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Abstract-Junction temperature monitoring (JTM) methods 

promise to perform reliability evaluation and health management 

for insulated-gate bipolar transistor (IGBT) modules, and thus 

are extensively focused on in power electronics converters. 

However, many JTM methods for IGBT modules are criticized 

for providing inaccurate junction temperature information with 

the problem of load current dependence. To address this, a JTM 

method based on the turn-off voltage (TOV) and convolutional 

neural networks (CNN) is proposed in this paper. In this method, 

the TOV is used as the junction temperature indicator, and the 

characterization behavior of the TOV during turn-off transient 

process is thoroughly analyzed. Then, the parameter dependence 

of the TOV is investigated. Considering the proposed JTM 

method may be subject to the issue of load current dependence 

and show an undesirable performance, the CNN is adopted to 

maintain the accuracy of junction temperature prediction due to 

its excellent global and local feature recognition capability. With 

this regards, the proposed JTM method enables accurate 

junction temperature information under different conditions. 

Finally, the double-pulse tests and experimental tests based on 

the test bench of a single-phase pulse-width modulation (PWM) 

rectifier are carried out to validate the effectiveness of the 

proposed JTM method. 

Index Terms-Junction temperature monitoring (JTM), turn-off 

voltage, convolutional neural networks, load current dependence, 

insulated-gate bipolar transistor (IGBT) 

I. INTRODUCTION 

Insulated-gate bipolar transistor (IGBT) modules are widely 

used in power electronics converters thanks to their features 

including high efficiency, high withstanding voltage, low turn-

on voltage, and fast switching speed [1], [2]. Despite these 

attractive advantages, IGBT modules are identified as one of 

the most vulnerable components in power electronics 

converters due to harsh environment and complex conditions 

[3], [4]. One key issue degrading the reliability of the IGBT 

modules is the junction temperature swings. It has been 

investigated that the lifetime of the IGBT modules will be 

obviously affected by the junction temperature swings [5]-[7]. 

As such, accurate junction temperature monitoring (JTM) is 

strongly desirable for reliability evaluation and health 

management of IGBT modules. Considerable JTM methods 

are thus investigated in the literature and in industry as well.  

The prior-art JTM methods typically can be divided into 

direct measurement methods [8], [9] and indirect estimation 

methods [10]-[30]. Though being effective in obtaining the 

junction temperature, the direct measurement methods are 

inapplicable in practice. This is because these methods require 

opening the shells of IGBT modules, and thus, may interrupt 

the proper operations of IGBT modules. Moreover, in the 

direct measurement methods, costly sensors are necessary to 

serve as junction temperature extractor. With this, concerns of 

reduced reliability and increased complexity should be 

carefully considered.  

The indirect estimation methods enjoy the benefits of low 

invasiveness and high flexibility, and are of huge interest. 

Typically, the indirect estimation methods are implemented by 

the thermal network model-based methods [10]-[12] and the 

thermo-sensitive electrical parameter (TSEP)-based methods 

[13]-[30]. As for the thermal network model-based methods, 

their performance is dependent on the accuracy of the power 

loss calculation and the thermal network model. Moreover, a 

key challenge to these methods should be considered. That is, 

the heat dissipation and the aging of IGBT modules will cause 

an apparent performance deterioration, and this problem 

becomes more serious for long-term JTM. Though a few 

adaptive thermal models that take care of the aging effects 

have been reported in the literature, the issue of aging effect 

needs to be resolved well. Alternatively, the TSEP-based 

methods stand out among various JTM methods with 

relatively high accuracy and fast response. These methods 

exploit the electrical parameters of IGBT modules as the 

junction temperature indicator. Then, the task of JTM is 

accomplished by monitoring the electrical parameters.  

As for the TSEP methods, the selection of electrical 

parameters is essential. Most popular JTM methods using the 

static TSEPs of IGBT modules have been proven to be 

available in the literature [13]-[20]. As detailed in [13], the 

collector-emitter voltage at low current levels was used to 

achieve the target of JTM. This method has a high linearity 

and avoids the effects of bond wire aging. However, due to 

low current levels, the availability of this method is 

questionable in practical applications. Following that, another 

attempt of the collector-emitter voltage at high current levels 

was further made to implement the task of JTM in [15]. 

Whereas, this method is susceptible to load current 

dependence and bond wire aging. Additionally, in [17], a JTM 

method based on the short-circuit current was presented, 

which allows an adequate sensitivity and linearity. 

Unfortunately, in this JTM method, a deliberately-designed 
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test circuit is required, which may cause additional complexity 

and cost. One interesting method monitoring the junction 

temperature of IGBT modules via the bus voltage ringing was 

reported in [18]. However, the JTM indicator is dependent on 

the load currents, which makes the performance of this JTM 

method afflicted with different load currents.  

Research on the JTM methods has recently progressed with 

the introduction of the dynamic TSEP-based JTM methods 

[21]-[30]. Typical dynamic TSEPs include the maximum 

collector current falling rate [21], the turn-off delay time [22], 

the peak gate current [23], the dynamic threshold voltage [24], 

the flatband voltage [25], the pre-threshold voltage [26], the 

gate voltage plateau [27], and the voltage integral over voltage 

rise period [29]. Among them, [21] implemented a maximum 

collector current falling rate-based JTM method for IGBT 

modules. The junction temperature indictor is easy to measure 

from the intrinsic parasitic inductance of IGBT modules. 

Similarly, in [22], a JTM method using the turn-off delay time 

was proposed, in which this TSEP is also obtained from the 

intrinsic parasitic inductance. While, both JTM methods in [21] 

and [22] are burdened by the issue of load current dependence. 

Additionally, a JTM method based on the gate voltage plateau 

was investigated in [27]. Though feasible, the challenge in this 

JTM method is to show a high dependence of load currents. 

Moreover, in [29], the voltage integral over-voltage rise period 

that is obtained by a low frequency detection circuit, was 

assigned to extract the junction temperature, which benefits 

from a high accuracy and a low cost. A high-sensitivity JTM 

method by using the turn-on drain-source current overshoots 

was presented in [30], in which the performance of this 

method is insensitive to the changes of boundary conditions. 

Although the dynamic TSEP-based JTM methods remain 

attractive for IGBT modules, they can barely address the 

problem of load current dependence. Hence, innovative 

solutions are eagerly sought.  

In light of the above, in this paper, a JTM method based on 

the turn-off voltage (TOV) and convolutional neural networks 

(CNN) is proposed for the IGBT modules, in which an 

achievement of load current independence is made and the 

information of the load current is not required. The rest of this 

paper is organized as follows. In Section II, the 

characterization behavior of the TOV during turn-off transient 

process is analyzed. Following that, an elaborated parameter 

dependence investigation of the TOV is developed, which is 

shown in Section III. It is revealed from the analysis that the 

TOV is possibly affected by load current dependence. 

Accordingly, in Section IV, the CNN is introduced in the 

proposed JTM method to address the problem of load current 

dependence. Then, the double-pulse tests and experimental 

tests based on the test bench of a single-phase pulse-width 

modulation (PWM) rectifier are carried out to extensively 

investigate the performance of the proposed JTM method 

under different operating conditions, and the results are 

presented in Section V and Section VI, respectively. Finally, 

Section VII concludes this paper.  
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Fig. 1. Typical turn-off curves of the IGBT module (Infineon FF50R12RT4). 

TABLE I 

PARAMETERS OF THE IGBT MOUDLE (INFINEON FF50R12RT4) 

Parameter Value Parameter Value 
VG(ON) (V) 15 Vth (V) 5.36 

VG(OFF) (V) -7.5 Cge (nF) 2.7 

Rgi (Ω) 4 Ccg (nF) 0.1 

Rge (Ω) 10 IL (A) 50 

II. CHARACTERIZATION BEHAVIOR OF THE TOV DURING 

TURN-OFF TRANSIENT PROCESS 

To make an understandable analysis of the JTM indicator, 

the characterization behavior of the TOV during turn-off 

transient process is elaborated in this section. 

 Fig. 1 depicts the turn-off transient process of the IGBT 

module (Infineon FF50R12RT4), in which uce, ice, uge, VG(ON), 

VG(OFF), Vpl, Vth, Vdc, Vcep, and IL are the TOV, the turn-off 

current, the gate voltage, the high level of drive voltage, the 

low level of drive voltage, the plateau voltage, the threshold 

voltage, the bus voltage, the peak voltage, and the load current, 

respectively. The parameters of the studied IGBT module are 

listed in Table I. As shown in Fig. 1, the turn-off process of 

the IGBT module is divided into three stages, i.e., the S1 stage, 

the S2 stage, and the S3 stage. Accordingly, the TOV is fully 

characterized in the three stages as follows.  

S1 [t0-t1]: The switching signal of the IGBT module is 

changed from 1 to 0, and then the drive voltage is varied from 

VG(ON) to VG(OFF). Meanwhile, the interelectrode capacitors, i.e., 

Cge and Ccg, discharge to the drive circuit due to the decrease 

of the drive voltage. As a result, the gate voltage uge is 

gradually decreased. Notably, the IGBT module is still in the 

saturation region during S1 stage, and hence the TOV and the 

turn-off current are maintained without obvious variations.  

S2 [t1-t2]: The IGBT module is in the active region during 

S2 stage, and the gate voltage uge is clamped at the plateau 

voltage Vpl (see Fig. 1). With this, there is almost no current 

flowing across the interelectrode capacitor Cge, and the gate 

current ig is provided by the charging current of the 

interelectrode capacitor Ccg. Consequently, the TOV rises 

during S2 stage. To clearly illustrate this phenomenon, an 

equivalent circuit of the IGBT module during S2 stage is 

provided, as shown in Fig. 2.  
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Fig. 2. Equivalent circuit of the IGBT module during S2 stage. 

According to Fig. 2, with the Kirchhoff’s voltage law (KVL), 

it can be obtained that 

g

G(OFF) g ge gi ge( )

R

V i R R u                    (1) 

where ig, Rge, Rgi, and Rg are the gate current, the external gate 

resistance, the internal gate resistance, and the gate resistance, 

respectively. And, ice' can be expressed as [31] 

2
ce ge th= ( )

2

K
i u V                             (2) 

with ice' and K being the steady-state value of the chip current 

and a gain that is related to the physical material of the IGBT 

module and affected by temperature. Taking the derivative of 

(2) gives 

gece
ge th= ( )

dudi
K u V

dt dt


                       (3) 

In Fig. 2, according to the Kirchhoff’s current law, the gate 

current ig can be calculated as 

g L ce ge

ge2
L ge th ge( )

2

i I i i

duK
I u V C

dt

  

   
            (4) 

Substituting (2)-(4) to (1) yields 

ge 2
G(OFF) L g ge g g ge th ge+ = ( ) +

2

du K
V I R C R R u V u

dt
        (5) 

According to the KVL, it can be further obtained that 

2
ce ge th L ge th

cg

1
+ [ ( ) ]

2

K
u u V I u V dt

C
              (6) 

from which it seems that the temperature will make an 

obvious effect on K, Vth, and Ccg [31]. However, in the 

previous work, only the effects of temperature on K and Vth 

are concerned. Particularly, Ccg will also vary with 

temperature, and then affect the characterization behavior of 

the TOV during S2 stage, as elaborated as follows.  

Fig. 3 shows the carrier conductive path of the IGBT 

module. As shown, the current flowing through the IGBT 

module is divided into the MOS channel current and the hole 

current. That is, 

ce mos pnpi i i                                      (7) 

in which ice, imos, and ipnp are the collector current, the MOS 

channel current, and the hole current, respectively. 
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Fig. 3. Carrier conductive path of the IGBT module. 

Ideally, the gate voltage uge is maintained as Vpl during S2 

stage. This situation is different in practice. That is, the gate 

voltage uge experiences a small variation during S2 stage (see 

Fig. 1), and then imos is also decreased. Moreover, both the 

collector current ice and the hole current ipnp are maintained 

during S2 stage. Referring to (7), the depletion layer of the 

base region expands, and hence a charge extraction current is 

produced to maintain ice (see Fig. 3). As a consequence, uce is 

increased during S2 stage. In all, it can be given by 

ce
mos o

du
i C

dt
                                   (8) 

where Δimos and Co are defined as the deviation of the MOS 

channel current and the charge extraction capacitator, 

respectively. More specifically, Co is used to describe the 

expanding speed of the depletion layer of the base region 

under the effects of Δimos [31]. And, 

0
o dep min

T

[ +(1 ) ]
p

C C C
N

                     (9) 

where p0, NT, Cdep, Cmin, and α are the excess carrier density in 

the on-state at the anode p-n junction, the effective carrier 

density in the depletion region considering the carrier flow 

through the depletion region, the depletion layer capacitor, the 

depletion layer capacitor when the width of the depletion layer 

reaches the edge of the P+ region, and a gain that evaluates the 

contribution of Cdep for the charge extraction capacitator Co, 

respectively. Considering the gate voltage uge is maintained as 

the plateau voltage Vpl during S2 stage, the gate current ig can 

be rewritten as 

ce
g cg

du
i C

dt
                            (10) 

With (8) and (10), the interelectrode capacitor Ccg can be 

deduced as 

g

cg o
mos

i
C C

i



                           (11) 

and ig is calculated as 
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Fig. 4. Curves of the interelectrode capacitor Ccg with the increase of 

temperature: (a) the entire curves of the TOV and (b) the zoom-in area. 
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Fig. 5. Curves of the TOV with the increase of temperature during S2 stage: (a) 

the entire curves of the TOV and (b) the zoom-in area. 

pl G(OFF)

g
g

V V
i

R


                         (12) 

Supposing uce experiences a small variation, it is known that 

[31] 

mos p ge th ge( )i K u V u                       (13) 

with Kp and Δuce being the gain of the MOS channel and the 

deviation of uce, respectively. Substituting (12) and (13) into 

(11) entails 

pl G(OFF) o pl G(OFF) o

cg
g p ge th ge g p pl th ge

( ) ( )

( ) ( )

V V C V V C
C

R K u V u R K V V u

 
 

   
     (14)  

It is suggested from (14) that Ccg will vary with temperature.  
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Fig. 6. Equivalent circuit of the IGBT module during S3 stage. 
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Fig. 7. Curves of the TOV with the increase of temperature during S3 stage: (a) 

the entire curves of the TOV and (b) the zoom-in area. 

To verify the above discussion, experimental tests are 

performed by using a power analyzer (Agilent B1505A), and 

the results can be seen in Fig. 4. In this case, the interelectrode 

capacitor Ccg is tested with different temperature. The results 

in Fig. 4 show that the value of Ccg is increased with the 

increase of temperature, which verifies the above discussion.  

Eventually, the curves of the TOV with the increase of 

temperature are depicted in Fig. 5. From Fig. 5, it is suggested 

that during S2 stage, with the increase of temperature, the time 

of the TOV to reach the bus voltage is increased but the slope 

of the TOV is decreased.  

S3 [t2-t4]: The TOV of the IGBT module is increased to the 

bus voltage Vdc, and the freewheeling diode is turned on. Due 

to this, the load current is significantly decreased during S3 

stage.  

Similarly, an equivalent circuit of the IGBT module during 

S3 stage is presented in Fig. 6. As shown, Rs, Ls, and uD are 

the equivalent resistance, the equivalent inductance, and the 

negative value of the forward voltage of the diode, 

respectively. From Fig. 6, it can be deduced as 
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Fig. 8. Effects of the bond wire aging on the TOV during turn-off transient. 

Time (0.1 μs/div)
0

75

150

225

Slope increases and 

rise time decreases

Peak value 

increases

300

10A
15A
20A
25A
30A
35A
40A
45A

u
ce

 (
V

)

 
Fig. 9. Effects of the load current on the TOV during turn-off transient. 

ce
ce s s ce dc+ =

di
u L R i V

dt
                         (15) 

with,  

ce
ce dep=

du
i C

dt
                                 (16) 

Subsequently, it can be given by 
2

ce ce
dc dep s dep s ce2

= + +
d u du

V C L C R u
dtdt

                (17) 

According to the above analysis, the curves of the TOV with 

the increase of temperature during S3 stage are illustrated in 

Fig. 7, in which the test cases are identical to those in Fig. 5. 

Clearly, the peak value of the TOV is decreased with the 

increase of temperature during S3 stage.  

III. PARAMETER DEPENDENCE ANALYSIS OF THE TOV 

As discussed previously, in many TSEP-based JTM 

methods, the junction temperature indicators are troubled by 

various disturbances, and hence a compromised accuracy of 

the JTM method is obtained. With this consideration, in this 

section, a detailed parameter dependence analysis of the TOV 

is accordingly provided.  

A. Effects of Bond Wire Aging on the TOV 
The effects of bond wire aging on the TOV are first 

investigated, which is shown in Fig. 8. In this case, the bus 

voltage, the junction temperature, and the load current are set 

to 150 V, 70℃, and 45 A, respectively. The bond wire aging 

is emulated by artificially cutting off the bonding wire. 

Observations in Fig. 8 indicate that the curves of the TOV 

with different cut-off bond wires are roughly same, implying 

that the bond wire aging makes a negligible effect on the 

behavior of the TOV.  
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Fig. 10. Effects of the bus voltage on the TOV during turn-off transient. 
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B. Effects of Load Current on the TOV 
Then, the effects of load currents on the TOV are further 

investigated, and the corresponding test results are shown in 

Fig. 9. In this case, the bus voltage and the junction 

temperature are set to 150 V and 70℃, respectively. It is clear 

from Fig. 9 that with the increase of the load current, the slope 

of the TOV is increased, and the rise time of the TOV is 

decreased during S2 stage. Meanwhile, the peak value of the 

TOV during S3 stage is increased. The results in Fig. 9 

demonstrate that the TOV is accompanied by the challenge of 

load current dependence, which may hinder the applicability 

of the proposed JTM method. 

C. Effects of Bus Voltage on the TOV 
The effects of bus voltage on the TOV are focused on, and 

the corresponding experimental tests are performed. Fig. 10 

illustrates the performance of the TOV with different bus 

voltage, in which the junction temperature and the load current 

are set to 20℃ and 20 A, respectively. Clearly, the TOV with 

various bus voltage exhibits different behaviors, which leads 

to the conclusion that the variations of the bus voltage will 

obviously affect the performance of the TOV. In spite of this, 

generally, the bus voltage in the single-phase PWM rectifier 

approaches a constant value [32]-[34]. With this consideration, 

the effects of the bus voltage on the behavior of the TOV may 

be neglected. 

D. Effects of Switching Frequency on the TOV 
The performance of the TOV with different switching 

frequencies is experimentally explored, which can be seen in 

Fig. 11. In this case, the bus voltage, the junction temperature, 

and the load current are set to 150 V, 50℃, and 20 A, 

respectively. Seen from Fig. 10, it is indicated that the TOV 

shows a similar behavior with different switching frequencies. 

That means, the effects of switching frequency on the 

behavior of the TOV are negligible.  
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Fig. 13. Effects of a low junction temperature with different low load currents 

on the TOV during turn-off transient. 
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Fig. 14. Effects of a high junction temperature with different high load 

currents on the TOV during turn-off transient. 

E. Effects of Sampling Frequency on the TOV 
A performance analysis of the TOV with different sampling 

frequencies is conducted, and the results are presented in Fig. 

12. In the experimental tests, the sampling frequency is 

originally set to 1250 MHz. To further examine the effects of 

the sampling frequency on the behavior of the TOV, the 

corresponding experimental tests are carried out, and the bus 

voltage, the junction temperature, and the load current in this 

case are set to 150 V, 30℃, and 15 A, respectively. Results in 

Fig. 12 suggest that an inconspicuous difference can be 

observed in the TOV with different sampling frequencies, 

which indicates that the sampling frequency will not obviously 

affect the TOV.  

F. Effects of a Small Load Current and a Low Junction 

Temperature on the TOV 
The behavior of the TOV at a small load current and a low 

junction temperature is investigated through experimental tests, 

and the results are presented in Fig. 13. Seen from Fig. 13, the 

junction temperature and the bus voltage are set to 20℃ and 

150 V, respectively. According to the results, it is known that 

the increase of the load current (from 1 A to 5 A) makes the 

curves of the TOV shift to the left. More specifically, both the 

slope of the TOV and the peak value of the TOV are 

obviously increased.  
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Fig. 15. Effects of gate driving on the TOV during turn-off transient. 

G. Effects of a High Load Current and a High Junction 

Temperature on the TOV 
The effects of a high load current and a high junction 

temperature on the TOV are investigated, which can be seen in 

Fig. 14. As shown in Fig. 14, the junction temperature and the 

bus voltage are set to 100℃ and 150 V. Similarly, with the 

increase of the load current (from 10 A to 50 A), the curves of 

the TOV shift to the left, and both the peak values and the 

slopes of the TOV are increased.  

Moreover, the performance of the TOV at a low junction 

temperature and a small load current is compared to that at a 

high load current and a high junction temperature. It is 

suggested from Figs. 13 and 14 that that an IGBT turns off 

slowly at a small load current or a high junction temperature, 

where the load current and the junction temperature affect the 

TOV inversely. Despite this, the effects of the small load 

current and the high junction temperature on the behaviors of 

the TOV is essentially different. That is, with the decrease of 

the load current, the extended speed of the depletion layer 

becomes slow and the electron hole pairs are deduced. As a 

consequence, the IGBT modules turn off slowly. Meanwhile, 

the small load current may lead to the small overshoot of the 

TOV with the effects of parasitic inductance of the IGBT 

modules. By comparison, the high junction temperature results 

in an increased lifetime of the depletion layer carrier, which 

slows down the decay rate of carrier recombination. By doing 

so, the turn-off time is accordingly increased.  

With the above analysis, though both the small load current 

and the high junction temperature make the IGBT modules 

turn off slowly, their function mechanisms are different, and 

accordingly the characterization behaviors of the TOV are also 

different. Due to this, there is a difference in the feature 

information of the TOV under the two cases (see the dash 

lines of Figs. 13 and 14). With the excellent feature 

recognition capability of the CNN, the task of accurate 

junction temperature monitoring can be accomplished.  

H. Effects of Gate Driving on the TOV 
Finally, the effects of gate driving on the TOV are 

investigated, which can be seen in Fig. 15. As shown in Fig. 

15, the junction temperature, the load current, and the bus 

voltage are set to 20℃, 60 A, and 150 V. And, the gate 

resistance variations are developed to emulate the active gate 

driver. It is concluded from Fig. 15 that, as expected, the 

increased gate resistance leads to the increase of the rise time 

and the increase of the slope (more analysis results can be seen 

in Section II).  
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Fig. 16. Structure of the CNN in the proposed JTM method. 

That means, the active gate driver may cause different 

behaviors of the TOV, and affect the performance of the 

proposed JTM method. Hence, further efforts should be 

implemented when being applied in the IGBT module with 

active gate driver.  

IV. FEATURE INFORMATION EXTRACTION METHOD OF THE 

TOV BASED ON CONVOLUTIONAL NEURAL NETWORKS 

In Section III, it is revealed from the analysis that the 

performance of the proposed JTM method may be degraded 

with different load currents. In this section, a viable solution to 

this problem is developed by using the CNN, in which the 

information of the load current is not required. 

A. Basics of the CNN 
The CNN is one of the representatives of the deep learning 

algorithms, which can be regarded as a class of feedforward 

neural networks that include convolutional computation and 

have a deep structure. Distinctive features like excellent global 

and local feature recognition capability are directing 

considerable attention to the CNN [35], [36].  

The structure of the CNN in the proposed JTM method is 

shown in Fig. 15, which includes nine layers, i.e., the input 

layer, the convolutional layer, the pooling layer, the fully 

connected layer, and the output layer. It is worth noting that 

the number in Fig. 15 means the size of the sample, i.e., a 3-

dimensional (3D) array with width, height, and length. The 

details of the CNN will be discussed in the following sections. 

B. Convolutional Layer of the CNN 
The convolutional layer is critical for the CNN, which is 

used to perform feature extraction from the input layer 

(generally, the input of the CNN is a 2D or 3D data matrix). 

Then, the extracted features are mapped to form new feature. 

The convolutional layer has a series of convolutional kernels, 

and every convolutional kernel convolves with the input data 

matrix to produce the convolved feature. An example of the 

2D convolution is shown in Fig. 17. As shown, a 2×2 

convolutional kernel is aligned on the upper left of the 4×4 

input data matrix, and then slides to the right in turn. It is 

worth noting from Fig. 17 that each slide step gives an output.  

The parameters of the convolutional kernel, i.e., the size of 

the convolutional kernel, the stride, and the padding, make an 

obvious effect on the feature extraction performance. Notably, 

a CNN with a small size of the convolutional kernel may be 

susceptible to the loss of feature information. 
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Fig. 17. An example of the 2D convolution. 
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Fig. 18. An example of the max pooling. 

While, the large size of the convolutional kernel may bring the 

concern of computational burden. Additionally, the stride is 

adopted to reduce the size of the input data matrix and the 

computational burden. Moreover, the padding is used to 

maintain the spatial size of the output data matrix. The size of 

the output data matrix is calculated as 

i
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L N
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
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                           (18) 

in which Wi, Hi, Li, Wo, Ho, Lo, P, F, S, and N are the width, 

height, and length of the input data matrix, the width, height, 

and length of the output data matrix, the number of the 

padding, the size of the convolutional kernel, the stride, and 

the number of the convolutional kernel, respectively. When S 

is set to 1, P becomes (F-1)/2. With this, the width and height 

of the input data matrix are equal to that of the output data 

matrix [35], [36]. 

C. Pooling Layer of the CNN 
After feature extraction in the convolutional layer, the 

extracted feature is further processed in the pooling layer for 

feature selection and information filtering, which is helpful for 

reducing the size of the data and avoiding the issue of 

overfitting.  
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Fig. 19. Flowchart of the proposed feature extraction method based on the CNN. 

There are several pooling methods in the CNN, e.g., the 

max pooling, the mean pooling, the stochastic pooling, and the 

spectral pooling. In this paper, the max pooling method is used 

due to its easy implementation. Fig. 18 shows an example of 

the max pooling. Seen from Fig. 18, the extracted feature is 

divided into four 2×2 regions. The maximum value in the 2×2 

region is extracted and the rest data are discarded. By doing so, 

the target of data dimensionality reduction is easily achieved. 

D. Fully Connected Layer of the CNN 
The fully connected layer is the last part of the CNN, which 

performs the combination of the extracted features from the 

convolutional layer and the pooling layer for the purpose of 

classification or prediction. More specifically, in the fully 

connected layer, every node is fully interconnected with the 

nodes of the previous layer. And, the extracted feature from 

the previous layer is integrated and mapped to the sample 

label space. Then, a weighted summation method is carried 

out for the extracted feature, and finally completes the task of 

classification or prediction. 

E. Proposed Feature Extraction Method Based on the CNN 
In the proposed JTM method, the full TOV waveform is 

regarded as the inputs, and the interval sampling method is 

adopted to obtain the data of the TOV. Then, with the 

excellent global and local feature recognition capability of the 

CNN, the feature information of the TOV is selected and fused. 

It is worth noticing that the feature information of the TOV is 

the information of the TOV that is independent on the load 

current and highly related to the junction temperature. Fig. 19 

illustrates the flowchart of the proposed feature extraction 

method based on the CNN, and this feature extraction method 

is accomplished in four recursive steps, i.e., the data 

acquisition, the pre-process, the sample division, and the 

model training and validation. First of all, after executing 

considerable experimental tests, adequate data of the TOV 

considering different cases, e.g., different junction temperature, 

different load currents, and different aging degrees of bond 

wire, are collected. Next, the collected data are labeled with 

the information of junction temperature, and the labeled data 

of the TOV are filtered and normalized to guarantee the 

performance of the model training. The processed data of the 

TOV are further converted into the graphic data (an array only 

with width and height) in a parallel arrangement. Then, these 

graphic data are divided into two groups, i.e., the training set 

and the test set. The training set is used to train the model, and 

the accuracy of the training model is examined by the test set. 

Finally, the task of JTM for the IGBT module is implemented 

with the well-trained model.  
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Fig. 20. Curve of the loss function in the double-pulse tests. 

Sample
0 20 40 60 80 100

20

40

60

80

Ju
n

ct
io

n
 t

e
m

p
e
ra

tu
re

 (
°C

)

30°C

40°C

50°C

60°C

70°C

100
Actual

Predicted

 
Fig. 21. Performance of the proposed JTM method according to the double-

pulse tests. 
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Fig. 22. Prediction error distribution of the proposed JTM method according 

to the double-pulse tests. 

As mentioned previously, in the convolutional layer, the 

convolution kernels are used to extract the feature information 

of the TOV. Heightened attention should be paid to the 

convolution kernels. That is, when the data of the TOV with 

the same label under different load currents appear in the input 

layer, the weight coefficients of the convolution kernel are 

accordingly adjusted. By doing so, the effects of load currents 

on the feature information of the TOV are effectively 

mitigated. Then, the employment of the pooling layer 

eliminates the redundant information of the local feature. 

Afterward, the extracted feature information that avoids load 

current dependence is fused through the fully connected layer. 

With the assistance of the CNN, the concern of load current 

dependence is addressed well, further ensuring the 

performance of the proposed JTM method.  
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V. DOUBLE-PULSE TEST VERIFICATION 

The double-pulse tests are first executed for verification 

purposes. In the double-pulse tests, there are 200 test samples 

of the TOV from the double-pulse tests. Then, the collected 

samples are divided into the training set and the test set with 

the ratio of 1:1. To perform a satisfactory training 

performance, the iteration and the batch size are set to 300 and 

10, respectively. Moreover, the minimum mean square error 

function is selected as the loss function to evaluate the 

performance of the training model.  

Fig. 20 presents the loss function during training process. 

As shown, in the beginning, the value of the loss function is 

tremendous. After 20 iterations, the value of the loss function 

is dramatically decreased and approaches to 0, which confirms 

that a proper training performance is achieved by the CNN. 

Then, the well-trained model of the CNN is adopted in the test 

set to perform junction temperature prediction, and the results 

are shown in Figs. 21 and 22, respectively. The results in Figs. 

21 and 22 show that the predicted junction temperature from 

the proposed JTM method makes a good agreement with the 

actual junction temperature, and the prediction error lies in a 

reasonable range (within ±3℃). That is, the double-pulse test 

results show that the proposed JTM method features a 

satisfactory performance.  

VI. EXPERIMENTAL TEST VERIFICATION 

A. Experimental Test Bench 
The experimental tests are conducted on the test bench of a 

single-phase PWM rectifier to further investigate the 

performance of the proposed JTM method. The block diagram 

and the photo of the experimental test bench are shown in Figs. 

23 and 24, respectively. As shown, the test bench consists of 

three parts, i.e., the main circuit, the controller, and the 

junction temperature monitoring circuit. In the main circuit, 

the single-phase PWM rectifier is fed by a programmable AC 

power supply (Chroma 61511). The DC-link support capacitor 

Cd, a filtering inductance Lf and a filtering capacitor Cf are 

employed as the role of realizing energy storage and filtering, 

respectively. And, the control strategy of the single-phase 

PWM rectifier is implemented on a dSPACE 1006 platform. 

As for the junction temperature monitoring circuit, it includes 

a heating plate and an infrared thermometer. The heating plate 

is responsible for heating the IGBT module, and the infrared 

thermometer provides the actual junction temperature of the 

tested IGBT module. Additionally, the parameters of the 

experimental test bench are listed in Table II. 

B. Experimental Data Acquisition and Conversion  
In the experimental tests, different cases including different 

junction temperature and different load currents are considered. 

The results in Fig. 25 shows that with the increase of junction 

temperature, the rise time of the TOV is increased, and yet the 

peak value of the TOV is decreased during turn-off transient 

process. This agrees with the above analysis in Section III.  
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Fig. 23. Block diagram of the experimental test bench. 
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Fig. 24. Photo of the experimental test bench. 

TABLE II 

PARAMETERS OF THE EXPERIMENTAL TEST BENCH 

Parameter Value Parameter Value 
Fundamental frequency (Hz) 50 Filtering inductance Lf (mH) 3.4 

AC-side inductance Ls (mH) 3.4 Filtering capacitor Cf (μF) 1500 

DC-link capacitor Cd (μF) 3000 Load resistance (Ω) 33 
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Fig. 25. Data of the TOV with different temperature and different load 
currents: (a) the training set and (b) the test set. 

As mentioned previously, it is necessary to convert the 

labeled data into the graphic data (see Fig. 19). Fig. 26 

illustrates the graphic data after normalizing with different 

junction temperature, in which the number represents the gray 

coefficient. Seen from Fig. 26, it can be concluded that the 

graphic data of the TOV with different junction temperature 

present different feature information.  
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(c)                                                        (d) 

Fig. 26. Graphic data of the TOV after normalizing with different junction 

temperature: (a) 35℃, (b) 45℃, (c) 55℃, and (d) 70℃. 
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Fig. 27. Curve of the junction temperature with time: (a) the whole curve of 

the junction temperature with time and (b) the curve of the junction 
temperature with time and load current at steady state. 

C. Curve of the Junction Temperature with Time  
The curve of the junction temperature with time by using 

the experimental tests is illustrated in Fig. 27. As shown, the 

junction temperature of the IGBT module is increased first, 

and then approaches a steady-state value (see Fig. 27(a)). 

When the single-phase PWM rectifier is operated under 

normal conditions, the junction temperature is barely varied at 

steady state (see the red line in Fig. 27(b)).  

0 300
0

3

4.5

6

L
o

ss
 f

u
n
c
ti

o
n

104

60 120 180 240
Iteration

1.5

 
Fig. 28. Curve of the loss function in the experimental tests. 
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Fig. 29. Performance of the proposed JTM method according to the 

experimental tests. 
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Fig. 30. Prediction error distribution of the proposed JTM method according 

to the experimental tests. 

D. Performance of the Proposed JTM Method  
In the experimental tests, the iteration and the batch size are 

set to 300 and 10, respectively. And, the minimum mean 

square error function is also used as the loss function, which is 

depicted in Fig. 28. According to the results in Fig. 28, the 

value of the loss function approaches 0 after 20 iterations, and 

remains in a small range, which indicates that the CNN makes 

an achievement in terms of good training performance. Then, 

the well-trained model is used for junction temperature 

prediction, and the results are shown in Figs. 29 and 30, 

respectively. According to the results in Figs. 29 and 30, it is 

reasonable to say that an acceptable junction temperature 

prediction is obtained by the proposed JTM method, and the 

prediction error remains limited in a narrow range of ±5℃ 

under this case. Notably, in Fig. 29, the data of 30.4℃ and 

83.4℃ are not included in the training set. Despite this, the 

proposed JTM method shows a satisfactory performance. That 

means, the proposed JTM method predicts the junction 

temperature accurately when the data of the test set differ from 

those of the training set.  
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Fig. 31. Performance of the proposed JTM method at different junction 
temperature with time: (a) 30.4℃, (b) 40℃, (c) 50℃, (d) 60℃, and (e) 

83.4℃. 

 

0 20 40 60 80 100
10

20

30

40

50

Ju
n

ct
io

n
 t

e
m

p
e
ra

tu
re

 (
°C

)

20°C

25°C

30°C

35°C

40°C

Actual

Predicted

Sample  
Fig. 32. Performance of the proposed JTM method at a small load current but 

a low junction temperature. 
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Fig. 33. Prediction error distribution of the proposed JTM method at a small 

load current but a low junction temperature. 
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Fig. 34. Performance of the proposed JTM method at a high load current but a 

high junction temperature. 
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Fig. 35. Prediction error distribution of the proposed JTM method at a high 

load current but a high junction temperature. 

Furthermore, the performance of the proposed JTM method 

at different junction temperature with time is shown in Fig. 31. 

The experimental results in Fig. 31 indicate that the proposed 

JTM method behaves well when working at different junction 

temperature with time. 
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Fig. 36. Performance of the proposed JTM method with a limited resolution. 
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Fig. 37. Prediction error distribution of the proposed JTM method with a 

limited resolution. 

E. Performance of the Proposed JTM Method at a Small Load 

Current but a Low Junction Temperature 
Figs. 32 and 33 shows the performance of the proposed 

JTM method at a small load current but a low junction 

temperature. In this case, the junction temperature is varied 

from 20℃ to 40℃, and the variations of the load current from 

1 A to 5 A are applied. According to the results in Figs. 32 and 

33, it can be seen that the proposed JTM method provides a 

roughly good performance in terms of junction temperature 

prediction, and the prediction error lies in the range of ±6℃. 

As mentioned previously, the different behaviors of the TOV 

at a small load current but a low junction temperature lead to 

the different feature information of the TOV. With the 

assistance of the CNN, the performance of the proposed JTM 

method at a small load current but a low junction temperature 

is ensured.  

F. Performance of the Proposed JTM Method at a High Load 

Current but a High Junction Temperature 
Meanwhile, to further evaluate the performance of the 

proposed JTM method, the case of a high load current but a 

high junction temperature is conducted, which is shown in 

Figs. 34 and 35. In this case, the junction temperature and the 

load current are varied from 80℃ to 100℃, and from 15 A to 

20 A (the maximum operating current in the test bench of the 

single-phase PWM rectifier), respectively. Seen from Figs. 34 

and 35, the performance of the proposed JTM method at a 

high load current but a high junction temperature is acceptable, 

and the junction temperature prediction error is within a 

reasonable range of ±3℃, which should be attributable to the 

obvious difference of the TOV at a high load current but a 

high junction temperature. Due to this, the CNN has the ability 

of accurately extracting the feature information of the TOV in 

this case. 
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Fig. 38. Performance comparison between the proposed JTM method and the 

TDT method with different load currents: (a) the load current of 5 A, (b) the 

load current of 10 A, and (c) the load current of 15 A. 

TABLE III  

PERFORMANCE COMPARISON UNDER DIFFERENT LOAD 
CURRENTS IN TERMS OF MAXIMUM PREDICTION ERROR  

Method Load current  

of 5 A (℃) 

Load current  

of 10 A (℃) 
Load current  

of 15 A (℃) 
Proposed -4.91 -3.59 4.15 

TDT 15.11 11.68 -7.88 

 

TABLE IV 
PERFORMANCE COMPARISON UNDER DIFFERENT LOAD 

CURRENTS IN TERMS OF MINIMUM PREDICTION ERROR  

Method Load current  

of 5 A (℃) 

Load current  

of 10 A (℃) 
Load current  

of 15 A (℃) 
Proposed 0.12 0.10 -0.07 

TDT 1.51 -0.17 0.74 

 
TABLE V 

PERFORMANCE COMPARISON UNDER DIFFERENT LOAD 

CURRENTS IN TERMS OF MEAN PREDICTION ERROR 

Method Load current  

of 5 A (℃) 

Load current  

of 10 A (℃) 
Load current  

of 15 A (℃) 
Proposed 0.92 0.51 0.26 

TDT 5.79 3.43 1.55 
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G. Performance of the Proposed JTM Method with a Limited 

Resolution 

The dependency of resolutions is an aspect to be addressed 

in the proposed JTM method. With this, the experimental test 

with a limited resolution is performed, and the results are 

shown in Figs. 36 and 37. In this case, the junction 

temperature is increased from 51℃ to 59℃. The results in 

Figs. 36 and 37 show that with a limited resolution, the 

training performance of the CNN is maintained, and hence the 

junction temperature prediction error is limited in a proper 

range of ±4℃. In spite of this, the limited resolution adversely 

affects the performance of the proposed JTM method. That is, 

with a limited resolution, the obvious ripples appear in the 

predicted junction temperature, which makes the accurate 

distinguish of the actual junction temperature become tough 

(see Fig. 36). Considering this, further research efforts should 

be made to guarantee the performance of the proposed JTM 

method with a limited resolution.  

H. Performance Comparison Between the Proposed JTM 

Method and the TDT Method 
As discussed before, the load current dependence is a 

troublesome problem that may lead to a compromised 

accuracy of junction temperature prediction. Therefore, the 

effects of the load current are experimentally explored for the 

proposed JTM method. Moreover, the performance of the 

proposed JTM method with different load currents is 

compared to that of the turn-off dead time-based JTM method 

[22] (hereafter, referred as to the TDT method), which is 

shown in Fig. 38. As shown in Fig. 38, there is a noticeable 

difference in the performance of the TDT method with 

different load currents. More specifically, the TDT method 

provides a good junction temperature prediction performance 

with the load current of 15 A. However, the TDT method 

behaves unsatisfactorily with the load currents of 5 A and 10 

A, and a large prediction error can be observed in the TDT 

method. The experimental results also lead to the conclusion 

that the TDT method is unable to deal with the knotty problem 

of load current dependence. By comparison, the proposed 

JTM method makes an apparent improvement. That is, a 

satisfactory performance with different load currents is 

obtained by implementing the proposed JTM method. 

Meanwhile, the improvement of the proposed JTM method 

justifies the efforts of using the CNN that goes toward the 

solution of load current dependence. Moreover, comparable 

results between the proposed JTM method and the TDT 

method with different load currents are respectively concluded 

in Table III, Table IV, and Table V, which clearly illustrates 

that the proposed JTM method features a better performance. 

VII. CONCLUSION 

The accurate junction temperature monitoring is highly 

helpful for reliability evaluation and health management of 

IGBT modules. However, this task becomes tough due to the 

troublesome problem of load current dependence. To address 

this, a JTM method based on the TOV and CNN was proposed 

in this paper for IGBT modules. In the proposed JTM method, 

the characterization behavior of the TOV during turn-off 

transient process was analyzed in detailed. Then, a parameter 

dependence analysis of the TOV was performed. It is clear 

from the analysis that the availability of the proposed JTM 

method may be degraded with the problem of load current 

dependence. Accordingly, an innovative solution, i.e., using 

the CNN, was developed to ensure the performance of the 

proposed JTM method, in which the information of the load 

current is not required. The effectiveness of the proposed JTM 

method under different operating conditions was validated by 

extensive double-pulse tests and experimental tests based on 

the test bench of a single-phase PWM rectifier, and compared 

with that of the TDT method. The experimental results point 

out that, the proposed JTM method is compelling for IGBT 

modules, and interesting benefits are achieved in terms of 

avoiding the problem of load current dependence.  

Compared to the proven TSEP methods, with the assistance 

of the CNN, the full waveform of the TOV is used to 

implement the task of junction temperature monitoring, which 

enables to deal with the issue of the complex measurement of 

the TSEP. Additionally, benefiting from the excellent global 

and local feature recognition capability of the CNN, the 

proposed JTM method may provide accurate junction 

temperature estimation with the similar behavior of the TOV 

under different cases (e.g., a low junction temperature and a 

small load current, and a high junction temperature and a high 

load current). However, the proposed JTM method is not a 

final solution to the JTM of the IGBT module. This is because 

that the limited resolution may lead to an unacceptable 

performance of junction temperature monitoring. Therefore, 

further research efforts must be developed to improve the 

industrial applicability.  
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