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 This paper presents a new observer-based method which deals with the extraction of 

amplitude of characteristic frequencies for the fault diagnosis in permanent magnet 

synchronous motors (PMSM). First, a pilot survey is made to investigate the typical 

harmonics in the line currents of PMSM. Second, an appropriate structure of observer is 

formulated with the input of current signature in the time domain. By transforming into the 

Laplace domain, the convergence of the observer is proven. Using the proposed observer, a 

feature extraction method for fault detection can be introduced; in which the Park's vector 

module (PVM) of the line currents is selected as the signature for the feature extraction of 

the amplitude at the second order harmonic. Simulation and experiment of the PMSM 

operating in speed control mode are carried out to provide the line current data for analysis. 

The results show that the amplitude of second order harmonic can be calculated and on-line 

monitored that demonstrates the effectiveness of the proposed method. 
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1. Introduction 

The permanent magnet synchronous motors have been widely 

used in various industrial applications due to several advantages, 

including small size, light weight, and simple structure. Regarding 

the operation variables, these motors are known with prominent 

features of high efficiency, high power and torque density. 

Therefore, they are usually preferred selection in various home and 

industrial applications, such as electric vehicles, manufacturing 

systems, full-rated converter-based wind power systems and so on 

[1].  

During the service, the motor suffers from electrical, 

mechanical and thermal stresses that several faults, including the 

electrical, mechanical and magnetic faults, may occur. Stator inter-

turn short circuit is considered as the most common fault in 

permanent magnet synchronous motors (PMSM) with about 31% 

of all failures [2]. The inherent aggressive growth and self-

intensifying feature of the inter-turn fault in the stator lead to more 

faulty turns, phase-to-phase and phase-to-ground fault or can 

demagnetize permanent magnets irreversibly [1]. Consequently, 

the motor performance is seriously affected in the breakdown 

duration. Hence, it is essential to adopt a timely and precise 

diagnosis method in order to quickly detect the faults in PMSM 

system and have the warning signal to operators. 

The literature review shows that diagnostic techniques for 

machines can be divided into three groups: model-based fault 

diagnosis methods, signal-based fault diagnosis methods and data-

driven intelligent diagnosis methods [1], [3]. The fault diagnosis 

methods of the PMSM have been primarily built on the basis of 

the knowledge of machine model or signals. The model-based 

techniques are used to detect the fault by monitoring the difference 

between the measured output and model output to determine the 

fault type. Electrical equivalent circuit (EEC) models, magnetic 

equivalent circuit (MEC) models and finite element model (FEM) 

are commonly used to identify the inter-turn short circuit, 

eccentricity and demagnetization faults. However, the 

effectiveness of this method depends on the accuracy of the 

machine model. Meanwhile, in the signal-based methods, the 

measured signals are extracted to obtain the faulty feature in order 

to issue diagnosis decision. The feature can be extracted in 

frequency domain, time-frequency domain, wavelet domain or in 

the form of statistical one [1], [4]. The classical method carried out 

in frequency domain was fast Fourier transform (FFT) where the 

characteristic frequency could be clearly shown in the spectrum of 

the faulty signatures [4]. The FFT was extended to Short-time 

Fourier transform (STFT), which was implemented with time-

frequency analysis in order to keep the time information [5]. The 

signal was divided into small time windows to provide a high 

resolution. This method allows dealing with nonlinear complex 

signal. However, the disadvantage of this STFT is the time and 
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frequency resolution does not accurate at the same time, therefore 

it requires a high computation cost in order to get great resolution. 

This drawback is overcome by using Hilbert-Huang transform 

(HHT) method. Based on Hilbert-Huang transform, a signal 

processing in time-frequency domain could be achieved and 

implemented in transient conditions [2], [6]. To deal with the 

problem of false alarm in transient conditions, the wavelet-based 

technique was another favorite choice to be applied in the 

diagnosis systems [7]. In company with the development of 

artificial intelligence and machine learning, many data-driven 

intelligent diagnosis algorithms have been suggested recently to 

identify PMSM faults. Deep learning and support vector machine 

have been interested by many researchers because of their high 

intelligence. But the drawback of high requirements for hardware 

and long processing time limit the application of data-driven 

intelligent diagnosis method [1]. 

In the case of stator inter-turn short circuit, several methods 

that are classified by the applied signals, such as the current, 

voltage, torque, flux, electric and magnetic parameters, have been 

introduced [8]. Because the appearance of the inter-turn short 

circuit modifies the spectra of the current, the fault can be 

recognized. Once the fault occurs, the magnetic field distribution 

in the motor will vary. Therefore, there will be an increase in the 

amplitude of high-order harmonics or the appearance of new 

inter-harmonics. It is noted that, the harmonics in the line current 

are not only due to the imperfect sinusoidal flux distribution, the 

dead time of converter and the offset of sensor [9] but also the 

occurrence of inter-turn short-circuit faults in the machine [10]. 

The most common technique in the fault diagnosis, which always 

comes first in the selection for the fault diagnosis in both steady 

state and transient conditions, is based on the machine current 

signature analysis (MCSA).  

In what follows,  the indexes that are applied in the steady state 

operation of PMSMs will be synthesized. 

Spectral analysis of magnetic field signal in the air gap shows 

that the inter-turn short-circuit faults cause an increase in the 

amplitude of sideband components at the different frequencies 

(fB) as calculated in (1) [11]: 

1B f
P

k2
1f 








=  (1) 

where k = 1,3,5,...; P is the number of poles; and f1 is the 

fundamental frequency. 

Consequently, the spectrum of other motor state variables 

such as current, torque, and speed will include some interest 

frequencies. In case the supplied voltage is sinusoidal, the 

frequency pattern in the current due to inter-turn short circuit (fi) 

is presented as [8], [11], [12]: 

1i f
P

1k2
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where n = 1,3,5,...; k = 1,2,3,...  

Thus, the amplitude of this harmonic is a good indicator for 

fault diagnosis. The third-order harmonic of the negative 

frequency in the line current of permanent magnet brushless DC 

motor’s (BLDC motor) was reported and used as the fault index 

since it is independent from the imbalance of supplied source and 

operating conditions. However, the drawback of this method is 

inefficient in low speed or light load [13]-[15]. Moreover, the inter-

turn fault also causes the third-order harmonic in the line current 

[2].  

Monitoring the amplitude of the second-order harmonics in 

both current and voltage also allows detecting the inter-turn short-

circuit fault. In [8], the Park's vector is transformed from three 

phase line currents; and its module is extracted to obtain the 

amplitude at 2f1 (two times of the fundamental frequency) as the 

index for the fault detection. In [16] authors have shown the 

noticed feature of the inter-turn short-circuit fault is the magnitude 

of the second harmonic of the control voltages.  

In this study, we propose a method to extract the second order 

harmonic amplitude in the PVM spectrum for detecting the stator 

inter-turn fault of PMSM at varying load levels by using an 

observer. The feature extraction can be implemented online that 

allows establishing a detection method to timely monitor the 

machine condition. Since only second order harmonic is focused, 

the method offers a robust signal analysis and a narrow window of 

frequency to be concerned.  

The paper is organized as follows. Section 2 shows the 

performance of proposed observer. Section 3 introduces the model 

of PMSM. Afterwards, the extraction method using the proposed 

observer is presented. Simulation and experimental results are 

shown in Section 4 to illustrate the effectiveness of the proposed 

method. Finally, some conclusions are given in Section 5. 

2. Observer-based extraction method 

This section presents the convergence proof for the observer in 

the condition that the PVM of line currents includes multiple 

harmonics. As aforementioned in section 1, in the three-phase 

system, the currents of PMSM include offset and principal 

harmonics of 5th, 7th, 11th, 13th order components. Consequently, 

the PVM is composed of a DC component and other harmonic 

components in which the second order needs to be extracted for 

fault detection.  Hence, the PVM can be expressed as:  
 

i =  I0 + ∑ Ik sin(kθ+ϕ
k
)

𝑛

𝑘=1

  (3) 

where i is the PVM of the line currents, I0 is the DC component, 

Ik, ϕ
k
  represent respectively amplitudes and phase angles of k

th
 

harmonics (k = 1 for the fundamental), and n is the highest 

harmonic order that is taken into account. Note that the electrical 

angle θ = ωt where ω denotes the fundamental angular frequency. 
 It is equivalent to rewrite currents from (1) in the following 
form:  

i =  I0 +  ∑ (I
k1

sin(kθ) + Ik2 cos(kθ)) 𝑛
𝑘=1   (4) 

where Ik1=Ikcos(ϕ
ak

), Ik2=Iksin(ϕ
k
) 

Thus, the values of Ik1 and Ik2 are estimated to determinate kth 

harmonic in the current i. Following this, the current harmonic 

observer is described as follows:  

 İ̂0=α(i-î); İ̂k1=α.sin(kθ)(i-î); İ̂k2=α.cos(kθ)(i-î) (5)  
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Figure 1: Control diagram of PMSM. 

where  

î =  Î 0 + ∑ Îk1 sin(θ) + Îk2 cos(θ)

n

k=1

 (6) 

Let denote for each estimated components from (4):  

Hk(t)=  Îk1(t) sin(kωt) +Îk2(t) cos(kωt), and for DC part H0(t) = 

Îa0(t). Hence î(s) = H0+ ∑ Hk
n
k=1  

Inspired of frequency analysis idea in [17] with Laplace transform, 
we obtain the following: 

H0(s)= (i(s)-î(s))
α

s
 ,  H(s)=(i(s)-î(s))

αs

s2+(kω)2
 (7) 

 Furthermore, it can be deduced that  

î(s)=H0+ ∑ Hk
n
k=1 = (i(s)-î(s)) ( 

α

s
+ ∑

αs

s2+(kω)2

n
k=1  ) (8) 

Therefore,  

G(s)=
î(s)

i(s)
=

α
s

+ ∑
αs

s2+(kω)2
𝑛
𝑘=1  

1+ 
α
s

+ ∑
αs

s2+(kω)2
𝑛
𝑘=1

 (9) 

Considering the transfer function G(s): its gain is one at s = 0 and 

s = jkω , and almost zero if not. It implies the convergence 

î(t)→i(t)  when t → ∞ , and other convergences of harmonic 

observer components. 

Applying proposed observer, a method of feature extraction 

can be developed. Specifically, the line current is collected and 

transformed into the synchronous reference frame to obtain PVM, 

which is used as the faulty signature for the PMSM diagnosis. The 

amplitude of second order harmonic is computed and on-line 

monitored using the observer. Accordingly, whenever there is an 

increase in the amplitude, the alarm signal can be issued warning 

the fault. 

3. PMSM model 

The mathematical model of the PMSM in the synchronous 

reference frame can be expressed by [18]: 
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 (10) 

where 

id, iq: d-axis and q-axis stator currents, respectively;  

vd, vq: d-axis and q-axis stator voltages, respectively;   

: Angular velocity of the rotor;  

: Amplitude of the flux induced by the permanent magnets of 

the rotor in the stator phases;  

Rs: Resistance of stator windings;  

Ld, Lq: d-axis and q-axis inductances;  

Te: Electromagnetic torque, ( ) qdqdqe iiLLip5.1T −+= ;  

Tm: load torque; J: Inertia coefficient; and Fv: Friction 

coefficient. 

Figure 1 shows the control diagram of PMSM, which is 

designed with the speed and stator current controllers. The line 

currents (ia and ib) and the rotor position () are the feedback of the 

controllers. In the next section, the simulation will be carried out 

to provide the necessary data for the feature extraction. 

4. Estimation results 

In order to demonstrate the performance of the observer, 

simulation of PMSM is developed in the following conditions: 

− The motor is simulated using the model given in Eq. (10) of 

the Section 3; and the motor parameters are given in Table 2;  

− The PMSM is inverter-fed and controlled to operate in speed 

control mode, shown in Figure 1. The reference speed is set 

equal to 500 rpm; 
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− In order to simulate the faulty condition, a resistor is added to 

one phase of the motor creating an unbalance condition in the 

stator windings, as illustrated in Figure 2, which is similar to 

inter-turn short circuit condition.  

 

Figure 2: Stator windings with additional resistance [19]. 

− Three levels of load torque are applied to the PMSM system, 

i.e Tm = 0.05 N.m; Tm = 0.15 N.m; and Tm = 0.075 N.m, shown 

in Figure2; They are selected to observe whether the 

amplitude of the second order harmonic in the PVM signal 

varies due to load conditions or the appearance of fault.  

  

Figure 3: Torque level applied to the PMSM (upper) and PVM of stator currents 

(lower). 

− The PVM is calculated by Eq. (11) from the two-axis currents 

(id, iq), which are obtained by the Park transformation of the 

line currents (ia, ib). 

2
q

2
d iiPVM +=  (11) 

Table 1: Data of the permanent magnet synchronous motor 

Motor voltage  Vnom 20.12 V 

Motor current Inom 3.42 A 

Load torque Tmax 0.2259 N.m 

Line-line stator resistance Rs 0.57 Ω 

Line-line stator inductance Ls 0.64 mH 

Torque constant Kt 0.0592 Nm/A 

Total inertia coefficient J 1.7721.10-5 N.m/rad/s2 

Voltage constant Ke 6.2 Vpeak L – L/krpm 

If the load torque depicted in Figure3 (upper) is applied to the 

motor, the PVM is correspondingly obtained as in Figure3 (lower).  

The PVM is used as the input of the observer which computes 

the amplitude of second order harmonic by using the algorithm 

presented in section 2. The implementation of this observer is 

illustrated in Figure4, in which K = 10 that is obtained by tuning. 

 
Figure 4: Diagram of observer implementation. 

In order to create a reference for validation of the estimated 

results of the observer, the PVM is analyzed by Fast Fourier 

Transform algorithm. As a result, the spectral of PVM are obtained 

and depicted in Figs. 5, 6 and 7 for load torque levels of 0.05 N.m, 

0.15 N.m and 0.075 N.m respectively. It can be seen in all figures 

that the amplitudes of second order harmonics of the PVM in faulty 

conditions are 0.04 A, 0.013 A and 0.07 A corresponding to the 

three load torque levels, which are much greater than that of 

healthy state (nearly equal zero).  

 

Figure 5: Three first harmonics in the FFT spectral of PVM: healthy condition 

(upper) and faulty condition (lower) (Tm = 0.005 N.m)

 

Figure 6: Three first harmonics in the FFT spectral of PVM: healthy condition 
(upper) and faulty condition (lower) (Tm = 0.15 N.m) 
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Figure 7: Three first harmonics in the FFT spectral of PVM: healthy condition 
(upper) and faulty condition (lower) (Tm = 0.075 N.m) 

 

Figure 8: Observation results of 2nd harmonic amplitude of PVM Tm = 0.05 N.m 

Following this, the simulation is implemented with three 

selected level of load torque. Simultaneously, the observer is 

utilized to calculate the second order harmonic amplitude. Figs. 8, 

9 and 10 present the results of amplitude calculation at three given 

load torque levels, which are respectively compared with the FFT 

analysis results in Figs. 5, 6 and 7.  

 

Figure 8: Observation results of 2nd harmonic amplitude of PVM (Tm = 0.15 

N.m) 

 

Figure 9: Observation results of 2nd harmonic amplitude of PVM (Tm = 0.075 
N.m) 

It can also be seen in these figures that there is an increase in 

the amplitude due to the fault, which varies dependent on the level 

of load torques. As can be seen, the FFT calculation and the 

observed results are in good agreement that successfully 

demonstrates the performance of the observer.

 

Figure 10: Test-bed of PMSM 

http://www.astesj.com/


H.G. Vu et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 6, No. 2, 942-948 (2021) 

www.astesj.com     947 

The observer is also validated with experiment data to show the 

possibility of extracting the feature in the real condition which is 

disturbed by noise and other harmonics originated from the 

machine construction. The estimation is carried out offline with the 

data of currents and rotor position at the test-bed, depicted in 

Figure 10. The test-bed is composed of a Hurst PMSM, an inverter, 

an auto-transformer, and a real-time controller board (DSP) which 

allows to send the control signal to the inverter from the personal 

computer. The data of currents, voltages, and rotor position are 

acquired by using dedicated sensors. The auto-transformer is used 

to transform the 400 V AC voltage of the main grid into an 

appropriated level to supply the inverter. 

 

Figure 11: PVM of stator currents (experiment). 

 

Figure 12: Observation results of 2nd harmonic amplitude of PVM (experiment). 

The acquired stator currents are used to calculate the PVM, 

shown in Figure 11. Figure 12 presents the FFT analysis of the 

PVM (upper) in which the magnitude of the second order harmonic 

can be observed. It is then compared to the feature extraction result 

by the observer. The level of second order harmonic magnitude 

observed is at the mean value of around 0.013 A, agreed with the 

value in FFT analysis. 

 In summary, as an application of the proposed observer, the 

procedure for detecting inter-turn short circuit fault can be 

proposed that consists of following main steps: 

• Acquire samples of stator currents and rotor position;  

• Compute PVM of the stator currents; 

• Calculate the amplitude of the second order harmonic by using 

the proposed observer; 

• Evaluate the amplitude levels of second order harmonic in the 

PVM signal for the fault tripping mechanism to 

detect inter-turn short circuit. 

5. Conclusion 

In this paper, a feature extraction based on observer has been 

presented in which the second order harmonics in the PVM of line 

currents can be successfully managed. This harmonics is not 

observed in the simulation PVM signal. However, it is recorded in 

the faulty condition at different amplitude levels due to the load 

variation. The feature has been also extracted from the 

experimental PVM signal to show the performance of the observer 

in the noised conditions. The advance of proposed observer-based 

method to FFT-based method is that it can be applied to the online 

feature extraction during the operation of the PMSM. Moreover, 

the only second order of harmonic of the PVM is analyzed that 

allows to obtain a narrow window of frequency in signal analysis.  

As a future work, the faults characterized by different faulty 

frequencies and other signals in the motor will be investigated for 

the extraction and fault diagnosis. The works will be focused on 

the validation of this technique on the evaluation of further 

harmonic components, which can theoretically arise from 

different types of faults in the PMSM. 
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