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Abstract 

 

Condition monitoring has been recognized as an effective and low-cost method to enhance the reliability and improve the 
maintainability of power electronic converters. In power electronic converters, high-frequency oscillation occurs during the 
switching transients of power transistors, which is known as ringing. The ringing frequency mainly depends on the values of the 
parasitic capacitance and stray inductance in the oscillation loop. Although circuit stray inductance is an important factor that 
leads to the ringing, it does not change with transistor aging. A shift in either the inside inductance or junction capacitance is an 
important failure precursor for power transistors. Therefore, ringing frequency can be used to monitor the health of power 
transistors. However, the switching actions of power transistors usually result in a dynamic behavior that can generate oscillation 
signals mixed with background noise, which makes it hard to directly extract the ringing frequency. A frequency extraction 
method based on empirical mode decomposition (EMD) and Fast Fourier transformation (FFT) is proposed in this paper. The 
proposed method is simple and has a high precision. Simulation results are given to verify the ringing analysis and experimental 
results are given to verify the effectiveness of the proposed method. 
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I. INTRODUCTION 

Power electronic converters have been widely used in many 
fields such as industry, military and aerospace due to their 
low noise and high efficiency [1]-[3]. However, with increases 
in the integration density and complexity level, reliability- 
related issues are becoming increasingly acute. To study the 
failure distribution of the different components in a power 
electronic system, an industry survey has been conducted and 
the results indicate that semiconductors are one of the most 
age-affected components [4]. In order to know the aging 
situation of power transistors to prevent catastrophic failures, 
several efforts in failure precursor parameter extraction have 
been made to monitor the health condition of power transistors. 
As reported in [5]-[8], the aging indicator parameters associated 

with power transistors include the threshold voltage, thermal 
resistance, on-resistance and parasitic capacitance/inductance 
of power transistors. 

Increases in on-resistance are mainly caused by bond 
failure, which is a crack at the bond wire/chip interface due to 
the dissimilarity between the thermal expansion coefficients 
of Si and Al. To evaluate bond failures, the on-resistance is 
the most used failure indicator [9]-[11]. To identify variations 
of on-resistance, the most direct approach is to measure the 
on-state voltage and current for calculations. However, in live 
converters, the voltage across the transistor is under the 
alteration of the on-state level and the off-state voltage level. 
When measuring the on-state voltage, the measurement range 
of the voltage sensor must be set wide enough to sustain the 
off-state voltage. Otherwise, the voltage sensor can be 
saturated or even damaged, which results in further 
measurement failures due to the lack of recovery. To solve 
this problem, voltage clamp circuits are proposed to clamp 
the off-state voltage to a low value [9], [11]. However, these 
voltage clamp circuits often introduce problems such as time 
delays, voltage peaks and measurement offsets. To avoid the 
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aforementioned problems, spread spectrum time domain 
reflectometry (SSTDR) is adopted to detect the on-resistance 
variations of MOSFETs [10]. However, this method needs to 
introduce additional hardware. It also needs to inject signals 
to the tested transistor. Most importantly, on-resistance-based 
methods all need to add extra circuits, which increase the 
system complexity and produce more power loss. 

The increase in the thermal resistance is mainly caused by 
die solder layer failures, which are cracks at silicon die and 
copper substrate interfaces. To evaluate die solder layer 
failures, thermal resistance is often used. To identify the 
thermal resistance, the power loss on the transistor and 
junction temperature of the transistor need to be measured for 
calculation [12], [13]. To accurately calculate the power loss 
on the transistor, extra high-precision sensors need to be 
added, which increases system cost. The junction temperature, 
unlike the surface temperature, is difficult to measure directly 
by thermos-sensitive material. Although a lot of junction 
temperature estimation methods have been proposed [14], 
[15], their implementation approaches are highly complex. 

Shifts of threshold voltage are mainly caused by 
degradation in the gate oxide of transistors. To monitor the 
threshold voltage in real-time, the most popular method is to 
simultaneously extract the drain current and the gate-to- 
source voltage [13], [14]. However, there is a problem similar 
to that in on-state voltage measurement when measuring the 
drain current. Moreover, capturing the threshold voltage 
accurately under high-speed switching is very difficult. Although 
increasing the driving resistance to slow the switching speed 
is an effective method, it is not suitable for on-line monitoring. 

Variations of the parasitic capacitance/inductance are 
mainly caused by bond failures. Cracks at bond wire/chip 
interfaces or bond wire liftoff increases the parasitic inductance. 
The switching dynamic characteristics of MOSFETs/IGBTs, 
such as the turn-on/turn-off time, gate-voltage behavior and 
gate current, can be used to monitor this degradation [16]- 
[18]. However, these methods are not suitable for diodes. For 
improved commonality, frequency response (ringing) has 
been verified and adopted to monitor related degradation 
[19]-[21]. In power electronic converters, high-frequency 
oscillations occur during the switching transients of power 
transistors, which is known as ringing. In [19], a band-pass 
filter is used to extract the ringing current and FFT is used to 
acquire the ringing frequency spectrum characterization. The 
obtained ringing characteristic is used for transistor condition 
monitoring. However, in the case of unknown ringing 
characteristic, it is difficult to design such a band-pass filter. 
In [20], the matric pencil method was used to plot the pole 
locations associated with a ringing waveform. However, the 
aging information acquired from the pole locations may not 
be effective since other factors, such as the driving resistance 
and the load current, can also result in changes in the pole 
locations. In [21], by measuring the voltage across the stray  

        
(a) (b) 

Fig. 1. Equivalent models of: (a) Power MOSFET; (b) Diode. 
 

inductance, a ringing frequency capture method based on 
FFT is proposed. However, the ringing frequency is affected 
by the input voltage, and the voltage across the stray 
inductance cannot provide information on the input voltage. 
To avoid these problems, by measuring the leg midpoint 
voltage, a ringing frequency extraction method based on 
EMD and FFT is proposed in this paper. The proposed 
method can obtain both the ringing frequency and the input 
voltage, which can provide effective information on the 
health of transistors. The proposed method is simple and has 
high precision. 

This paper is organized as follows. Section II analyzes the 
ringing characterization and the ringing frequency is shown 
to be a good failure indicator for power transistors. To 
accurately extract the ringing frequencies, a ringing frequency 
extraction method based on EMD and FFT is proposed in 
Section III. Simulations are carried out to verify the ringing 
analysis in Section IV. Experimental results are provided to 
demonstrate the validity of the proposed frequency extraction 
method in Section V. Finally, a summary is presented in 
Section VI. 

 

II. RINGING CHARACTERIZATION ANALYSIS 

In this section, ringing during the switching process is 
deeply analyzed. As a basic circuit topology, a Buck converter 
is adopted as the object of analysis. Equivalent models of a 
power MOSFET and a diode that consider all of the crucial 
parasitic elements are shown in Fig. 1. 

The considered parasitic elements of the power MOSFET 
are the drain-source capacitance Cds, gate-source capacitance 
Cgs, gate-drain capacitance Cgd (Crss), drain inductance Ld1, 
source inductance Ls1, and gate inductance Lg1. Ciss = Cgs + 
Cgd and Coss = Cds + Cgd are denoted as the input and output 
capacitances of the MOSFET, respectively. The considered 
parasitic elements of the power diode are its junction 
capacitance Cdf, on-state resistance Rdf, and parasitic 
inductance Ldf1. With these taken into consideration, an 
equivalent circuit model is shown in Fig. 2, where Ld2, Ls2, Lg2, 
and Ldf2 are the stray inductances external to the MOSFET 
and diode in the circuit. For the sake of convenience, the  
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Fig. 2. Equivalent circuit model of a Buck converter considering 
the parasitic parameters. 
 

 
Fig. 3. Nonlinear capacitance obtained from a datasheet. 

 
parasitic inductances in the power loop are denoted as Le = 
Ld1+ Ld2 + Ls2+ Ldf1+ Ldf2. Rg is the driving resistance and the 
gate signal is assumed to flip between 0 and Vg with a zero 
rise time and a zero fall time in the analysis. Lf is the output 
filter inductor and Cf is the output filter capacitor. RL is the 
load resistance. 

Referring to a datasheet of the MOSFET IXFK64N50P, 
the parasitic capacitances characteristics are presented in Fig. 
3, where vds is the drain-source voltage. It can be found that 
the junction capacitances of the power MOSFET are affected 
by the drain- source voltage. Similarly, the junction capacitances 
of the power diodes are affected by its reverse voltage. 
Therefore, the voltage across a MOSFET or diode is an 
important factor that needs to be considered for health 
evaluation. 

A. Turn-On Switching Ringing 

Turn-on ringing occurs after a MOSFET is turned on and 
the ringing loop is denoted by the red line in Fig. 4(a). During 
this transient, the MOSFET can be equivalent to its on- 
resistance Rds(on) and the diode can be equivalent to its 
junction capacitor Cdf. According to the oscillation loop, it 
has been reported that oscillation damping can be used to 
monitor the variation of Rds(on) in [20]. However, it can be 
seen that the driver resistance Rg affects the oscillation 
damping due to the stray inductance Ls1, which is shared by 
both the driver and power loops. For this consideration, the 
ringing equivalent circuit can be derived as Fig. 4(b). In  

 
(a) 

 
(b) 

 
(c) 

Fig. 4. Turn-on ringing equivalent circuits: (a) Circuit 1; (b) 
Circuit 2; (c) Circuit 3. 

 
general, the gate drive circuit is placed close enough to the 
MOSFET to decrease the oscillation introduced by Lg, where 
Lg= Lg1+ Lg2. Due to the large value of Ciss and the small 
value of Lg, the impedance of Ciss and Lg at the oscillation 
frequency is much smaller than Rg, i.e., 1/Cisssringing+ Lgsringing 
<< Rg. Therefore, to simplify the analysis, an equivalent 
circuit model can be simplified as shown in Fig. 4(c). 

According to Fig. 4(c), the frequency-domain expression 
of the voltage across Cdf can be derived as: 

  (1) 

where Cdf_Vin is the capacitance of Cdf at the voltage Vin. 
Usually, it is satisfied that: 

   (2) 

              (3) 

Accordingly, Equ. (1) can be simplified as: 

MOSFET

Rg vg

Cf

Lf

RL

Ls2

Ldf1

Ls1

g

d

Cgd

Cds

s

Lg1

Df

Cgs

GVin

Ld1Ld2

Lg2

D S

Rdf

Cdf

Ldf2

Diode

M

N

SD

MOSFET

Rg vg

Cf

Lf

RL

Ls2

Ldf1

Ls1

g

d

Cgd

Cds

s

Lg1

Df

Cgs

GVin

Ld1Ld2

Lg2

Rdf

Cdf

Ldf2

Diode
N

Rds(on)

M

Vin

Ls1

Rg

Cdf

Le

Lg

Ciss

Rds(on)

Vin

Ls1

Rg Cdf

Le Rds(on)

df_Vindf

in
ds(on) s1 g e

df_Vin

s1 g

3
s1 e df_Vin g ds(on) df_Vin s1

2
g g e s1 ds(on) s1 df_Vin

1

( )
1( ) //

+
=

+

( )

C sv s

V s R L s R L s
C s

L s R

L L C s R R C L s

R R L L R L C s


  

      
 

      

（ ）

s1 e df_Vin g e s1 ds(on) s1

g e s1 ds(on) s1 g

( )

( )

L L C R L L R L

R L L R L R

 

 

ds(on) s1 g e s1( )R L R L L



310                       Journal of Power Electronics, Vol. 19, No. 1, January 2019 
 

     (4) 

For a second-order system as in (4), the oscillation damping 
and frequency can be calculated as: 

  (5) 

where ζon, fon_n and fon_d are the oscillation damping coefficient, 
undamped oscillation frequency and damped oscillation 
frequency, respectively. In most cases, it is satisfied that: 

                (6) 

which means that Rg dominates the damping value of the 
turn-on ringing. In this case, it is hard to evaluate the power 
MOSFET aging associated with Rdson from the damping 
detection. 

B. Turn-Off Switching Ringing 

Similar to the derivation of the turn-on ringing circuit 
model, an equivalent circuit model of the turn-off ringing can 
be derived as shown in Fig. 5. 

According to the derived model shown in Fig. 5(c), the 
oscillation damping and frequency of the turn-off ringing can 
be calculated as: 

  (7) 

where Coss_Vin is the capacitance of Coss at the voltage Vin. In 
most power electronic converters, it also satisfies: 

                 (8) 

which means that it is hard to evaluate the diode aging 
associated with Rdf from the damping information. 

Although an increase in on-resistance is an aging indicator 
for the bond failure of power transistors, the damping 
coefficient is not a good indicator to evaluate the transistor 
aging associated with on-resistance. Actually, a degradation 
at the contact area of the bonding wire metallization causes 
increased in both the on-resistance (Rdson and Rdf) and 
parasitic inductance (Ls1/Ld1 and Ldf1). Combining Equ. (5) 
and Equ. (7), it can be found that the ringing frequency is  
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(c) 

Fig. 5. Turn-off ringing equivalent circuits: (a) Circuit 1; (b) 
Circuit 2; (c) Circuit 3. 

 
decreased due to a bond wire failure. Therefore, a shift of the 
switching ringing frequency is used to evaluate bond wire 
degradation for the transistors in this paper. 

 

III. PROPOSED RINGING FREQUENCY  
EXTRACTION METHOD 

To obtain the input voltage and the ringing frequency 
simultaneously, vM is chosen for ringing frequency extraction. 
In order to extract the ringing frequency from the signal vM, 
the proposed method is illustrated in Fig. 6. The ringing 
frequencies obtaining process is divided into four steps: 

A. Step 1 (Pre-processing) 

To acquire useful ringing signals, the signal vM needs pre- 
processing. When off-to-on ringing occurs on the high- 
voltage level, a high-pass filter is adopted to remove the dc 
component. In addition to a dc component, vM contains a 
switching-frequency component. Therefore, the cut-off 
frequency of the high-pass filter should be set higher than 
switching frequency. However, it should be lower than the 
ringing frequency. 5 times the switching frequency is chosen 
in this paper. The on-to-off ringing occurs on the low-voltage 
level and on-to-off ringing data can be directly acquired by 
step 2. 
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Fig. 6. Flow chart of the proposed health indication for power 
transistors. 

 

B. Step 2 (Obtaining Ringing Data) 

The off-to-on and on-to-off ringing data are obtained as 
follows: 

1) According to the phenomenon where the maximum 
voltage peak is caused by the off-to-on ringing, the 
first zero crossing point after the maximum voltage 
peak is chosen as the starting point to extract the 
off-to-on ringing data. 

2) According to the phenomenon where the minimum 
voltage valley is caused by the on-to-off ringing, the 
first zero crossing point after the minimum voltage 
valley is chosen as the starting point to extract the 
on-to-off ringing data. 

The number of selected ringing signal data is determined 
by the switching frequency and the sampling frequency. 

C. Step 3 (Obtaining IMFs by EMD) 

Empirical mode decomposition (EMD) [22] is an emerging 
time-frequency signal processing technique that has been 
used in many fields, such as earthquake prediction and 
mechanical fault diagnostics [23], [24]. EMD can decompose 
an input signal into several intrinsic mode functions (IMFs) 
in different specific frequency bands. Fig. 7 shows the sifting 
process of IMFs, and the detailed steps are shown as follows. 
First, take the input signal x(t) and find all of the local 
extrema. Then connect all of the local maxima by the cubic 
spline as shown in the upper envelope, and connect all of the 
minima by the cubic spline as shown in the lower envelope. 
The mean of the upper envelope and lower envelope is 
designated as m1(t), as shown in Fig. 7, and the first 
component h1(t) is designated as: 

                (9) 

 
Fig. 7. Sifting process: original signal, x(t); upper envelope (blue 
line); lower envelope (green line); mean of the upper and lower 
envelopes (red line), m1(t). 

 
h1(t) is denoted as the first IMF if it satisfies [22]: 
1) In the entire data set of x(t), the number of zero 

crossings and extrema must differ at most by one. 
2) At each instant t, the mean value of the envelope 

defined by the local maxima and the envelope defined 
by the local minima is near to zero. 

If h1(t) is not an IMF, it is treated as the original signal and 
the sifting process is repeated: 

               (10) 

where m11(t) is the mean value defined by the upper and 
lower envelope of h1(t). The sifting process is repeated and 
until k times, h1k(t) becomes an IMF: 

            (11) 

Then h1k is designated as the first IMF component from 
x(t). Repeating the steps above, x(t) can be decomposed as: 

               (12) 

where ci(t) (i-1,2,…,n) is a set of IMFs of signal x(t). The first 
IMF is the decomposition of the signal component with the 
highest frequency. The components of lower frequencies are 
decomposed in order in the next IMFs. The IMFs related to 
the off-to-on ringing and the on-to-off ringing are denoted as 
ci(on)(t) and ci(off)(t), respectively. Ten off-to-on IMFs (ci(on)(t), 
i=1,2,3,…,10) and ten on-to-off IMFs (ci(off)(t), i=1,2,3,…,10) 
are chosen for FFT analysis. 

D. Step 4 (Obtaining Ringing Frequencies by FFT) 

With the obtained IMFs, a spectrum analysis is conducted 
by FFT. Si(on)(f) and Si(off)(f) are the frequency spectrums of 
ci(on)(t) and ci(off)(t), respectively. The frequency corresponding 
to the maximum peak value of Si(on)(f) is the identified 
off-to-on ringing frequency, and the frequency corresponding 
to the maximum peak value of Si(off)(f) is the identified 
on-to-off ringing frequency. 

The health of the power transistors are determined by using 
the identified frequencies along with the identified input 
voltage. 
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TABLE I 
CONVERTER PARAMETERS 

Parameters Variable Value 

input voltage Vin/V 50 

filter inductance Lf/μH 100 

filter capacitance Cf/μF 470 

driving resistance Rg/Ω 10 

load resistance RL/Ω 10 

duty cycle D 0.5 

switching frequency fs/kHz 100 

 
TABLE II 

TRANSISTORS PARAMETERS 

Variable Value Variable Value 

Coss_50V/pF 650 Ld1/nH 0.2 

Cdf_50V/nF 1.54 Ld2/nH 1 

Rds(on)/mΩ 50 Ls1/nH 1 

Rdf/mΩ 10 Ls2/nH 1 

Lg1/ nH 0.2 Ldf1/nH 0.2 

Lg2/ nH 1 Ldf2/nH 1 

 

Fig. 8. Simulation waveform of switching ringings. 
 

IV. SIMULATION STUDIES 

In order to verify the analysis in Section II, a Buck 
converter model is built and simulated in SABER. The 
converter parameters are listed in Table I and the transistors 
parameters are listed in Table II. 

Fig. 8 shows a simulation waveform of the switching 
ringings, where the measured turn-on ringing frequency is 
65.889MHz, and the measured turn-off ringing frequency is 
103.12MHz. According the used transistors parameters, the 
calculated undamped turn-on and turn-off ringing frequencies 
are 67.28MHz and 104.09MHz, respectively. These figures 
are consistent with the results in the waveform. Therefore, the 
ringing frequency is an effective parameter to monitor 
variation of the parasitic capacitance and inductance for the 
power transistors. 

To verify the effect of Rg on the ringing damping caused by 
Ls1, Ls1 is removed and Ls2 is increased to 2nH for comparison. 
Origin and adjusted turn-on ringing waveforms are shown in 
Fig. 9(a). It can be seen that the ringing damping is affected 
by Rg due to the existence of Ls1. To further illustrate that 
variations of the on-resistance have little effect on ringing,  

 
(a) 

 
(b) 

Fig. 9. Simulation waveform under different conditions: (a) 
With a different parasitic inductance; (b) With a different 
on-resistance. 

 
Rds(on) is increased to 60 mΩ and the resulting simulation 
waveforms are shown in Fig. 9(b). In general, once Rds(on) is 
increased 20%, the power MOSFET is indicated to be lapsed. 
However, from Fig. 9(b), little difference is made when Rds(on) 
is increased 20%. Therefore, according to these comparisons, 
it can be seen that it is hard to evaluate the power MOSFET 
aging associated with Rdson from the ringing information. 

 

V. EXPERIMENTAL RESULTS 

In order to verify the effectiveness of the proposed frequency 
extraction method, an open-loop Buck converter has been 
constructed. The main circuit parameters are as follows: input 
voltage: 50V; duty cycle: 0.5; switching frequency: 20kHz; 
switch: IXYS IXFK64N50P; diode: IXYS DSEP60-06A; 
filter capacitor: 470μF/100V; output resistance: 10Ω; control 
IC: SG3535; and driving IC: IXDN609PI. For each 
measurement, one switching cycle is acquired by the 
oscilloscope (MDO3000) and the sampling frequency is 
2.5GHz. The identification algorithm is implemented in 
MATLAB. The cut-off frequency of the high-pass filter is 
designed to 1MHz in MATLAB. Fig. 10(a) shows sampled 
ringing waveform, where a high dc voltage offset can be 
found. The filtered turn-on ringing and turn-off ringing 
signals are shown in Fig. 10(b) and Fig. 10(c) respectively. It 
can be seen from these figures that the maximum voltage 
peak is caused by the turn-on ringing. 

Then the obtained turn-on and turn-off ringing signals are 
decomposed to a set of IMFs. Based on FFT, the peak 
amplitude of each IMF frequency spectrum can be calculated. 
The peak amplitude and corresponding frequency for each of 
the amplitude-frequency curves for turn-on ringing are listed 
in Table III. It can be seen that S4(on)(f) has the maximum Apeak  
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(a) 

 
(b) 

 
(c) 

Fig. 10. Experimental waveforms: (a) ringing waveform in an 
oscilloscope; (b) Filtered turn-on ringing waveform; (c) Filtered 
turn-off ringing waveform. 

 

TABLE III 
AMPLITUDE-FREQUENCY CURVE PARAMETERS OF THE  

TURN-ON RINGING IMFS 

Si(on)(f) 1 2 3 4 5 

Apeak 0.011 0.039 0.05 1.55 0.17 

f/MHz 70.2 34.1 22.4 20.0 21.1 

Si(on)(f) 6 7 8 9 10 

Apeak 0.09 0.19 0.4 0.21 0.21 

f/MHz 19.7 3.5 2.3 1.8 1.4 

 

TABLE IV 
AMPLITUDE-FREQUENCY CURVE PARAMETERS OF THE  

TURN-OFF RINGING IMFS 

Si(off)(f) 1 2 3 4 5 

Apeak 0.01 0.01 0.02 0.03 0.04 

f/MHz 74.0 61.9 69.1 80.7 54.7 

Si(off)(f) 6 7 8 9 10 

Apeak 0.05 0.155 0.09 0.04 0.07 

f/MHz 14.2 11.6 3.8 2.3 1.7 

TABLE V 
MEASURED RINGING FREQUENCIES UNDER DIFFERENT  

INPUT VOLTAGES 

Vin/V 20 40 50 60 

Vin_indentified/V 20.8 40.6 50.8 61.2 

fon/MHz 16.7 17.9 20.0 22.3 

foff/MHz 9.02 10.7 11.6 12.8 

 

 
(a) 

 
(b) 

Fig. 11. Comparison of the turn-on ringing signal and c4(on): (a) 
Comparison of waveforms; (b) Comparison of frequency 
spectrums. 

 

 
(a) 

 
(b) 

Fig. 12. Comparison of the turn-off ringing signal and c7(off): 
(a) Comparison of waveforms; (b) Comparison of frequency 
spectrums. 
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and that the corresponding frequency is 20.0MHz. Fig. 11 
shows a comparison of the obtained turn-on ringing signals. 

To verify that the proposed method can be used to monitor 
variations in ringing frequency, the input voltage is changed 
and the obtained results under different input voltages are 
shown in Table V. It can be seen that the ringing frequencies 
are increased with an increasing of the input voltages. This 
agrees with the capacitance characteristics shown in Fig. 2. 

 

VI. CONCLUSIONS 

A ringing frequency extraction method based on EMD and 
FFT for health monitoring of power transistors is proposed in 
this paper. 

1) Ringing characterization is analyzed. The problems 
with using ringing damping for health monitoring are 
pointed out and ringing frequency is shown to be a 
good failure indicator for power transistors. 

2) vM is used for ringing frequency extraction and a 
non-invasive and easy to implement ringing frequency 
extraction method based on EMD and FFT is 
proposed. 

3) When compared to existing methods, the proposed 
method can simultaneously extract the turn-on ringing 
frequency, turn-off ringing frequency and input 
voltage from only one signal detection point. In 
addition, this method is easier to realize and provides 
more information. 

4) Simulation results are presented to verify the analysis 
of ringing characterization. 

5) Experimental results are presented to demonstrate the 
validity of the proposed frequency extraction method. 
By comparing the obtained ringing signals with the 
identified IMF, the effectiveness of the proposed 
method is confirmed. 

 

ACKNOWLEDGMENT 

The authors would like to thank the National Natural 
Science Foundation of China (51377079), the Funding of 
Jiangsu Innovation Program for Graduate Education 
(KYLX15_0273), and the Fundamental Research Funds for 
the Central Universities for funding this work. 

 

REFERENCES 

[1] E. Roman, R. Alonso, P. Ibanez, S. Elorduizapatarietxe, 
and D. Goitia, “Intelligent PV module for grid-connected 
PV systems,” IEEE Trans. Ind. Electron., Vol. 53, No. 4, 
pp. 1066-1073, Jun. 2006. 

[2] B. Gu, J. Dominic, J.-S. Lai, C.-L. Chen, T. LaBella, and B. 
Chen, “High reliability and efficiency single-phase 
transformerless inverter for grid-connected photovoltaic 
systems,” IEEE Trans. Power Electron., Vol. 28, No. 5, pp. 

2235-2245, May 2013. 
[3] H. Abu-Rub, J. Holtz, J. Rodriguez, and G. Baoming, 

“Medium-voltage multilevel converters – State of the art, 
challenges, and requirements in industrial applications,” 
IEEE Trans. Ind. Electron., Vol. 57, No. 8, pp. 2581-2596, 
Aug. 2010. 

[4] S. Yang, A. Bryant, P. Mawby, D. Xiang, L. Ran, and P. 
Tavner, “An industry-based survey of reliability in power 
electronic converters,” IEEE Trans. Ind. Appl., Vol. 47, No. 
2, pp. 1441-1451, May/Jun. 2011. 

[5] S. Yang, D. Xiang, A. Bryant, P. Mawby, L. Ran, and P. 
Tavner, “Condition monitoring for device reliability in 
power electronic converters: a review,” IEEE Trans. Power 
Electron., Vol.25, No.11, pp. 2734-2752, Nov. 2010. 

[6] L. R. GopiReddy, L. M. Tolbert, and B. Ozpineci, “Power 
cycle testing of power switches: a literature survey,” IEEE 
Trans. Power Electron., Vol. 30, No.5, pp. 2465-2473, 
May 2015. 

[7] N. Patil, J. Celaya, D. Das, K. Goebel, and M. Pecht, 
“Precursor parameter identification for insulated gate 
bipolar transistor (IGBT) prognostics,” IEEE Trans. Rel., 
Vol. 58, No. 2, pp. 271-276, Jun. 2009. 

[8] W. Kexin, D. Mingxing, X. Linlin, and L. Jian, “Study of 
bonding wire failure effects on external measureable 
signals of IGBT module,” IEEE Trans. Device Mater. Rel., 
Vol. 14, No. 1, pp. 83-89, Mar. 2014. 

[9] R. Gelagaev, P. Jacqmaer, and J. Everts, “A fast voltage 
clamp circuit for the accurate measurement of the dynamic 
on-resistance of power transistors,” IEEE Trans. Ind. 
Electron., Vol. 62, No. 2, pp. 1241-1250, Feb. 2015. 

[10] M. S. Nasrin, F. H. Khan, and M. K. Alam, “Quantifying 
device degradation in live power converters using SSTDR 
assisted impedance matrix,” IEEE Trans. Power Electron., 
Vol. 29, No. 6, pp. 3116-3131, Jun. 2014. 

[11] U.-M. Choi, F. Blaabjerg, S. Jørgensen, S. Munk-Nielsen, 
and B. Rannestad, “Reliability improvement of power 
converters by means of condition monitoring of IGBT 
modules,” IEEE Trans. Power Electron., Vol. 32, No. 10, 
pp. 7990-7997, Oct. 2017. 

[12] Z. Wang, B. Tian, W. Qiao, and L. Qu, “Real-time aging 
monitoring for IGBT modules using case temperature,” 
IEEE Trans. Ind. Electron., Vol. 63, No. 2, pp. 1168-1178, 
Feb. 2016. 

[13] H. Chen, B. Ji, V. Pickert, and W. Cao, “Real-time 
temperature estimation for power MOSFETs considering 
thermal aging effects,” IEEE Trans. Device Mater. Rel., 
Vol. 14, No. 1, pp. 220-228, Mar. 2014. 

[14] Y. Avenas, L. Dupont, and Z. Khatir, “Temperature 
measurement of power semiconductor devices by thermos- 
sensitive electrical parameters – A review,” IEEE Trans. 
Power Electron., Vol. 27, No. 6, pp. 3081-3092, Jun. 2012. 

[15] L. Dupont, Y. Avenas, and P.-O. Jeannin, “Comparison of 
junction temperature evaluations in a power IGBT module 
using an IR camera and three thermosensitive electrical 
parameters,” IEEE Trans. Ind. Appl. Vol. 49, No. 4, pp. 
237-243, Jul./Aug. 2013. 

[16] S. Zhou, L. Zhou, and P. Sun, “Monitoring potential 
defects in an IGBT module based on dynamic changes of 
the gate current,” IEEE Trans. Power Electron., Vol. 28, 



Ringing Frequency Extraction Method Based on EMD and …                        315 
 

No. 3, pp. 1479–1487, Mar. 2013. 
[17] M. A. Rodríguez-Blanco, A. Claudio-Sánchez, D. Theilliol, 

L. G. Vela-Valdes, P. Sibaja-Teran, L. Hernandez-Gonzalez, 
and J. Aguayo-Alquicira, “A failure-detection strategy for 
IGBT based on gate-voltage behavior applied to a motor 
drive system,” IEEE Trans. Ind. Electron., Vol. 58, No. 5, 
pp. 1625-1633, May 2011. 

[18] D.W. Brown, M. Abbas, A. Ginart, I. N. Ali, P. W. Kalgren, 
and G. J. Vachtsevanos, “Turn-off time as an early indicator 
of insulated gate bipolar transistor latch-up,” IEEE Trans. 
Power Electron., Vol. 27, No. 2, pp. 479-489, Feb. 2012. 

[19] A. E. Ginart, D. W. Brown, P. W. Kalgren, and M. J. 
Roemer, “Online ringing characterization as a diagnostic 
technique for IGBTs in power drives,” IEEE Trans. 
Instrum. Meas., Vol. 58, No.7, pp. 2290-2299, Jul. 2009. 

[20] J. H. Hayes and T. H. Hubing, “Monitoring transistor 
degradation in power inverters through pole shifts,” IEEE 
Trans. Electromagn. Compat. Vol. 57, No. 4, pp. 764-770, 
Aug. 2015. 

[21] L. Ren, Q. Shen, and C. Gong, “Ringing frequency 
extraction for health monitoring of power transistors,” in 
Proc. IEEE 42nd Annu. Conf. Ind. Electron, pp. 447-452, 
Nov. 2016. 

[22] A.-O. Boudraa, and J.-C. Cexus, “EMD-based signal 
filtering,” IEEE Trans. Instrum. Meas., Vol. 56, No. 6, pp. 
2196-2202, Dec. 2007. 

[23] A. Soualhi, K. Medjaher, and N. Zerhouni, “Bearing health 
monitoring based on Hilbert-Huang transform, support 
vector machine, and regression,” IEEE Trans. Instrum. 
Meas., Vol. 64, No. 1, pp. 52-62, Jan. 2015. 

[24] R. Yan and R. X. Gao, “Hilbert–Huang transform-based 
vibration signal analysis for machine health monitoring,” 
IEEE Trans. Instrum. Meas., Vol. 55, No. 6, pp. 2320-2329, 
Dec. 2006. 

 

Lei Ren was born in Jiangsu Province, 
China, in 1991. He received his B.S. 
degree in Electrical Engineering from the 
Nanjing University of Aeronautics and 
Astronautics (NUAA), Nanjing, China, in 
2013, where he is presently working 
towards his Ph.D. degree in Electrical 

Engineering. His current research interests include static 
inverters, power harmonic suppression, and condition 
monitoring of power electronic converters. 
 
 
 
 

Chunying Gong was born in Zhejiang, China, 
in 1965. She received her B.S., M.S. and Ph.D. 
degrees in Electrical Engineering from the 
Nanjing University of Aeronautics and 
Astronautics (NUAA), Nanjing, China, in 
1984, 1990 and 1993, respectively. From 1984 
to 1987, she was an Electrical Assistant 
Engineer at the Chengdu Aircraft Research 

and Design Institute, Chengdu, China. In 1993, she became a 
Lecturer in the College of Automation Engineering, NUAA, where 
she became an Associate Professor and a Professor, in 1996 and 
2004, respectively. In 2009, she became a Senior Research Fellow 
in the Department of Electrical, Computer, and Systems 
Engineering, Rensselaer Polytechnic Institute, New York, NY, 
USA. She is the Author or Coauthor of more than 60 technical 
papers published in journals and conference proceedings. Her 
current research interests include static inverters, power electronic 
systems stability, power quality, renewable energy, distributed 
generation, and condition monitoring of power electronic 
converters.  
 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


