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Abstract: In this paper, a diagnostic method based on symmetrical and DC components is presented for multiple open-circuit 

faults (OCFs) in a three-phase permanent magnet synchronous motor drive. The remaining phase currents under faulty situations are 

theoretically analyzed based on the Fourier series method and the mechanism of torque generation. To evaluate the asymmetry and 

discriminate fault types, the magnitude ratio of the positive sequence to the negative sequence of phase currents is designed as a fault 

detection index. Thereafter, the DC components of the phase currents in different reference frames are utilized to locate faults. 

Specifically, the polarities of the DC contents in the natural reference frame are utilized to locate a single OCF and two OCFs in 

different legs. Two OCFs in the same leg are diagnosed by evaluating the signs of the phase currents in the dq reference frame with a 

negative rotating direction. The simulated and experimental results validate the effectiveness of the developed method in fault 

detection and robustness against operating point and motor parameter variations.  
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1  Introduction  

Condition monitoring and fault diagnosis 
techniques have gained considerable research interest 
in recent years in the field of electric motor drives [1-3]. 
The correct fault detection of the machine drive is 
critical not only as a precondition for fault-tolerant 
operation but also for scheduling maintenance to 
improve the reliability and safety of the entire system [4].  

The faults in inverters and stators are usually 
known as electrical faults of machine drives, including 
short-circuit faults and open-circuit faults (OCFs), 
which account for the high failure proportion of motor 
systems [5-6]. Short-circuit faults are typically isolated 
and converted to OCFs by equipping the motor drive 
with specific hardware protection circuits because of 
its severity and destructiveness. Although the OCF 
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may not seriously shut down the drive system, and it 
can remain undetected for a period, this malfunction 
may result in overstressing healthy switches, large 
torque ripples, and mechanical vibration, while even 
causing secondary failures in other components. 
Hence, more attention has been paid to the diagnosis 
of OCF for motor drives.  

Existing OCF detection methods can be classified 
into two main groups: model-based and signal-based 
methods [7]. Model-based diagnostic techniques are 
developed by evaluating the consistency between the 
measured outputs of practical systems and the 
model-predicted outputs [8-9]. These schemes are 
load-independent and do not require additional sensors; 
however, their effectiveness and correctness are highly 
related to the accuracies of the model and parameter.  

Based on the nature of signals, signal-based 
approaches include the voltage-based method and the 
current-based method. One of the advantages of the 
voltage-based technique is its fast detection [10-12]. 
However, additional voltage sensors or hardware 
circuits are usually required, which, in many cases is 
not desirable because it increases the drive cost and 
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complexity.  
A renowned current-based method is Park’s 

vector approach, which has been used successfully for 
condition monitoring of electric motor drives and 
diagnosis of several types of malfunctions. It has 
shown high diagnostic effectiveness and robust 
performance against false alarms [13-14]. In addition, the 
motor current signature analysis approach has been 
widely studied [15-17]. Ref. [15] proposed a three-step 
method for OCFs in dual three-phase permanent 
magnet synchronous motor (PMSM) drives. The 
amplitude and direction of motion of the harmonic 
currents were used for fault detection. The average 
absolute values of the phase currents were calculated 
to locate failures. In Ref. [16], the shape of the current 
space trajectory associated with different types of 
OCFs was considered as the fault diagnosis feature. 
Moreover, a diagnosis method based on current 
residuals and machine learning models was presented 
in Ref. [17]. The machine learning algorithm 
diagnoses faults by comprehensively assessing the 
current residuals. Recently, model predictive control 
has been applied in conjunction with current-based 
diagnostic schemes for condition monitoring and fault 
detection [18-20]. In Ref. [19], a cost function-based 
open-phase fault (OPF) diagnostic method was 
proposed for PMSM drives, where the output of the 
cost function in the model predictive current control is 
utilized to monitor the system conditions. The faulty 
phase was located by the phase angle difference of the 
currents. Apart from condition monitoring, fault type 
classification has also been implemented by evaluating 
the average value of the cost function. The polarities 
and phase angles of the faulty current vectors were 
utilized to locate the OCFs in each fault category [20].  

The symmetrical component (SC), which 
contains a large amount of information about the 
motor voltage or current balance, magnitude, and 
phase, has been employed as a promising tool in 
condition analyses [21]. Many proposed approaches that 
leverage SC characteristics have been presented in the 
field of fault diagnosis for motor drives [22-24]. With 
SCs, the phase angle and magnitude of the negative 
and zero sequence currents were considered as 
indicators of the stator faults [22]. In Ref. [23], a 

generalized current SC-based method was proposed 
for stator and rotor faults of motor drives. Furthermore, 
the SC theory was extended to a five-phase PMSM 
drive [24]. The patterns of magnitude and phase angle 
changes of the fundamental content in the SC were 
investigated and utilized to identify different types of 
OPFs. However, considering the OCF diagnosis, most 
existing SC-based schemes are concentrated on 
open-phase failures. Studies of multiple OCFs in 
machine drives are relatively rare. 

To diagnose multiple OCFs in PMSM drives, a 
diagnostic approach based on the SC theory and the 
current analysis is proposed in this paper. A total of 21 
possible combinations of OCFs are investigated in this 
study. The general characteristics of the phase currents 
under faulty situations are theoretically analyzed 
according to the mechanism of torque generation and 
the SC method. The magnitude ratio of the positive 
sequence to the negative sequence is calculated and 
designed as a detection index to discriminate the fault 
types. Thereafter, the polarities of the phase-current 
DC components in different reference frames are 
utilized to locate faulty switches. Consequently, the 
developed method can correctly diagnose single and 
multiple OCFs. 

The remainder of this paper is organized as 
follows. In Section 2, the phase currents under four 
faulty conditions are analyzed based on the Fourier 
series method and mechanism of torque generation. In 
Section 3, the principle of the proposed diagnostic 
method for OCFs is presented. The performance of the 
proposed scheme is validated by simulations and 
experiments in Sections 4 and 5, respectively. Finally, 
the conclusions are presented in Section 6. 

2  Current analysis under normal and faulty 
conditions 

2.1  Normal condition 

The topology of a two-level voltage-source 
inverter-fed PMSM drive is illustrated in Fig. 1. 
Supposing that the stator windings of a PMSM are 
distributed evenly and symmetrically in space. The 
phase current and back electromotive force in the 
three-phase stationary reference frame can be 
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expressed as 
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where 
m r r fE Pω ψ= −  

In addition, Im is the amplitude of the phase current, θe 
is the electrical angle, and ψf is the fundamental 
magnitude of the phase PM flux linkage. Further, ωr is 
the mechanical angular velocity, and Pr is the number 
of pole pairs. 

According to the mechanism of torque generation, 
the electromagnetic torque equation is derived as 
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Fig. 1  Schematic of a three-phase PMSM drive 

2.2  Faulty condition 

Two groups of failures, a single OCF and two 
OCFs, were investigated in this study. According to 
the localization and number of faulty devices, a total 
of 21 OCFs are broadly categorized into four types. 

(1) Single OCF.  
(2) Two OCFs in two different legs, one in the top 

switch and the other in the bottom switch. 
(3) Two OCFs in two different legs, both of which 

are in the top or bottom switches. 
(4) Two OCFs in the same leg. 

If an IGBT is open-circuit, the phase current 
associated with the faulty leg loses its positive or negative 
half-cycle. Owing to the star connection, the sum of the 
three-phase currents is zero, that is, ia+ib+ic=0. After an 
OCF, the conduction paths of the healthy legs must be 
changed to maintain current equilibrium. 

Assuming that an OCF occurs in IGBT T1, the 
current of phase A is limited to flow only in the negative 
direction. The expression of the faulty phase current can 
be derived using the Fourier series as follows [25] 
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where Im is the amplitude of the phase currents.  
For the remaining healthy phases, the 

instantaneous currents can be deduced using the 
Lagrange multiplier method [26] as 
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where Te
ref is the torque reference and S={a, b, c}, 

j={b, c}. 
Consequently, the expressions of the phase 

currents for the OCF in IGBT T1 are summarized as 
follows 
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where iq
ref is the q-axis current reference from the 

output of the speed PI controller. 
When two OCFs in the second fault type occur, the 

phase current related to the faulty switch in the top loses 
its positive half-cycle, while the other one loses its 
negative component. Assuming that T1 and T4 are 
open-circuit, the residual currents are expressed as in Eq. 
(7). Similarly, the expressions of the faulty phase currents 
associated with the third type can be achieved. 
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When two OCFs simultaneously occur in the 
same leg, the corresponding phase current becomes 
null, which is equivalent to an OPF. As a result, the 
currents in the two other phases are opposite in the 
phase angle, and their magnitudes increase by a factor 
of 3 . For example, when T1 and T2 are in the faulty 
condition, ia=ib+ic=0, the following expressions can be 
deduced 
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3  Proposed OCF diagnosis method 

3.1  Symmetrical component 

Based on the SC theory, the phase currents of a 
three-phase motor drive system can be transformed 
into three symmetrical components: positive sequence 
(PS), negative sequence (NS), and zero sequence (ZS) 
components. As shown in Fig. 1, the motor winding is 
connected in a star with an isolated neutral point; thus, 
the ZS content is null. The SC transformation is 
defined as 
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where β=exp(j2π/3).  
With the transformation above, the PS and NS 

components of the phase currents are theoretically 
obtained as  
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where pI  and nI  are the PS and NS components of 
the phase A current, respectively. 

The sequence components are defined in phasor 
form as 
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where mp/mn and φp/φn are the magnitude and phase 

angle of the PS and NS components, respectively.  
According to the method in Ref. [27], the PS and 

NS components can be expressed using two rotating 
reference axes: dq+1, rotating in the positive direction 
and whose angular position is θe, and dq−1, rotating in 
the negative direction with an angular position of −θe. 
Then, the magnitude and phase angle of the PS 
components are expressed as 
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Similarly, the amplitude and phase angle of the 
NS component are obtained. Substituting Eqs. (4) and 
(6) into Eq. (13), the dq-axis components in the two 
rotating references are presented in Eqs. (15) and (16), 
respectively, as follows 
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The faulty current magnitude is calculated in 
terms of the average value of the q-axis current 
reference over the fundamental period 
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where i={1, 2, 3, 4}. 
With the Fourier series of faulty currents, the 

analytical results of SC magnitudes under four OCF 
situations are obtained, as listed in Tab. 1. The 
magnitudes of both the PS and NS components in each 
type of fault are fixed to constant values while 
differing from each other. Moreover, the amplitudes of 
the two sequences indicate the degree of current 
asymmetry for different fault types, providing a 
desirable characteristic for classification. 

Tab. 1  Analytical results of SC magnitudes under different 

faulty conditions 

Condition Faulty 
switch 

Magnitude 
of PS mp 

Magnitude 
of NS mn 

Fd=mp/mn 

Normal None Im 0 Inf 

1 

T1 

0.833 4Im1 0.166 7Im1 5.002 4 

T2 

T3 

T4 

T5 

T6 

2 

T1 T4 

0.75Im2 0.144 4Im2 5.193 9 

T1 T6 

T2 T3 

T2 T5 

T3 T6 

T4 T5 

3 

T1 T3 

0.583 3Im3 0.220 5Im3 2.645 4 

T1 T5 

T3 T5 

T2 T4 

T2 T6 

T4 T6 

4 

T1 T2 

0.866 4Im 0.866 4Im 1 T3 T4 

T5 T6 

3.2  Fault diagnosis 

3.2.1  Fault type classification 
According to the results in Tab. 1, the magnitude 

ratio of the PS component to the NS component is 
defined as a fault detection (Fd) index to detect fault 
types and eliminate the impact of the load torque. By 
selecting appropriate thresholds, different OCF types 
can be discriminated. 

3.2.2  Fault localization 
Once the fault type is determined, it is necessary 

to locate the faulty switch. The above-mentioned 
theoretical deductions indicate that the signs of the 
phase-current DC components vary with the faults in 
the first three types, which can be extracted as the 
characteristic of fault localization.  

For calculation simplification, the polarities of 
the phase-current DC components are achieved in 
terms of average values, as shown in Eqs. (18)-(19). In 
addition, the normalization method is applied to 
address the issue associated with the operation 
condition dependence. Tab. 2 summarizes the DC 
component signs for the OCFs in the first three 
conditions. 

Tab. 2  Signs of current DC components in the 

first three fault types 

Switch dA dB dC Fault 
number 

T1 −1 1 1 1 

T2 1 −1 −1 2 

T3 1 −1 1 3 

T4 −1 1 −1 4 

T5 1 1 −1 5 

T6 −1 −1 1 6 

T1 T4 −1 1 0 10 

T1 T6 −1 0 1 11 

T2 T3 1 −1 0 12 

T2 T5 1 0 −1 13 

T3 T6 0 −1 1 14 

T4 T5 0 1 −1 15 

T1 T3 −1 −1 1 16 

T1 T5 −1 1 −1 17 

T3 T5 1 −1 −1 18 

T2 T4 1 1 −1 19 

T2 T6 1 −1 1 20 

T4 T6 −1 1 1 21 
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where H is the hysteresis width, n={a, b, c}. 
According to Eq. (10), the two residual currents 

are opposite-phase signals of the same magnitude. The 
DC component sign of the remaining currents under 
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OPF conditions cannot be used to identify fault 
devices because their values are zero. Nevertheless, 
considering their specific expressions, the fault 
features can be easily extracted based on the SC theory. 
Substituting Eq. (10) into Eqs. (14)-(15), the 
normalized average values of the phase currents in the 
two rotating reference axes under different OPF 
conditions are derived, as listed in Tab. 3. 

Tab. 3  Normalized average values of phase current on two 

rotating references axes under OPF conditions 

Switch Idp Iqp Idn Iqn 

T1 T2 0 0.866 5 0 0.866 5 

T3 T4 0 0.866 5 0.750 4 −0.433 2 

T5 T6 0 0.866 5 −0.750 4 −0.433 2 

The normalized average values of the phase 
current in the dq+1-axis remain unaffected, while those 
in the dq−1-axis change significantly. Therefore, the 
polarities of the phase current in the dq−1-axis are 
employed to locate the OPFs, as listed in Tab. 4. 

Tab. 4  Localization results for OPFs 

Switch ddn dqn Fault number 

T1 T2 0 1 7 

T3 T4 1 −1 8 

T5 T6 −1 −1 9 

Consequently, a total of 21 OCFs are categorized 
into four types, which can be identified by the 
magnitude ratio of the PS to NS components. Then, 
the specific faults are located by the DC components 
of the phase currents. A block diagram and a flow 
diagram of the proposed fault diagnosis method are 
shown in Fig. 2. 

 

Fig. 2  Block diagram of the proposed fault diagnosis method 

4  Simulations 

Simulations were conducted in the Matlab/ 
Simulink environment to validate the effectiveness of 
the developed diagnostic method. The parameters of 
the three-phase PMSM are listed in Tab. 5. A model 
predictive current control strategy was employed to 

regulate the motor drive system. Fig. 3 shows a 
diagram of the control and diagnosis structures. 

Tab. 5  Specifications of the PMSM 
Items Specifications 

Pole pairs of rotor, Pr 4 

Phase resistance, Rs /Ω 2.88 

d-axis inductance, Ld /mH 6.4 

q-axis inductance, Lq /mH 6.4 

PM flux-linkage, ψf /Wb 0.070 7 

Rated speed, n/(r/min) 3 000 

Rated torque, Ten/(N·m) 2.4 

Rated phase current, In/A 4 

 

Fig. 3  Diagram of the control and diagnosis structures 

The values of the thresholds were first 
investigated. The reference speed was set to 1 200 
r/min with a load of 1.8 N·m. After a large number of 
tests, the thresholds H and δ1 are specified as 0.1 A and 
7.80, respectively. To avoid an infinite value, the range 
of the ratio is limited to [0, 12].  

The waveforms simulated by the proposed 
method under the OCF conditions are shown in Fig. 4. 
When the drive system operates in the normal state, 
the phase currents are balanced and sinusoidal, and the 
magnitudes of the PS and NS components of the phase 
currents are 1 p.u. and zero, respectively. Thus, the 
fault detection variable is fixed to the upper bound, 
and the fault number is zero. At the instant t=0.03 s, 
two OCFs occur simultaneously in T4 and T5. The 
phase currents are no longer balanced, with the 
positive half-cycle of the phase B current and the 
negative half-cycle of the phase C current being 
eliminated. A disturbance can be observed with the 
amplitude of the PS component, while the NS 
magnitude increases owing to the asymmetry of the 
faulty currents. Subsequently, the fault detection index 
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decreases, and the polarities of the phase current DC 
components change. Consequently, the fault number 
stabilizes at 15, suggesting that both T4 and T5 are 
open-circuit. The time of the fault diagnosis is 7.80 ms, 
which is approximately 62.40% of the motor current 
cycle (12.50 ms). The simulation results show that the 
theoretical deduction can provide desirable guidance 
for faulty current analysis. Meanwhile, the proposed 
diagnosis method can effectively identify OCFs in a 
PMSM drive, and the diagnosis time is less than the 
phase current fundamental period. 

 

Fig. 4  Simulated waveforms by proposed method under 

normal and faulty conditions 

5  Experiments 

To verify the effectiveness of the proposed 
control method, experimental validations were 
conducted on a three-phase PMSM with the same 
parameters listed in Tab. 5. The test platform setup is 
shown in Fig. 5. A three-phase PMSM is coupled with 
a magnetic powder brake, which is used to provide the 
load torque. A current regulator is employed to adjust 
the current of the magnetic powder brake. A DC 
source is adopted to support the DC link voltage, and 
an Infineon IGBT modular (FP40R12KT3) is used as 
the inverter. The actual rotor position is obtained using 
an incremental encoder with 2 500 pulses per 
revolution. The phase current is measured using a 
KEN TBC-DS5 current sensor. The control strategy 
and the proposed fault diagnosis algorithm are 
implemented in the DSP TMS320F28346 control 
board, which is embedded in the controller. The 
sampling frequency is set to 10 kHz. An OCF is 
implemented by turning off the driving signal of the 
corresponding switch. Owing to the limitation of 
channels, only four waveforms, namely the fault 
detection index, fault number, phase current, and 
amplitude of the NS component, are captured and 
presented by an oscilloscope. The values of the four 
thresholds are obtained after several attempts, as listed 
in Tab. 6. The upper limit of the fault detection 
variable is set to 12. 

 

Fig. 5  Experimental platform 
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Tab. 6  Values of four thresholds 

Threshold H/A δ1 δ2 δ3 δ4 

Value 0.2 8.00 6.00 3.00 1.20 

5.1  OCF test 

(1) Single OCF. Fig. 6 shows the experimental 
waveforms obtained using the proposed diagnostic 
method for an OCF in IGBT T1. The PMSM operates 
at 1 200 r/min with a constant load of 1.8 N·m. Under 
normal operation, the magnitude of the NS component 
is nearly null. Thus, the fault detection variable is 
fixed to the upper limit, and the fault number is zero. 
When an OCF occurs in T1, the positive half-cycle of 
the phase A current is eliminated immediately, and the 
remaining part is no longer sinusoidal. The amplitude 
of the NS component increases while the fault 
detection index decreases and converges to a value 
near 5.50, which is less than the threshold δ2. 
Consequently, the fault number varies from zero to 
one, which is identical to the theoretical analysis. In 
the diagnostic process, a transient false number is 
found with the fault number waveform. This is 
because the second fault type is identified when the 
fault index is located in the range of δ2 to δ1. The time 
interval between the failure occurrence and 
localization is 8.67 ms, which approximately 
corresponds to 69.36% of the phase current 
fundamental period. 

 

Fig. 6  Experimental results by the proposed method for an 

OCF in T1 

(2) Two OCFs in the second fault type. The 
experimental results of the proposed method for the 
OCFs in T4 and T5 are shown in Fig. 7. After the 
failures, the phase A current becomes nonsinusoidal. 
Compared with the simulated results in Fig. 4, the 
amplitude of the experimental phase A current under 
fault conditions is relatively lower. Meanwhile, the 

magnitude of the NS component and the fault 
detection variable vary in opposition; the former 
increases and the latter decreases. The index Fd 
converges to 10, and the fault number steps from 0 to 
15, indicating that both T4 and T5 are open-circuit. In 
this state, the switch failure is diagnosed in 8.00 ms, 
which is approximately 64.00% of the motor current 
cycle. 

 

Fig. 7  Experimental results by the proposed method for OCFs 

in T4 and T5 

(3) Two OCFs in the third fault type. When two 
OCFs simultaneously occur in the top switches (T1 and 
T5), the phase A current loses its positive half-cycle, 
and the magnitude of the remaining component 
increases, as shown in Fig. 8. In addition, the fault 
detection variable declines to a value of approximately 
2.60, which is located in the range of δ4 to δ3. As a 
result, the fault type is discriminated and the fault 
number stabilizes at 17, although transient false alarms 
are generated. The fault is correctly identified with a 
time interval equivalent to 9.42 ms. 

 

Fig. 8  Experimental results by the proposed method for  

OCFs in T1 and T5 

(4) Two OCFs in the same leg. The performance 
of the proposed method under OPF conditions is 
shown in Fig. 9. Taking phase A as an example, when 
both T1 and T2 are open-circuit, the phase current 
becomes null. The amplitude of the NS component is 
the highest, and the fault detection index is the lowest 
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among the four faulty conditions. Once the index Fd is 
less than or equal to δ4, the OPF is classified. According to 
the characteristics listed in Tab. 3, the fault number varies 
from 0 to 7, indicating that the two switches connected to 
phase A are under faulty scenarios. The time interval 
between the failure occurrence and localization is 10.20 
ms, which corresponds to 81.60% of the phase current 
fundamental period. 

 

Fig. 9  Experimental results by the proposed method for OCFs 

in T1 and T2 

The experimental results verified that the 
developed approach can detect fault types and locate 
faulty devices effectively. The diagnosis time for the 
four types of faults is less than the motor current cycle. 
In addition, slight discrepancies could be found with 
the detection time for different fault types owing to the 
impact of the threshold values. 

5.2  Transient performance 

To evaluate the robustness of the proposed OCF 
diagnosis approach, tests with varying loads were 
performed, as shown in Fig. 10. The speed reference is set 
to 1 200 r/min. The given load increases from 0.5 N·m  
to 1.8 N·m, which are corresponding to 20.83% and 
75.00% of the rated load, respectively. Because the 
tension of the magnetic powder brake cannot be adjusted 
instantaneously, it is difficult to realize an ideal load step 
in this platform. As shown in Fig. 10, the index Fd 
remains unchanged in the load variation scenario. 
Consequently, the fault number remains zero because Fd 
is fixed to the upper limit. The results indicate that the 
developed algorithm is load-independent. 

A speed variation test was also conducted, as 
shown in Fig. 11. The reference speed steps from 900 
r/min to 1 200 r/min with a constant load of 1.8 N·m. 
After a temporary adjustment, the phase A current 
becomes sinusoidal and balanced. In addition, the 

amplitude of the NS component recovers to a value 
near zero after a slight fluctuation, whereas the fault 
detection index is unchanged. As a result, the fault 
number remains zero. The experimental results show 
that the proposed fault diagnosis method is robust to 
speed variations. 

 

Fig. 10  Experimental results under variable speed condition 

 

 

Fig. 11  Experimental results under variable speed condition 

5.3  Comparison analysis 

Comparative tests were performed to investigate 
the superiority of the proposed method. Fig. 12 shows 
the experimental results of the diagnostic approach in 
Ref. [20] and the developed method for OCF in T1 
under the parameter mismatch situation. The q-axis 
inductance is 140% of the nominal value in the 
predictive current model. In general, the two methods 
can effectively diagnose OCFs within the phase 
current fundamental period. Because the cost function 
is highly associated with the motor parameters, the 
fault detection index varies under the parameter 
variation condition. Once this variable is greater than 
the threshold, a false alarm is generated, as shown in 
Fig. 12a. In contrast, the developed method is 
implemented using current components, which are 
more robust against parameter uncertainties.  
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Fig. 12  Experimental results by two diagnostic methods for 

OCF in T1 under parameter mismatch condition 

Tab. 7 lists the detection time and possible 
combinations of faulty switches of the proposed 
algorithm and existing diagnostic approaches. 
Considering that the developed scheme is related to 
SCs, average values, and normalized DC currents, the 
methods in Refs. [13-14, 28] were employed for 
assessments. The SC-based method in Ref. [24] 
mainly focuses on OPF detection for a five-phase 
induction motor drive without considering the 
diagnosis time. Except for the approach in Ref. [24], 
the diagnostic time of the other algorithms is less than 
that of the phase current fundamental cycle. Two 
Park’s vector approach-based methods in Ref. [13] and 
Ref. [14] can diagnose single and multiple faults. In 
addition, the normalized DC current method can only 
identify a single OCF. In contrast, the proposed 
method can effectively address both single and 
multiple faults. 

Tab. 7  Comparisons among different diagnostic methods 

Methods Fundamental 
period 

Combinations of 
faulty switches 

SC-based [24] — 15 (OPFs) 

Errors of normalized currents 
Average absolute values [13] <1 15 

Normalized reference current 
errors [14] <1 27 

Normalized DC current [28] <1 6 

Proposed method <1 21 

6  Conclusions 

Based on the SC theory and DC component, a 
diagnostic approach for OCFs in PMSM drives is 
presented in this paper. The amplitude ratio of the PS 
to NS components is employed to monitor the drive 
conditions and classify the types of failures. The 
polarities of the phase current DC elements in the 
natural reference frame are utilized to locate a single 
OCF and two OCFs in different legs. In addition, the 
OPF is diagnosed by evaluating the sign of the phase 
current in the dq−1 rotating reference frame. The 
simulated and experimental results prove that the 
developed diagnosis algorithm can correctly 
discriminate and locate a single OCF and two OCFs. 
The detection time is less than the fundamental phase 
current period. Moreover, the proposed method shows 
a desirable robustness against operating point and 
motor parameter variations. 
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