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Abstract— Wire-bond lift-off and Solder fatigue are 

degradation mechanisms that dominate the lifetime of power 

semiconductor packages. Although their lifetime is commonly 

estimated at the design stage, based on mission profiles and 

Physics-of-Failure models, there are many uncertainties 

associated with such lifetime estimates, emerging, for example, 

from model calibration errors, manufacturing tolerances, etc. 

These uncertainties, combined with the diverse working 

environments of power semiconductor packages result in 

inaccurate lifetime estimates. This paper presents an approach for 

estimating the extent of degradation in power semiconductor 

packages based on online monitoring of key parameters of the 

semiconductor, namely, the thermal resistance Rthja and the 

electrical resistance RCE. Using these two parameters, solder 

fatigue and wire-bond lift-off can be detected during normal 

converter operation. In order to estimate these two parameters, 

two techniques are introduced: a residual obtained from a Kalman 

filter which estimates the change in the thermal resistance Rthja 

and a Recursive Least-Squares (RLS) algorithm which is used to 

estimate the electrical resistance. Both methods are implemented 

online and validated experimentally. 

 
Index Terms—Reliability, Kalman Filtering, Least squares 

methods, IGBT, Monitoring, Life estimation 

I. INTRODUCTION 

GBT power modules have been reported as one of the most 

delicate components in power applications such as wind 

turbines and rail traction [1] where unpredicted failures, 

resulting from gradual degradation of the semiconductor 

packaging, can have large economic implications [2]. To help 

reduce the incidence of unexpected failures through condition-

based maintenance, the application of online monitoring and 

health management algorithms has been proposed by many 

researchers. They aim to reduce the need for periodic 

maintenance and reduce system down-time through continuous 

monitoring of key operating parameters, such as on-state 

voltage VCE(ON) and junction temperature TJ, that are correlated 

to power module degradation. This can consequently enable 
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predictive maintenance through the assessment of the current 

level of degradation of the power module. 

Unlike lifetime estimation methods, the primary purpose of 

health/condition monitoring methods is to ensure protection and 

safe operation of power converters in their work environment 

rather than provide a lifetime estimate of the monitored 

component. The features of module degradation are extracted 

from the online measurements of the key failure indicators by 

eliminating the effects of loading and operating conditions.  

As an example of health monitoring algorithm for power 

modules, Dawei et al [3] proposed a method to detect solder 

fatigue, based on thermal and power loss models, to estimate 

the resulting change in the thermal resistance. The change in the 

thermal resistance was estimated by comparing an online 

estimate of the power loss to the original fixed power loss 

model. In another work, Dawei et al [4] demonstrated the use 

of the converter output harmonics in order to detect the 

degradation of solder layers where the amplitude of the 

harmonics was correlated to the temperature and therefore the 

change in temperature due to solder fatigue can be detected.  

Anderson et al [5] used Principal Component Analysis 

(PCA) to detect solder fatigue in IGBT modules. In this method, 

the on-state voltage VCE(ON), the current IC and the case 

temperature TC are monitored and used to extract a vector of 

features. These extracted features are then compared with pre-

determined healthy features which indicate the level of 

degradation of solder layers from the original state. 

Lehmann et al [6] proposed a hardware method for the 

detection of wire-bond lift-offs during normal operation of 

power modules by adding sensing wires in the packaging which 

are bonded to the emitter contact on the chip. At the moment 

when wire-bonds fail, changes in the voltage difference across 

these sensing wires indicates a wire-bond failure. A resistor is 

used to increase the impedance of the current path, preventing 
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high current from flowing through the sense wires.   

The online measurement of key failure indicators (e.g. 

junction temperature and on-state voltage) has been identified 

as a limiting factor for the development of efficient PHM for 

power electronics [7] and consequently, much recent research 

has been dedicated to propose online measurement circuits of 

failure indicators and thermo-sensitive electrical parameters [8-

11]. However, little has been done in terms of using these online 

measurements to extract health information about the state of 

wire-bonds and solder layers of IGBT modules. 

This work focuses on the use of the online measurements of on-

state voltage VCE(ON) and online estimate of junction 

temperature TJ to monitor the degradation in power 

semiconductor modules resulting from wire-bonds lift-off and 

solder fatigue. Changes in key failure indicators of the power 

IGBT modules, namely the thermal resistance Rthja and 

electrical resistance RCE, are estimated. Model-based residuals 

are used to detect changes in Rthja through the residual produced 

by a Kalman filter algorithm that is employed to estimate 

junction temperature. A Recursive Least-Squares (RLS) 

algorithm is used to estimate the collector-emitter resistance, 

RCE, which is shown to be correlated to wire-bond failure.   

II. EFFECTS OF PACKAGE AGING ON FAILURE INDICATORS 

In order to investigate the effect of packaging degradation on 

the electrical and thermal characteristics of IGBT modules, 

power cycling tests were carried out using a “Mentor Graphics 

Power Tester 1500A” [12], which is an industrial power cycling 

equipment illustrated in Fig. 1. This equipment is capable of 

measuring VCE(ON) and the transient thermal impedance Zthja 

during power cycling tests. It is well known that the on-state 

resistance RCE and on-state voltage VCE(ON) are correlated to 

wire-bond lift-offs, where step-wise changes are a feature of 

individual wire lift-off. Similarly changes in the transient 

thermal impedance can be related to progressive degradation of 

the thermal path resulting from solder fatigue (at die-attach 

and/or substrate mount-down layers) [13] Together these 

features allow the state of the wire-bonds, as well as the state of 

the thermal conduction path to be monitored.  

  

Two different power cycling tests were carried out to 

investigate the effects of wire-bond lift-off and solder fatigue 

on electrical resistance RCE and thermal resistance Rthja.  

A. Effects of Solder Fatigue on Rthja 

The IGBT module subjected to cycling was an off-the-shelf 

half bridge 1.2kV/200A module. Each switch of the half-bridge 

has two IGBT devices which are connected in parallel and each 

device is positioned on a separate substrate tile making four 

substrate tiles in total. However, only one switch of the half-

bridge module was cycled. The cycling current IC was fixed at 

170A, which gave an initial temperature swing at the junction 

ΔTJ=120oC with a maximum of TJmax=140oC and a minimum of 

TJmin=20oC, as estimated from the measured values of VCE. The 

heating time and cooling time were fixed at 65s and 70s 

respectively. The test started with an initial power dissipation 

PD=344W, measured at the peak temperature of 140°C. 

Transient thermal impedance measurements were made at a 

fixed interval of 1000 cycles during the cycling. This interval 

was reduced to 500 cycles by the end of the test in order to get 

better insight of the change in thermal resistance Rthja in relation 

to the degradation. 

Transient Thermal Impedance measurement Zthja is achieved 

using the collector-emitter voltage VCE as a thermos-sensitive 

electrical parameter. To achieve this measurement, the IGBT is 

heated using a high current source to reach thermal equilibrium, 

and then the high current is removed to allow the IGBT to cool 

down and reach thermal equilibrium again. VCE is measured 

across the IGBT during the cooling phase at a low current of 

200mA. A calibration curve TJ=f(VCE), predetermined at that 

current value, is used to calculate the temperature swing ΔTJ 

which is then normalized using the power dissipation to 

produce the thermal impedance Zthja. The module under test is 

mounted on a water-cooled cold plate whose temperature is 

maintained constant at 20oC. 

In order to accelerate the degradation of the substrate to base-

plate solder layer, a Kapton film of 25µm thickness was placed 

between the baseplate of the module and the cold plate [13]. 

This increases the temperature swing at the internal solder 

layers compared to directly mounting the module on the cold-

plate, thus accelerating the rate of degradation.  

 
Fig. 1 Power cycling test equipment “Mentor Graphics Power Tester 1500A“  

 

 
Fig. 2 The transient thermal measurement at different cycles as measured 

during the power cycling test.  
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Measurement of transient thermal impedance Zthja were made 

with the module in-situ, without disturbing the physical 

mounting of the module from the cold plate. A heating current 

of 150A was used for the transient thermal measurement which 

produced a power dissipation step of 360W. Fig. 2 shows the 

junction-to-ambient transient thermal impedance Zthja 

measurements performed during the power cycling test, 

indicating a clear increase in Zthja with the number of cycles. 

The thermal resistance Rthja is the steady-state value of Zthja.  

Fig. 3 shows the value of Rthja during the power cycling test. It 

can be seen that Rthja remained almost constant until 7100 cycles 

and then started to increase, gradually at first and then with an 

increasing rate. This increment is correlated to the degradation 

in the thermal path, in this case as a result of solder fatigue.  

In order to confirm the cause of this increment in Rthja, 

Scanning Acoustic Microscopy SAM of the IGBT module was 

performed before and after the power cycling test. The reflected 

ultrasonic echoes show discontinuities in the internal layers of 

the module and appear as dark shadows in the images. Fig. 4 

(left) shows the SAM image of the cycled switch in the module 

before power cycling whereas Fig. 4 (right) shows the SAM 

image of the cycled switch after 13500 cycles. It can be seen 

from these images that cracking has occurred within the die-

attach layer and also within the substrate mount-down solder 

layer. At the substrate mount-down solder layer, cracking 

propagates from the corners at the right hand side of the 

substrate towards the centre. A similar behaviour can be 

observed at the die-attach layer where the corners appear darker 

than the centre indicating cracking. These images confirm the 

correlation between the solder fatigue at die-attach and 

substrate mount-down solder and the change in thermal 

resistance Rthja shown earlier. An extensive study was made in 

[13] detailing this correlation.  

 

B. Effect of Wire-bond Lift-offs on RCE 

The electrical resistance RCE of an IGBT can be calculated 

from the forward characteristic of the IGBT measured across 

collector and emitter terminals. This forward characteristic can 

be approximated by a straight line, as shown in Fig. 5 and may 

be described by:  

VCE=RCEIC+VCE0 (1) 

 

where RCE=ΔVCE/ΔIC is the slope of the line and represents 

the electrical resistance of the IGBT.  VCE0 is the x-intercept of 

line with the current axis. This is a common approximation to 

simplify the modelling of the forward characteristic [14]. 

To investigate the effect of wire-bond degradation on the 

collector-emitter electrical resistance RCE, 6 IGBT devices were 

subjected to power cycling. The cycled IGBT devices were 

connected as shown in Fig. 6. All devices were forward biased 

with VGE=15V. The total cycling current for the IGBTs was 

IC=270A which generated a total power loss of 762W. This 

resulted in a temperature swing at the junction, ΔTJ=137oC. 

This temperature swing is an average across the 6 IGBTs. Due 

to technical limitations, the measurement of VCE(ON) can only be 

made across the whole setup for the 6 IGBTs. However, this 

limitation does not affect the outcome of the test. The power 

cycling test was stopped after 21400 cycles when the value of 

VCE(ON) had risen 0.2V above its starting level. It should be 

noted that all devices were still functional after the test was 

stopped.  

The on-state voltage VCE(ON) of the IGBT devices monitored 

during the power cycling test is shown in Fig. 7. The voltage 

VCE(ON) remained constant until about 18150 cycles where step-

wise increments started to appear. This step-wise behaviour is 

known to be caused by wire-bond lift-off. 

The measured increase in the on-state voltage VCE(ON) is 

caused by an increment of the collector-emitter circuit electrical 

resistance, RCE. This resistance RCE is a summation of the 

electrical resistance of the semiconductor chip, the wire-bonds, 

  

 
Fig. 3 Junction-to-ambient Thermal Resistance Rthja during the power cycling 

test. 

  
Fig. 4 SAM image of the tested IGBT power module in its original condition 

before cycling (Left) and after power cycling (Right) 

Diode 

Diode 

IGBT 

IGBT 

  
Fig. 5 Linearization of the forward characteristic of an IGBT. 

  
Fig. 6 The connection of tested IGBT devices on the power cycling 

equipment 
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copper traces, and the connection terminals. However, among 

these different components, only the electrical resistance of the 

wire-bonds changes due to degradation. Therefore, wire-bond 

lift-off will increase RCE [15] which consequently increases the 

voltage VCE(ON).  

After the power cycling test was stopped, the forward 

characteristic of each individual IGBT was obtained using a 

curve tracer at room temperature. Fig. 8 shows the forward 

characteristic of each IGBT compared to the forward 

characteristic before cycling. The forward characteristics of all 

tested IGBTs were identical before cycling, therefore, only one 

original characteristic is shown here for clarity. The cycled 

IGBTs show different levels of change in the slope of their 

forward characteristics. The slope, as described earlier, 

represents the electrical resistance RCE. Table 1 shows the 

parameters of equation (1) obtained by curve fitting to the data 

in Fig. 8. Compared with the original value, it can be seen that 

RCE of IGBT3 is the highest, followed by IGBT4. The lowest 

RCE is for IGBT1 which is the least degraded sample. The value 

of VCE0 on the other hand shows no discernible correlation with 

the observed changes in the forward characteristic. The 

different slopes (i.e different RCE values) are believed to be 

caused by different levels of degradation in the wire-bonds of 

the tested IGBTs.  

However, it is well known that the forward characteristic of 

an IGBT is a function temperature, and therefore, the 

parameters RCE and VCE0 can also change with temperature.  

Fig. 9 shows the forward characteristic of a pristine IGBT at 

multiple temperatures. The inflection point is a common feature 

in the forward characteristic of an IGBT device when 

characterized at multiple temperatures. A negative temperature 

coefficient influences the characteristic below the inflection 

point whereas a positive temperature coefficient influences the 

characteristic above the inflection point. 

The approximately linear relationship between current IC and 

voltage VCE(ON) is observed above the inflection point, and 

therefore, it is in this region that the electrical resistance RCE is 

calculated. Note that since the majority of IGBTs will operate 

in this region for some of the time [14], this will not limit the 

application of the method of calculation.  The slope RCE, in this 

region, has a positive temperature coefficient which results in 

higher on-state voltage VCE(ON) at higher temperatures at any 

current value. Table 2 shows the variation of RCE and VCE0 with 

temperature for an undegraded IGBT.  

From the above, it can be said that wire-bond failures and 

temperature both result in increases in the electrical resistance 

RCE. However, the sensitivity of RCE to temperature (rather than 

the absolute value) is largely determined by the physical chip 

structure of the semiconductor and is not, therefore, affected by 

wire-bond lift-off. Thus, the effect of wire-bond lift-offs 

appears as an offset on the function RCE=f(T) as shown in Fig. 

10. Steps appear in Fig. 10 are due to experimental setup [16]. 

Hence, it is necessary to consider the changes in temperature 

when monitoring RCE, since an increment in RCE can either be a 

justified due to an increment in temperature or due to a wire-

bond lift-off. A method to deal with this problem is proposed 

later in this work.  

III. BACKGROUND OF PROPOSED METHODS 

To enable the condition monitoring of power semiconductor 

packaging, failure indicators of RCE and Rthja should be 

monitored. However, these two parameters cannot be measured 

by direct methods during the normal operation of power 

converters and therefore, indirect methods must be utilized to 

obtain the values of these two parameters.  

Fig. 11 shows a block diagram of the proposed method. The 

measurement circuity collects the current IC, on-state voltage 

VCE(ON) and gate threshold voltage VG(th) from the power 

semiconductor (an IGBT in this case). The gate threshold 

  
Fig. 7 On-state Voltage of cycled IGBT devices equipment 

  
Fig. 8 Forward Characteristic of cycled IGBTs compared to original 

characteristic before cycling. 

  
Fig. 9 The Forward Characteristic of a1.2kV/200A IGBT module at multiple 
temperatures 

  
Fig. 10 Correlation between RCE and Temperature. Wire-bond lift-off 

changes the offset of the linear correlation. The slope remains constant [16]. 
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voltage VG(th) is a thermo-sensitive electrical parameter TSEP 

and it is used to calculate the junction temperature TJ of the 

IGBT module.  Gate threshold voltage VG(th) has a linear 

correlation to temperature and a relatively higher sensitivity to 

TJ compared to VCE(ON). Estimation of TJ is realized using 

Kalman filter algorithm which requires the ambient temperature 

Ta and the power loss PD as inputs. The power loss calculation 

is achieved using look-up tables, based on the measured current, 

on-state voltage and duty ratio. A full explanation of the use of 

a Kalman filter for junction temperature estimation can be 

found in another work by the authors [17]. An additional feature 

of using the Kalman filter is the residual signal rk generated as 

part of the predict-correct sequence. The residual is the 

difference between the model estimate of TJ and the true 

measurement of TJ obtained from the TSEP. Since the model is 

fixed, this deviation is correlated to changes in the thermal 

resistance Rthja, and therefore, it can be used to monitor the 

thermal degradation of the semiconductor packaging due to 

solder fatigue. 

As for wire-bond lift-off, the Recursive Least-Squares 

algorithm is used to estimate the electrical resistance RCE from 

the online measurement of VCE(ON) and IC. However, as 

explained earlier, RCE is also sensitive to temperature 

variations, and therefore, the effect of TJ on the estimate of RCE 

should be eliminated. For this purpose, Discriminant Analysis 

is applied to produce a linear transformation Zk from the 

estimate of RCE and TJ. This linear transformation Zk reveals the 

changes in RCE that are caused by wire-bond lift-offs whereas 

the variations of TJ do not affect the value of Zk. In this way, Zk 

can be used to monitor wire-bonds lift-off.  

A. Kalman Filter Residual 

Residuals are defined as quantities that represent the 

discrepancy between measured variables and their expected 

values given under a healthy baseline state. The expected value 

is obtained from a reference model that represents the power 

module in its original state. Residuals can be obtained using a 

range of different methods [18], for example: parity equations, 

diagnostic observers, and Kalman Filters. In this work, the 

Kalman Filter is used as a residual generator to monitor the 

health state of the thermal path in an IGBT power module. And 

therefore, an electrical equivalent model of the thermal path is 

used by the Kalman Filter [17]. After the residual is calculated, 

it is evaluated statistically to reveal deviations in its mean value 

from the original mean value under health conditions. Changes 

in the mean value of the residual are correlated to changes in 

Rthja which, therefore, give indications of the thermal 

degradation due to solder fatigue. 

It is well known that the heat conduction path of power 

semiconductor packages can be represented by an RC electrical 

equivalent network. This RC network can be expressed by the 

following discrete state-space representation: 

𝑥𝑘 = 𝑭𝑥𝑘−1 + 𝑳𝑢𝑘 
𝑦𝑘 = 𝑯𝑥𝑘 + 𝑱𝑢𝑘 

 (2) 

 

where k is the time step index, x is the state vector, u is the 

input vector, y is the output vector and  F, L, H and J are the 

system parameters which can be obtained by curve fitting of the 

measured  thermal impedance Zth . Assuming that matrices F, 

L, H and J represents the thermal system in its original state, 

then ΔF, ΔL, ΔH, and ΔJ  represents changes in the thermal 

system parameters resulting from solder fatigue. In addition, 

assuming the existence of process and measurement noise terms 

wk and vk, and a disturbance term dk, this modified state-space 

model can be represented by: 

𝑥𝑘 = (𝑭 + 𝚫𝑭)𝑥𝑘−1 + (𝑳 + 𝚫𝑳)𝑢𝑘 + 𝑑𝑘 + 𝑤𝑘  
𝑦𝑘 = (𝑯 + 𝚫𝑯)𝑥𝑘 + (𝑱 + 𝚫𝑱)𝑢𝑘 + 𝑣𝑘 

(3) 

Using this state-space model, the state estimate x̂k and the 

estimated output ŷk produced by the Kalman filter are given by 

the following expression (assuming that the feed-forward 

matrix J=0 for simplification): 

�̂�𝑘 = 𝑭�̂�𝑘−1 + 𝑲[𝑦𝑘 − �̂�𝑘] (4) 

�̂�𝑘 = 𝑯�̂�𝑘−1 (5) 

where x̂ is the state estimate vector, ŷ is the output estimate 

vector and K is the Kalman Gain matrix. Assuming that the state 

estimate error is ek which is the difference between the true state 

vector x and the estimated state vector x̂, and assuming that the 

residual rk is the difference between the measured output yk and 

the estimated output ŷk: 

𝑒𝑘 = 𝑥𝑘 − �̂�𝑘 (6) 

𝑟𝑘 = 𝑦𝑘 − 𝐻�̂�𝑘
− (7) 

Using (3) and (4), the state estimation error ek can be derived 

as: 

  
Fig. 11 Proposed method for Monitoring Wire-bonds lift-off and Solder 

fatigue 

TABLE 1 

CHANGE IN RCE AND VCE0 DUE TO WIRE-BOND FAILURE 

IGBT Original 1 2 3 4 5 6 

RCE (mΩ) 5.315 7.747 7.868 10.56 8.461 7.991 7.906 

VCE0 (V) 0.930 0.8377 0.9048 0.7971 0.8927 0.8362 0.8494 

 

 TABLE 2 

CHANGES OF RCE AND VCE0 WITH TEMPERATURE 

T (oC) 29 55 76 105 135 

RCE (mΩ) 5.453 6.05 6.531 7.237 7.966 

VCE0 (V) 0.9297 0.8965 0.8707 0.8301 0.7904 
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𝒆𝒌 = [(𝑭 + 𝚫𝑭) − 𝑲(𝑯 + 𝚫𝑯)]𝒆𝒌−𝟏 
          +(𝑳 + 𝚫𝑳)𝒖𝒌 + 𝒅𝒌 + 𝒘𝒌 + 𝑲𝒗𝒌 

(8) 

 

And the residual rk can then be written in terms of ek as: 

𝑟𝑘 = (𝑯 + 𝚫𝑯)𝑒𝑘 + 𝑣𝑘  (9) 

This expression shows that the residual rk is driven by the 

state estimation error ek in (8). Consequently, the residual is 

affected by changes in the thermal system ΔF, ΔL, ΔH which 

are caused by solder fatigue. The residual is also affected by the 

disturbances dk, and changes in the noise terms wk and vk. 

Therefore, in the ideal case where no modelling errors are 

present and no disturbances are acting on the system, the 

residual rk has a mean value of zero for the original undegraded 

system. However, in practice these conditions may not hold 

since modelling errors are unavoidable and external disturbance 

(e.g. cooling conditions) can affect the thermal system which 

leads to the residual rk having an initial non-zero value under a 

healthy state of the thermal path. 

B. Recursive Least-Squares Algorithm 

The linear approximation of the forward characteristic shown 

in (1) can be used to estimate the electrical resistance RCE from 

the online measurement of IC and VCE(ON). For this purpose, the 

recursive least-squares estimate is used. The advantages of 

using RLS algorithm resides in its capability to find the 

coefficients of a function given a set of noisy measurement 

recursively in time eliminating the need to store measurement 

data. This makes it a suitable solution for online applications. It 

is an adaptive algorithm that estimates coefficients by 

minimizing a cost function providing the ability to track 

ongoing changes in estimated parameters. And therefore, it is 

good candidate for monitoring changes in RCE resulting from 

wire-bond lift-offs. 

Suppose (xi, yi) are points of a given measurement data set 

(IC, VCE(ON)) where i=1,2,…,N and N is the size of the data set. 

This data (xi, yi) can be assumed to be generated by a model 

yi=f(xi): 

𝑓 (𝑥𝑖) = 𝑎1𝑔1(𝑥𝑖) + ⋯ + 𝑎𝑚𝑔𝑚(𝑥𝑖) (10) 

where 𝑔𝑗(𝑥) is called a regressor and (𝑎1, … , 𝑎𝑚) are 

unknown model parameters. This model can be written in a 

matrix format as following: 

𝑦 = ∅𝜃 (11) 

where∅ = [𝜗1
𝑇 , 𝜗2

𝑇 , … , 𝜗𝑁
𝑇]𝑇 , 𝜗𝑖

𝑇 = [𝑔1(𝑥𝑖), 𝑔2(𝑥𝑖), … , 𝑔𝑚(𝑥𝑖)]  

and 𝜃 = [𝑎1, 𝑎2, … , 𝑎𝑚]𝑇 and superscript T refers to a matrix 

transposition. The vector θ is a vector of unknown parameters 

(RCE, VCE0) that need to be determined from the given 

measurement data (xi, yi). The Least-Square Estimate of the 

vector θ is θ ̂  which can be calculated by minimizing the cost 

function: 

𝑉(𝜃) =
1

2
휀𝑇휀 (12) 

where 휀 = [𝑒(𝑥1), 𝑒(𝑥2), … , 𝑒(𝑥𝑁)]𝑇is a vector of the 

“Equation error” which is defined by: 

𝑒(𝑥𝑖) = 𝑦𝑖 − 𝑓(𝑥𝑖) (13) 

The cost function V(θ) has a minimum when its gradient is 

set to zero. The solution of the resulting problem gives the 

following estimate: 

�̂� = (∅𝑇∅)−1∅𝑇𝑌 (14) 

where ∅𝑇∅ is a positive definite matrix and 𝑌 =
[𝑦1 , 𝑦2, … , 𝑦𝑁]. However, in order to enable the real-time 

implementation of this estimate, it should be written in a 

recursive form. 

Assuming the time step index is n, then the estimate �̂�(𝑛) at 

a time instant n is determined from the estimate �̂�(𝑛 − 1) at the 

previous time step in addition to the measurement data available 

at n: 

𝜃(𝑛) = 𝜃(𝑛 − 1) + 𝐾(𝑛)[𝑦(𝑛) − ∅𝑇(𝑛)𝜃(𝑛 − 1)] (15) 

where 𝐾(𝑛) is called the gain vector and it is a weighting 

factor that determines the influence of the previous 

estimate�̂�(𝑛 − 1). Assuming 휀(𝑛) = 𝑦(𝑛) − ∅𝑇(𝑛)�̂�(𝑛 − 1) 

is the error signal, and 𝑃(𝑛) = (∅𝑇(𝑛)∅(𝑛))−1 is the 

covariance of the estimate �̂�(𝑛), the Recursive Least-Squares 

algorithm can be stated by the following equations: 

�̂�(𝑛) = �̂�(𝑛 − 1) + 𝐾(𝑛)휀(𝑛) (16) 

𝐾(𝑛) =
𝑃(𝑛 − 1)∅𝑇(𝑛)

𝜆 + ∅𝑇(𝑛)𝑃(𝑛 − 1)∅𝑇(𝑛)
 

(17) 

𝑃(𝑛) = 𝜆−1 [𝑃(𝑛 − 1)

−
𝑃(𝑛 − 1) ∅(𝑛) ∅𝑇(𝑛)𝑃(𝑛 − 1)

𝜆 + ∅𝑇(𝑛)𝑃(𝑛 − 1)∅𝑇(𝑛)
] 

(18) 

where λ≤1 is a forgetting factor, which can be tuned to 

produce the smallest estimate variance. An initialization of 

�̂�(0) and 𝑃(0) of the RLS is required. A common choice for 

these initial values is �̂�(0) = 0 and 𝑃(0) = 𝛿𝐼 where I is the 

unity matrix and δ≫1. 

C. Discriminant Analysis 

The value of RCE estimated by the recursive least-squares 

algorithm is dependent on temperature TJ, and therefore, in 

order to detect changes in RCE caused by wire-bond lift-offs, the 

effect of TJ has to be eliminated. To achieve this, discriminant 

analysis method is used. 

Discriminant analysis is explained in Fig. 12. Considering 

two separate data groups (Original) and (Degraded), a 

discriminant line can be chosen to achieve the best separation 

between the two groups. The discriminant line can be linear or 

quadratic depending on the data patterns. In our case, 

considering the data in Fig. 10 , a straight line can achieve good 

separation between original and degraded IGBTs. The normal 

distance of a data point (TJ, RCE) from the discriminant line is 

determined by a linear transformation Z:  

𝑍 = 𝑎1𝑅𝐶𝐸 + 𝑎2𝑇𝐽 (19) 

where the parameters a1, a2 can be determined from training 
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data such that the distance between the mean value vectors 

�̅�𝑪𝑬=[�̅�𝐶𝐸𝑂, �̅�𝐶𝐸𝐷] and �̅�𝑱 = [�̅�𝐽𝑂 , �̅�𝐽𝐷] is maximized, where 

(�̅�𝐶𝐸𝑂, �̅�𝐽𝑂) and (�̅�𝐶𝐸𝐷, �̅�𝐽𝐷) represent the centre of the 

(Original) and (Degraded) groups respectively. a1, a2 can be 

determined solving the equation: 

𝒂 = 𝑺𝑝𝑙
−1(�̅�𝑪𝑬 − �̅�𝑱) (20) 

where a=[a1, a2] and Spl is the covariance matrix Cov(RCE, 

TJ). The linear transformation Z of a data point (RCE, TJ) is a 

scalar which takes a negative value if the point (RCE, TJ) is 

below the discriminant line, a zero value if the data point (RCE, 

TJ) is located on the line or a positive value if it is above the 

line. 

The discriminant line, therefore, must be chosen to be 

parallel to the function RCE=f(TJ) such that any changes in RCE 

caused by a corresponding change in TJ will not affect the 

normal distance Z as is described in Fig. 12. And therefore, Z is 

only sensitive to changes in RCE that are not associated with a 

change in TJ, which is the case for wire-bond lift-offs. 

IV. EXPERIMENTAL SETUP 

A full bridge inverter, shown schematically in Fig. 13(a), was 

used as an experimental apparatus to validate the proposed 

method. Online measurements of the on-state voltage VCE(ON) 

and gate threshold voltage VG(th) were achieved using a purpose-

designed circuit [19] during normal converter operating 

conditions. The junction temperature TJ was estimated online 

by applying the Kalman filter algorithm to a thermal model in 

which the temperature “measurements” were   derived from the 

measured gate threshold voltage VG(th) [17]. A dSPACE system 

was used to collect the measurement data and to implement the 

condition monitoring algorithms in addition to a PI current 

controller which was used to control the output current of the 

inverter. An inductor of 300mH was used as a load for the 

inverter. A controllable power supply provided the input DC 

voltage and water cooling was used to remove the generated 

heat from the modules. The switching frequency for the inverter 

was fixed at 1kHz whereas the modulation frequency and 

amplitude was adjustable. Typical inverter output current and 

voltage waveforms, as measured by an oscilloscope, are shown 

in Fig. 13(b). The online measurement data of the current IC, 

on-state voltage VCE(ON) and gate threshold voltage VG(th) is 

shown in Fig. 14.  

In order to accelerate the failure mechanisms of solder 

fatigue and wire-bond lift-off, the IGBT power modules were 

installed on the Mentor Graphics power cycling equipment and 

cycled over a junction temperature range of 20 to 140 °C using 

the Power Tester current source. The power cycled IGBT 

modules were then reconfigured, without de-mounting them 

from the cold-plate, as an inverter with the dSPACE controller, 

to collect the online measurement data and run the condition 

monitoring algorithms. This process was repeated at intervals 

during the power cycling tests in order to evaluate the 

performance of the online condition-monitoring algorithms. 

Note that the results of the power cycling tests, namely changes 

in Rth and RCE, determined from the Power Tester, are those 

presented in Section 2. 

V. RESULTS 

A. Thermal path degradation 

To monitor the degradation of the thermal path, the residual 

from the Kalman filter is used. The online measurement data 

was collected from the inverter setup at frequent intervals of the 

power cycling test as described in Section 4.  

Fig. 15 shows the probability density function (PDF) of the 

residual obtained at different numbers of cycles. It can be seen 

that as the number of cycles progresses the distribution of the 

residual shifts to the right, revealing a change in the mean value. 

Fig. 16 shows the mean value of the residual as function of 

number of cycles. Ideally, the value of the residual should start 

at zero, indicating a perfect match between the thermal model 

and the true thermal path. However, this is not the case because 

of errors in the modelling that result during the original 

identification of the thermal model. The residual mean follows 

a trend similar to the trend in Rthja shown in Fig. 3. After 11300 

  
(a) 

 
(b) 

Fig. 13 (a) A block diagram of the full bridge inverter used for validating the 
diagnostic method (b) the output current and output voltage of the inverter 

measured using an oscilloscope 

  
Fig. 12 A graphical explanation of the discriminant analysis method. The two 

dimensional data is projected on the discriminant to measure the deviation 
from its original value. 
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cycles the residual shows a significant jump which is in good 

agreement with the observed increase in Rthja measured by the 

power cycling equipment. The small differences between the 

two curves can be justified by the measurement noise and 

disturbances acting on the module during normal operation, 

which can affect the residual as detailed earlier. It should be 

stressed that unlike the direct measurement of Rthja, which 

requires specific equipment and specific conditions, the 

residual is obtained during the normal operation of the power 

converter. This allows information about the extent of 

degradation in the thermal path to be obtained in the normal 

working environment of the power converter.  

B. Recursive Least-Squares Algorithm 

The online measurement of current IC and on-state voltage 

VCE(ON) are used to estimate the electrical resistance RCE using 

the recursive least-squares RLS algorithm. Fig. 17 shows the 

convergence of the RCE estimate to the true value of RCE. The 

“true” value is determined offline from the forward 

characteristic as detailed earlier. It can be seen that the 

algorithm converges to the “true” value after about 75 

iterations.  

Fig. 18 shows the change in the online estimate of RCE as the 

junction temperature TJ changes over time. In this case the 

estimate of junction temperature TJ increases steadily in 

response to a gradual change in the cooling water temperature. 

A clear positive temperature coefficient of RCE is visible in good 

agreement with the results of Fig. 9. 

In order to evaluate the performance of the estimate of RCE 

against wire-bond lift-off, the casing of one of the IGBT 

inverter modules was removed to allow access to the wire-

bonds and the wire-bonds were manually cut, one by one. After 

each wire cut, the online data was collected and processed to 

estimate RCE. Fig. 19 shows the uncovered IGBT module used 

for this test and the location of the wire-bonds being cut. 

Fig. 20 shows the estimated RCE after each wire cut.  The 

estimated value of RCE at the original state, with 8 intact wires, 

is about 5.49mΩ but as the number of cut wires increases, the 

estimated RCE increases to reach 6.48mΩ when 4 wires are cut 

and 7.7mΩ when 7 wires are cut. 

Validation of the estimate of RCE throughout the lifetime of 

IGBT was carried out as described in Section 4. The on-state 

voltage VCE(ON) as a function of number of cycles is shown in 

Fig. 21 (a). This data is measured by the power cycling 

equipment at a constant current value of 270A and a 

temperature of 140oC. Fig. 21 (b) shows the estimate of RCE 

given by the RLS algorithm from the online measurement 

obtained from the inverter during normal operation. There is 

clear correlation between the two parameters, where the 

changes in RCE are consistent with the changes in VCE(ON) during 

the power cycling test.  

The step changes in the VCE(ON) are assumed to be related to 

wire-bond lift-off (upward steps) and reattachment (downward 

steps). These latter downward steps are assumed to be caused 

when wires that have previously separated from the die surface 

re-make their electrical contact. In tandem with the step-

changes in VCE(ON) there is a gradual rise in VCE(ON); this is 

related to increases in junction temperature (see Fig. 21 (c)) as 

a result of thermal degradation due to solder fatigue. 

Consequently, this method can be used to detect changes in RCE 

caused either by variation of temperature or by wire-bond lift-

off. 

C. Discriminant Analysis 

The discriminant line was arbitrarily designed to detect a 

change in RCE of 15% from its original value. Fig. 22(a) shows 

the discriminant line and the data points of the estimated RCE 

and its corresponding value of TJ, obtained from the wire 

cutting test explained earlier. The spread in the data is due to 

measurement noise. It can be seen that as the wire bonds are lost 

 
Fig. 14 Online Measurement data of current IL, VCE(ON), VG(th) and Tj_TSEP as 

acquired by the dSPACE system. 

 
Fig. 15 The statistical distribution (PDF) of the residual changes as number 

of cycles progresses indicating a change in the thermal path. 

 
Fig. 16 Mean of the Residual of TJ given by Vth as a function of number of 
cycles. 
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the data shift up closer to the discriminant line until it crosses 

the line due to the increment in RCE. It is also clear that TJ is 

increasing due to an increase in the die power dissipation. The 

linear transformation Z for this data is shown in Fig. 22 (b). The 

value Z represents the normal distance of the data points (RCE, 

TJ) from the discriminant line. Below the line the value of Z is 

negative. As the value of RCE increases due to wire-bond failure, 

Z increases to become zero when RCE reaches 15% above its 

original value and Z becomes positive when RCE becomes 

higher than 15% of its original value. Importantly, if RCE 

changes due to an increment in TJ, that change will be parallel 

to the discriminant line and therefore, the normal distance Z will 

not be affected. In this way, Z is only sensitive to changes in 

RCE resulting from wire-bond failure.  

VI. CONCLUSION 

Degradation of power semiconductor packaging is a limiting 

factor adversely affecting the availability of power converters. 

Estimates of power semiconductor lifetime for applications 

with unpredictable mission profiles are prone to many 

uncertainties, making them unreliable as a tool for maintenance 

scheduling. Here a condition-monitoring approach is proposed 

to monitor the degradation of power semiconductor packages, 

based on online measurements of operational parameters that 

can be obtained from the semiconductor (IGBT in this case) 

during its normal operation in the power converter. The two key 

degradation mechanisms of solder fatigue and wire-bond lift-

off are related, respectively, to increases the thermal resistance 

Rthja and electrical resistance RCE of the module.  

This paper has presented two approaches to monitor, online, 

the degradation of IGBT modules; 1) model-based residuals 

using a Kalman Filter and 2) parameter estimation using 

Recursive Least-Squares (RLS). The online measurements of 

on-state voltage VCE(ON), current IC and gate threshold voltage 

VG(th) are made on the IGBT module. Gate threshold voltage 

V(G)th is used by the Kalman filter to estimate junction 

temperature TJ whilst at the same time, generating a residual 

which is used to monitor the degradation of the thermal 

resistance Rthja. The on-state voltage VCE(ON) and the current IC 

are used by the Recursive Least-Squares (RLS) algorithm to 

estimate the electrical resistance RCE. Since RCE is sensitive to 

temperature variations, a linear transformation can be used to 

eliminate the influence of temperature on RCE such that the 

linear transformation Z is sensitive only to changes in RCE, in 

particular due to wire-bond failure. Experimental validation has 

shown that the proposed methods are capable of detecting 

changes in the module thermal path resistance Rthja and 

electrical resistance RCE using measurements obtained at gate-

drive level under normal converter operating conditions. 

By combining the early indication of degradation with 

Condition-Based Maintenance (CBM), where degraded 

components are replaced before they fail destructively and 

unexpectedly, the presented condition monitoring approach can 

improve the availability of the assets utilizing power 

semiconductor packages such as wind turbines and electric 

trains. 

VII. ACKNOWLEDGMENT 

This work was supported by the U.K. Engineering and 

Physical Sciences Research Council through the research 

Grants EP/I031707/1 and EP/H03014X/1. 

 
Fig. 18 The estimated RCE with RLS algorithm follows the change in 

estimated TJ over time. 

 
Fig. 19 Uncovered IGBT power module used for the wire-bond cut-off test 

 
Fig. 20 Estimated RCE after each wire cut. RCE increases as the number of lost 

wires increases. 

 
Fig. 17 Convergence of RLS algorithm to the true value of RCE 
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(a) 

 
(b) 

Fig. 22 (a) the discriminant line and the estimated data points (RCE, TJ) as wires 

on the chip are cut (b) the corresponding value of the linear transformation Z 

 
(a) 

 
(b) 

 
(c) 

Fig. 21 (a) the on-state voltage VCE(ON) of the IGBT during the power cycling 

test (b) the RCE estimated from the online measurements of VCE(ON) and IC using 

RLS during normal operation of inverter (c) junction temperature swing ∆T 

during the power cycling test 
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