startup 

from standstill, among other reasons. Nonetheless, they are a 

very interesting alternative in many industrial applications due 

to their inherent properties [1].  

   There are several methods for startup of synchronous 

motors. For large machines, it is rather common to use a 

damper winding (also known as an amortisseur winding), 
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incorporated in the rotor. These windings consist of aluminum 

or copper bars, which are inserted axially into pole face slots 

and connected at the ends in such a way that a complete 

winding similar to the squirrel cage of an asynchronous motor 

is obtained [2]. The main function of these damper bars is to 

produce enough motor torque when the machine is started 

from standstill, while a three phase alternating voltage is 

applied to the armature terminals. Through selecting a proper 

rotor bar material, the torque can be fixed in order to start the 

motor reasonably well, even with an inertia load [2]. Hence, 

thanks to the damper windings, synchronous machines can be 

started direct-on-line, just as with asynchronous machines.  

   Despite the design of damper windings taking into 

consideration both current and thermal stresses during their 

operation [3], eventual failure is possible, due to reasons such 

as deficient construction of the damper cage [4] or  frequent 

and hard duty cycles (excessive start-stop cycles or frequent 

speed changes [5-7]). The probability of occurrence of such a 

failure may be not high in some applications [6], its presence 

has been confirmed by other authors and companies in other 

synchronous machines operating in real facilities: small 

salient-pole machines [7], hydro-generators [8, 10] and single 

phase machines [9].  

Nevertheless, so far, few papers have dealt with the 

monitoring of the condition of such elements in synchronous 

machines. In [6], a study of broken damper bars in large 

salient-pole synchronous machines suggesting a flux analysis 

was presented; this technique required the installation of an 

additional flux sensor in the machine. [7] proposed a method 

for diagnosing rotor faults (and among them, broken damper 

bars) through the identification of particular frequency 

components in the Fourier spectrum of the steady-state current. 

However, this technique did not distinguish between the 

frequency components due to broken bars and those caused by 

other types of faults such as eccentricities. Also, there is the 

constraint that the current in the damper when the machine 

rotates at synchronous speed is zero.  [4] proposed a method 

for the diagnosis of the fault based on the measurement of pole 

voltage differences in the field winding, which, as the authors 

admit, did not enable the monitoring of all damper bars. Other 

authors [5, 11-12] presented various synchronous machine 

models, which were able to simulate the presence of the 

aforementioned fault.    

The present work proposes an alternative approach for 

diagnosing broken damper bars in synchronous motors, which 
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showed satisfactory results when applied to rotor condition 

monitoring of squirrel cage induction motors [13-15]. Unlike 

some of the aforementioned techniques, the proposed method 

relies on the analysis of the current, which is a quantity easily 

measured in a non-invasive way. More concretely, the 

considered current is the stator current demanded by the 

machine during the motor startup transient, that is, when the 

damper is carrying appreciable current and the machine 

behaves as if it was asynchronous. Then, this non-stationary 

current waveform is analyzed by proper Time-Frequency 

Decomposition (TFD) tools, in order to track the characteristic 

transient evolutions of specific fault-related components, 

which lead to characteristic patterns constituting reliable 

indicators of the fault, even in no-load conditions [13]. 

Furthermore, these patterns serve as a basis for the 

development of parameters in order to quantify the level of 

failure in the machine.  

Different TFD tools have been applied in the literature for 

analyzing quantities with a time-varying frequency spectrum: 

Undecimated Discrete Wavelet Transform (UDWT) [16], 

Discrete Wavelet Transform (DWT) [13-15, 17-20], 

Continuous Wavelet Transform (CWT) [21-23], Hilbert 

Transform (HT), Hilbert-Huang Transform (HHT) [24-26], 

Wigner-Ville (WVD) and Choi-Williams Distributions (CWD) 

[27-28]…In this paper, the HHT is used. The main reason is 

that it is a cutting-edge tool enabling a clear extraction of the 

transient evolution of low-frequency fault-related harmonics 

with rather low computational requirements. Furthermore, the 

fault-related patterns are extracted in a twofold way; through 

the characteristic waveforms raising in the intrinsic mode 

functions (imf’s) resulting from the HHT and through the 2-D 

or 3-D time-frequency representations provided by the Hilbert-

Huang Spectra of these imf’s.    

 It must be remarked that an interesting related method for 

detection of damper breakages was patented in 1991 by Prof. 

G.B. Kliman [29]. However, the invention presented there was 

focused on the computation of the amplitude modulation of the 

startup current waveform, rather than analyzing the frequency 

evolution of fault-related components - this is understandable 

when taking into account the absence of proper TFD tools 

when that patent was presented.  

In summary, the method proposed here implies the 

following advantages versus previously published works: 

- For the first time, a non-invasive transient-based 

methodology is proposed for diagnosing the condition of 

damper bars in synchronous motors. 

- It is especially suited for damper windings diagnosis, 

taking advantage of the fact that these elements only carry 

significant currents during the startup of the machine. 

- The validity of the method is proven by real data coming 

both from simulations and laboratory synchronous machines. 

- For the first time, new quantification indicators based on 

the imf’s resulting from the HHT are proposed. They may 

lead to higher sensitivities due to the claimed more accurate 

representation of fault-related components achieved with this 

transform, in comparison with other TFD tools [24]. 

- The method proposed in the present paper might provide 

significant additional information enabling the diagnosis of 

the failure even if other faults or phenomena are present in 

the machine [13-15]. 

II. PHYSICAL FACTS 

   The damper winding of a synchronous machine can be 

assimilated to the rotor cage of an induction motor. For 

induction machines, a widespread theory for the study of the 

rotor bar breakage phenomenon was proposed by W. Deleroi 

[30]. According to this theory, the effect of a broken bar can 

be studied considering the superposition of two different 

configurations: first, the machine in healthy condition (Fig.1 

(b)) plus, second, the machine with a current source in the 

broken bar (fault current) (Fig. 1 (c)) [15]. This fault current 

is equal to the current flowing through the same bar in the 

healthy machine but in the opposite direction so that, when 

adding both configurations, the total current through the bar is 

zero (Fig. 1(a)). The fault current flows through the short-

circuit rings and the rest of cage bars, originating a magnetic 

field in the air gap (fault field, BFault). The spatial waveform of 

the air-gap flux density BFault (α, t) caused by the fault field is a 

stepped bipolar wave, whose amplitude and spectral 

composition cyclically changes with time. Fig. 2 represents, in 

a qualitative way, the configuration of the spatial flux density 

waveform caused by the fault field at a certain time, for the 

case of a machine with 9 bars. Rigorous characterization of 

this field can be found in [15].    

   As commented in [15], the spatial wave BFault (α, t) can be 

decomposed as the sum of spatial harmonics with 1, 2, 3, . . . , 

p, . . . , n pole pairs; these harmonics have a fixed position 

with respect to the rotor, but their amplitudes oscillate 

proportionally with the fault (or rotor) current. The application 

of the Leblanc’s theorem to every harmonic field leads to two 

series of rotating components with constant amplitude and 

speed are obtained: a series with the same rotating direction as 

the rotor (+) and another series with the opposite direction (−).  

      The fault field caused by the breakage, which is 

superimposed on the normal field of the healthy machine, 

leads to alterations in its behavior; more specifically, it induces 

several current harmonics in the stator windings. The detection 

of these harmonics in the Fourier spectrum of the steady-state 

current is the basis of the classical method for the bar breakage 

diagnosis in induction motors (Motor Current Signature 

Analysis, MCSA) [31-32].  

    

 

 

 

 

 

 

 
               (a)                                    (b)                                 (c) 

Fig. 1.  Approach proposed by [18]: (a) machine with one broken bar= (b) 

healthy machine  +  (c) machine with current source with value –I in the bar 

that breaks. 
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       Fig. 2.  Air-gap flux density waveform created by the fault field at t1. 

 

 

     The frequency components induced by the fault field in the 

stator current are given by (1) [33], with s, f and p being the 

slip, the supply frequency and the number of pole pairs, 

respectively. The components induced by the fault field lead to 

oscillations in the rotor speed, originating a new family of fault 

related components [34-35], with frequencies given by (2). In 

the industry, the most usual components for the diagnosis of 

rotor asymmetries are the main sideband components, which 

appear around f. These components are given by (3) (lower 

sideband -negative sign- and upper sideband -positive sign-) 

[14]. 
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   Following an equivalent approach, a broken damper bar in a 

synchronous motor changes the original damper cage current 

distribution in the machine [4]. A fault field – or ‘interference 

field’ as named by Bacher [4] - caused by the damper breakage 

also appears in this case. Nonetheless, in synchronous 

machines, the damper cage carries only appreciable current 

during the ‘asynchronous’ startup and during transient 

oscillations with respect to the synchronous speed. It carries no 

current when the machine operates in strict steady-state, while 

it rotates at synchronous speed [31]. Therefore, the induced 

harmonics caused by cracked damper bars will be only 

significant during transient operation, providing an interesting 

basis for implementation of damper fault detection techniques.      

   Analogously to what happens in induction motors, when the 

synchronous motor is started direct-online, by the action of the 

damper winding, the slip s drops from 1 (when the machine is 

first connected) to 0 (when the startup is finished, just before 

synchronization). Therefore, the frequencies of the most 

prominent fault-related components, given by expression (3), 

will also change. More specifically, the frequency of the lower 

sideband component (LSC) will change between the supply 

frequency f (=50 Hz in our case) (when s=1), 0 Hz (s=1/2) and 

again f Hz (s≈0). This variation leads to a characteristic 

‘signature’ in the time-frequency map which constitutes a 

reliable indicator for the diagnosis of the broken damper bar. 

Fig. 3 (a) shows the theoretical waveform corresponding to the 

evolution of the LSC (already justified in [15]). Fig. 3 (b) 

depicts the characteristic frequency variation of this 

component, which was obtained from simulated startup speed 

data for a three-phase synchronous machine with p=2. 
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III. HILBERT-HUANG TRANSFORM FOR LSC 

EXTRACTION 

The HHT was introduced by N.E. Huang [36-37]. It is 

based on the decomposition of a signal in terms of empirical 

modes (Empirical Mode Decomposition, EMD) and on their 

representation within the context of the Complex Trace 

Method (CTM), formerly introduced by Gabor [38].  

   For multi-component, noise corrupted signals the CTM 

fails because the Hilbert transform processing of those noisy 

waves generates spurious amplitudes at negative frequencies. 

Huang [36-37] developed a novel signal analysis approach to 

avoid generating unphysical results. In order to do this, the 

Hilbert transform is not directly applied to the signal itself but 

to each of the members of an empirical decomposition of the 

signal into intrinsic mode functions (imf’s). 

   The algorithm to create the imf’s, known as “sifting”, is 

simple: Given a certain signal X(q) (q representing  either time 

or an spatial coordinate), first, the local extrema of the data are 

identified and used to create upper and lower envelopes which 

enclose the signal completely. From this envelope, a running 

mean is created. By subtracting this “mean” from the data, one 

obtains a new function, which must have the same number of 

zero crossings and extrema (i.e. it exhibits symmetry across the 

q-axis). If the function constructed in this way does not satisfy 

this criterion, then the “sifting” process continues until some 

acceptable tolerance is reached [36]. The resulting q-series is 

the first ‘imf”, c1(q), and contains the highest frequency 

oscillations found in the data (the shortest time scales).  Imf1, 

Fig. 3. (a) Theoretical waveform of the LSC during the startup;             

(b) Predicted time-frequency evolution during startup for the LSC. 



is then subtracted from the original data, and this difference is 

taken as if it were the original signal. Then, the sifting process 

is applied again to the new signal 

   The procedure of finding modes, cj(q), continues until the 

last mode, the residue Rn, is found. This will contain the trend 

(i.e., the “time –varying” mean). Hence, the signal, X(q), is 

given by the sum: 
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      In [36], the completeness and orthogonality of the imf-

expansion are discussed in detail. Fig. 4 shows the basic 

scheme of the EMD. 

   The application of the Hilbert transform to a given intrinsic 

mode function, imf, generates a q-frequency plot, the Hilbert-

Huang (HH) spectrum, H (ω, q), where ω is the instantaneous 

frequency [24].   Furthermore, the marginal spectrum can be 

also defined according to (5), where Q is the total data length 

[39]; 
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    While the HH spectrum offers a measure of the amplitude 

contribution for each frequency and time, the marginal 

spectrum (power spectral density) is a measure of the total 

amplitude (or energy) contribution from each frequency [39].  
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Fig.4. Basic scheme of EMD algorithm. 

IV. RESULTS 

Both simulated and experimental signals were used for 

validating the proposed EMD-based diagnosis methodology. 

Simulations were carried out by using a simplified 

synchronous machine model implemented in MATLAB based 

on a novel technique to calculation of inductances [40]. On the 

other hand, experimental tests were developed with two 

industrial synchronous machines. They were cylindrical rotor 

4-pole machines which were started direct on-line as if they 

were asynchronous motors by using their damper cage (see 

experimental test bed in Fig. 5) and without feeding their 

excitation winding. Once the speed was near the synchronous 

speed, the excitation winding was supplied and the machine 

synchronized. The synchronous machine was loaded with a 

DC machine coupled in the same shaft (see Figure 5).  

The damper cage was based on 36 copper bars, each with a 

diameter of 4mm.  Detailed characteristics of each machine are 

specified in Table I. One of the machines (machine 1) had a 

significantly damaged damper cage; the damper asymmetry 

was forced during previous experimentation by cracking the 

damper bars by using a drill, welding them again afterwards. 

The other synchronous machine (machine 2) had a damper 

with a low level of asymmetry caused by its fabrication 

process and operation during years.  

In all the tests, the phase startup currents of the synchronous 

motors started with the damper were registered by using a 

digital oscilloscope. Afterwards, the HHT of the startup 

current was computed for each case considering two imfs 

(imf1 and imf2). In all the analyses, imf1 includes only the 

fundamental component (at the supply frequency, 50 Hz) as 

well as other low-amplitude higher frequency harmonics 

contained in the signal. On the other hand, imf2 covers the 

frequency range below 50Hz. Hence, it reflects the evolution 

of all of the frequency components within that frequency band. 

If the machine is healthy, there are no relevant components in 

that band, therefore imf2 has negligible amplitude. When the 

machine has any broken damper bar, the LSC appears. As 

commented before, its frequency starts from f (=50 Hz), it 

drops to 0 Hz and increases again to near f. Thus, in this 

situation, the amplitude of imf2 is no longer zero. Indeed, the 

waveform of imf2 exactly reflects the theoretical shape of the 

LSC during the transient (depicted in Fig. 3 (a)). Therefore, 

the imf2 resulting from the HHT of the startup current 

becomes a reliable indicator of the presence of the fault. 

The HH spectrum of a certain imf is a time-frequency 

representation of that imf. Therefore, if the machine is faulty, 

the HH spectrum of the imf2 resulting from the HHT of its 

startup current will reveal a clear V-shaped pattern in the time-

frequency map. Logically, this pattern is caused by the 

frequency evolution of that imf2 (which further reflects the 

evolution of the LSC). Thus, the HH spectrum also constitutes 

a valid indicator of the presence of the failure; if the fault is 

present, the V-shaped pattern will appear in the 2-D or 3-D 

image constituting the HH spectrum of imf2. Otherwise, if the 

machine is healthy, the pattern will be absent.   

 
TABLE I 

MAIN CHARACTERISTICS OF THE TESTED MACHINES 

Rated power 5 KVA 

Rated voltage 380/220 V   (Y/∆) 

Rated current 7.5/13 A 

Number of phases 3 

Cos (ϕ) 0.8 

Rated speed 1500 rpm 

Number of pole pairs 2 

Rated frequency 50 Hz 

Insulation Class B 

Maximum excitation voltage 50 V 
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 Figs. 6, 7 and 8 represent, respectively, the imf2 waveform 

(a, top) and the marginal spectrum of the imf2 (a, bottom), the 

HH spectrum of the imf2 in 2-D (b) and the HH spectrum of 

the imf2 in 3-D (c) for the unloaded healthy machine (Fig. 6), 

unloaded machine with a low asymmetry (Fig. 7) and loaded 

machine with damaged damper (Fig. 8).  

Analysis of the figures reveals that differences between the 

imf2s (a, top) of the three cases are obvious. In agreement with 

the previous comments, the imf2 (which extracts the frequency 

components below 50 Hz) remains with almost zero amplitude 

for the healthy machine (Fig. 6) and with very low amplitude 

for machine with low level of asymmetry (Fig. 7), whereas it 

has a significant amplitude for the faulty one (Fig. 8). In 

addition, in this latter case, its shape is in clear concordance 

with the theoretical evolution of the LSC depicted in Fig. 3(a) 

and justified in [15]. Hence, the imf2s are reliable indicators of 

the presence of the failure. The marginal spectrum, shown in 

section (a, bottom) of each figure is only a simple 

representation of the frequency content of each imf2. 

Logically, when the machine is faulty, the marginal spectrum 

of imf2 reveals the presence of the frequencies below 50 Hz, 

since these are the frequencies exhibited by the LSC in its trip 

during the startup. 

On the other hand, visualization of the HH spectra (time-

frequency representations of the imf2s) in the case of the faulty 

machine (Fig. 8) reveals a clear V-shaped pattern both in the 

2-D (Fig. 8 (b)) and in the 3-D (Fig. 8(c)) plots of the HH 

spectrum. This pattern is caused by the frequency evolution of 

the LSC during the transient. Therefore, the HH spectrum also 

proves the existence of the LSC and, thus, the presence of the 

failure. Hence, this HH spectrum is also a good indicator for 

diagnosing the presence of the fault in the machine. Moreover, 

this representation has the additional advantage that it can be 

processed by image recognition techniques able to identify the 

V-shaped pattern in an automatic way.  
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In the case of the machine with low level of asymmetry, the 

pattern is much less clear. However, certain traces of this V-

shape pattern are still noticeable (see Fig. 7(b) and (c)) 

revealing the existence of a certain asymmetry in the machine. 

Finally, the pattern is totally absent in the HH spectra of the 

healthy machine (Fig. 6 (b) and (c)). This is the logical 

situation in a synchronous motor with a healthy damper; since 

there are no significant components in the frequency band 

below 50 Hz (the LSC is absent), the imf2 will have negligible 

amplitude and, therefore, its HH spectrum will not show any 

signature in its covered time-frequency region.  

It must be said that initial oscillations appearing in the imf2s 

of all the analyzed cases are due to the electromagnetic 

transient (EMT) occurring always at the beginning of the any 

asynchronous startup regardless of the condition of the 

machine [15].  
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V. QUANTIFICATION PARAMETERS 

The described diagnostic approach is based on the 

qualitative identification either of characteristic V-shaped 

patterns in the time-frequency plots provided by the HH 

spectrum or of a particular shape in the imf2 waveform. This 

approach must be complemented with a quantitative 

perspective, by introducing non-dimensional indicators able to 

quantify the degree of failure in the machine. 
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The HHT transient-based approach enables us to introduce 

such indicators. The fact that the amplitude (and hence the 

energy) of the imf2 reflecting the transient evolution of the 

LSC is higher, the higher level of failure constitutes an 

excellent basis for the introduction of quantitative indicators 

based on the energy of that signal.   

It is known that the energy (E) of a discrete signal f= (f1, f2, 

f3,…,fN)∈R
N
 is defined as the sum of the squares of its 

samples, according to (6). 
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Fig. 7.  Unloaded synchronous machine 1 (lower asymmetry): (a) waveform 

of the imf2 (top) and marginal spectrum of the imf2 (bottom), (b) 2-D 

Hilbert-Huang spectrum of the imf2 and (c) 3-D Hilbert-Huang spectrum of 

the imf2. 

Fig. 8.  Loaded synchronous machine 2 (higher asymmetry): (a) waveform of 

the imf2 (top) and marginal spectrum of the imf2 (bottom), (b) 2-D Hilbert-

Huang spectrum of the imf2 and (c) 3-D Hilbert-Huang spectrum of the 

imf2. 



Then, a preliminary quantification indicator might be 

introduced, based on the energy of the imf2. This indicator 

should be defined so that it remains independent of the 

duration of the startup transient, loading conditions or inertia. 

This could be achieved by relating the energy of the imf2 to 

the energy of the startup current signal, according to the 

expression (7).      

 

 

 

        

                                                                                        (7) 

 

 

 

where ij is the value of the j sample of the current signal;  

imf2(j)  is the j element of the imf2 signal covering the 

frequency range in which the LSC evolves during the startup 

transient; Ns is the number of samples of the signal, until 

reaching the steady-state regime and Nb is the number of 

samples between the origin of the signals and the extinction of 

the oscillations due to border effects.  

According to its definition, the lower the level of failure is, 

the higher the value of the parameter γHHT. Table II shows the 

results obtained when computing this parameter for the 

previous machines, i.e., simulated healthy machine and real 

laboratory machines with different levels of asymmetry.  

 

  
TABLE II 

COMPUTATION OF QUANTIFICATION PARAMETER 

 

 

 Clear differences in the value of the parameter are detected 

for different levels of asymmetry. The parameter slightly 

changes between a healthy machine and a machine with low 

asymmetry (near 4 dB), showing a much higher variation with 

respect significant asymmetry condition (almost 30 dB). This 

high sensitivity confirms that this indicator could be valid for 

quantifying the severity of the failure complementing the 

qualitative approach based on pattern detection. 

The use of the energies of the imf2 signals instead of using 

their amplitudes provides the advantage of attenuating the 

effect of possible perturbations that can be present in the 

industrial environment and that might distort the amplitude of 

these signals. Since the energy of the imf2s is equivalent to 

integration along the considered interval of the signal, the 

effects of these possible phenomena are attenuated, increasing 

the reliability of the quantification parameter. 

Therefore, the application of the proposed diagnosis 

methodology is in two steps: 

- First, apply the HHT to the startup current and identify the 

characteristic V-shaped pattern in the HH spectrum or of the 

particular waveform in the imf2. This stage identifies the 

presence or absence of the fault. 

- Second, compute the quantification indicator γHHT based 

on the energy of the imf2 and startup current signal. This step 

determines the level of severity of the failure. 

 The two stage process described above increases the 

reliability of the approach, while not requiring higher 

computational expenses due to the simplicity and low 

operational costs both of the HHT and of the defined indicator.  

In any case, further tests should be performed in 

synchronous machines with different sizes and damper 

conditions in order to obtain accurate ranges for the proposed 

parameters associated with different levels of damper failure. 

These would make possible the automatic determination of the 

degree of failure in the machine, once the fault has been 

identified.    

VI. CONCLUSIONS 

The HHT, based on the EMD method, is applied in this 

paper to diagnose the presence of broken damper bars in 

synchronous motors.  

This paper has remarked on the importance of condition 

monitoring of such an element in synchronous machines, 

providing various references reporting failures in damper 

windings of synchronous motors and generators. 

The proposed technique takes advantage of the fact that 

significant currents flow through the damper winding only 

during transient operation of the machine. If the damper cage 

is broken, fault-related components will appear in the stator 

current. Transient tracking of those components by using 

proper TFD tools provides conclusive information for the 

diagnosis of the fault. 

The proposed technique is based on a double perspective: 

qualitative (recognition of characteristic patterns) plus 

quantitative (computation of non-dimensional parameters for 

quantifying the severity of the fault). It presents important 

advantages in comparison with FFT analysis of steady-state 

current; first, because in steady-state operation no significant 

currents flow through the damper cage and, therefore, no 

significant components are induced in the stator winding. 

Second, because, even if the steady-state current is captured 

before feeding the field winding, the FFT technique would not 

be able to detect the fault-related peaks in light-loaded or 

unloaded conditions. 
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