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Abstract—As the efficiency of the power converter has 

significantly improved, its long-term reliable operation has 

become a critical factor in most power electronics applications. 

Among these factors, monitoring real-time temperature variations 

in the power converter during operation is a key priority for 

assessing reliability and predicting its lifetime. However, limited 

research has been conducted on the online monitoring of junction 

temperatures in power semiconductors using on-resistance 

measurements. Online temperature monitoring can help prevent 

individual device failure caused by transient thermal overstress, 

which could otherwise undermine the reliability of the entire 

converter. The power semiconductor junction temperature 

prediction method discussed in this paper still relies on the less 

commonly used direct measurement of on-resistance. Building on 

this approach, a combined method is proposed that integrates 

finite control set model predictive control (FCS-MPC) to minimize 

power loss and thermal stress in power semiconductors, thereby 

improving the overall reliability of the converter. Above all, 

acknowledging the variations in parameter distribution among 

identical power semiconductor devices, this method aims to 

estimate the online junction temperatures of all SiC power 

MOSFETs in a three-phase, two-level voltage source inverter. The 

simulation results demonstrate that the proposed method enables 

online estimation of the junction temperature of all SiC power 

MOSFETs in a three-phase inverter, and even allows closed-loop 

regulation of the junction temperature of the SiC power 

MOSFETs. Simultaneously, the reliability of the power MOSFET 

is notably enhanced due to the considerable reduction in junction 

temperature achieved by the proposed method. In addition, the 

single-vector MPC under finite set model predictive control, along 

with the double-vector and triple-vector approaches under 

continuous set model predictive control, are used for comparative 

analysis with the proposed method. After comparison, the 

excellence of the proposed method was finally verified through 

simulation. 

Keywords—junction temperature, on-resistance, voltage 

source inverter, model predictive control (MPC), single-vector, 

double-vector, triple-vector, reliability assessment. 

 

I. INTRODUCTION 

The voltage source inverter is widely used in renewable 
energy generation, energy storage, uninterruptible power supply 
and electric vehicle drive systems, mainly due to its simple 
design [1-2]. With significant improvements in the efficiency of 
the voltage source inverter, its long-term reliable operation has 
become a crucial factor in most power electronics applications. 
Power semiconductors are recognized as one of the most 
vulnerable components in power converters, with their failure 
rate closely correlated to the junction temperature during 
operation. Thus, it is essential to keep these temperatures within 
safe limits. Despite considerable efforts by the scientific 
community and power module manufacturers, accurately 
measuring the junction temperature of power semiconductor 
devices continues to be a challenge. Effective thermal 
management of SiC devices is especially challenging due to 
their low thermal inertia and high power density. One way to 
prevent temperature-related failures is by estimating junction 
temperatures, which allows for precise thermal management and 
improves converter reliability. Over time, several methods have 
been developed to measure or estimate the junction temperature 
of power semiconductors. As noted in [3], current methods for 
estimating the temperature of power semiconductor devices can 
be broadly classified into optical, physical contact, and electrical 
methods, each offering distinct advantages and disadvantages. 
Optical methods involve detecting the temperature-dependent 
optical properties of semiconductors, such as through thermal 
imaging of the semiconductor die with infrared cameras [4-8]. 
These methods offer high accuracy and produce detailed thermal 
images of the semiconductor die, allowing for easy 
identification of the maximum temperature point and the 
temperature gradient across the die. However, these methods 
require visual access to the chip, removal of the dielectric gel, 
and additional computational resources to analyze the thermal 
images. Physical contact methods involve making direct contact 
between the die and a heat-sensitive material. This approach 
necessitates mechanical contact with the die inside the module 
and typically provides limited accuracy and dynamic response. 
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Electrical methods, especially those utilizing thermosensitive 
electrical parameters (TSEPs), have emerged as the most 
promising approach for estimating junction temperature in 
power semiconductors. These methods use the power 
semiconductor device itself as a temperature sensor, converting 
its junction temperature into electrical variables. TSEPs in SiC 
MOSFETs can be categorized into transient and steady-state 
groups. Transient TSEPs include parameters such as turn-on 
saturation current [9], turn-on or turn-off delay [10-11], internal 
gate resistance [12], and gate threshold voltage (Vth) [13-15]. 
Steady-state TSEPs mainly refer to parameters like on-state 
voltage (Von) [16-17] and on-resistance (Rdson) [18-20]. 
Additionally, some transient TSEPs have been proposed, 
including turn-on drain-source current overshoot [21], turn-off 
drain-source voltage undershoot [22], and gate current [23]. 
Notably, Vdson and the on-state voltage drop of the body diode 
(Vbdon) are often combined as indicators of junction temperature 
(Tj) [24]. Among the various TSEPs, the relationship between 
on-resistance (Rdson) and junction temperature in MOSFETs is 
especially reliable and practical. This correlation enables direct 
estimation of Tj, facilitating real-time temperature monitoring to 
prevent individual device failures caused by transient thermal 
overstress, thus improving the reliability of the entire converter. 
Therefore, this paper uses on-state resistance (Rdson) as an 
indicator for the online junction temperature of power 
semiconductor devices.  

At the same time, based on the successful online monitoring 
of junction temperature, it is still necessary to combine some 
advanced control methods to improve the reliability of the 
converter. Thermal stress has been identified as one of the main 
causes of failure in power modules. The thermal stress caused 
by power loss can accelerate the degradation of semiconductor 
devices and reduce system reliability. Adjusting the switching 
frequency is the most straightforward method for achieving 
thermal control, as it directly affects power switching losses. 
MPC, a nonlinear control technology, has received more 
attention due to its advantages of flexible control and simple 
implementation [25-26]. A converter topology with a specific 
level has a limited number of switching states; therefore, MPC 
heuristically selects the best switching state from the 
possibilities by minimizing an objective function. At present, 
few scholars have studied the method of using MPC to improve 
reliability [27]. Although FCS-MPC was used in combination 
with on-site junction temperature to improve reliability in [28], 
it did not take into account the parameter differences of 
semiconductor devices that lead to junction temperature 
differences. Therefore, acknowledging the variations in 
parameter distribution among identical power semiconductor 
devices, this study aims to estimate the online junction 
temperatures of all SiC power MOSFETs in a three-phase, two-
level voltage source inverter. Additionally, while monitoring the 
online junction temperature of power semiconductor devices, 
the finite control set model predictive control method can be 
applied further by incorporating power loss as a secondary 
objective within the control function. This approach helps 
reduce power loss in semiconductor devices, thereby 
minimizing their thermal stress. 

 This paper presents an FCS-MPC method integrated with 
online junction temperature prediction to limit the rise in 

junction temperature of power devices, thereby improving the 
reliability of the entire converter. The proposed method enables 
online estimation of the junction temperatures for all silicon 
carbide (SiC) power MOSFETs in a three-phase inverter and 
even allows closed-loop regulation of the junction temperature 
of the SiC power MOSFETs.  

II. THE PROPOSED FINITE CONTROL PREDICTIVE CONTROL 

METHOD WITH ONLINE JUNCTION TEMPERATURE ESTIMATION 

Fig. 1 illustrates finite control set model predictive control 

diagram combined with online junction temperature estimation. 

It mainly includes two parts: FCS-MPC and online junction 

temperature estimation. In the FCS-MPC framework, the 

primary objective is to implement power flow control, while the 

secondary objective focuses on minimizing power loss, which is 

determined using the power loss model of semiconductor 

devices. The secondary problem formulation, which employs a 

similar l2 norm-2 least squares objective function for power loss, 

is presented as follows [29]:  

 

Js=∑||0-Eabc[k+j]||2
2

H

j=1

                                 (1) 

Here, 0 represents the reference power loss, Eabc represents 

the power loss calculated using the loss model, and Js 

corresponds to the secondary objective. Thus, the combined 

objective function, which integrates power flow control and 

power loss reduction, is expressed as follows: 

 
min
Sabc

  𝜆p ∙ Jp+λs ∙ Js                                 (2) 
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Fig. 1. Finite control set model predictive control diagram with online 
junction temperature estimation. 

 

Fig. 2. Three-phase voltage source inverters architecture with proposed 
Rds-on estimation architecture and package. 
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Here, Sabc represents the switching state of the power 

semiconductor devices, Jp denotes the primary objective value 

for power flow control, and λp and λs are the weighting factors 

for the primary and secondary objective functions, respectively. 

λp is set to 1 by default here. The value of λs will be selected 

based on the requirements of the specific application. 

For the online junction temperature estimation part, to 

measure the junction temperature online, ultrafast sensors are 

used to monitor the on-state current and voltage of all power 

devices. In [32], the traditional method of measuring Rds-on 

requires each phase bridge arm's upper and lower power devices 

to have their own voltage sensors, while the current of the power 

device is determined using the output current sensor. However, 

this approach lacks better sensor integration and involves more 

complex isolation of power supplies. Figure 2 illustrates the 

design of three-phase voltage source inverters architecture with 

proposed Rds-on estimation architecture and package. The 

proposed Rds-on estimation architecture forms a standalone 

package by positioning the current sensor between the voltage 

sensors of the upper and lower power devices, effectively 

addressing the integration and isolation power supply challenges 

associated with the traditional method. These measurements are 

then fed into a lookup table, created from double pulse tests in 

[28], which defines on-resistance as a function of junction 

temperature and conduction current. If all semiconductor 

devices were to be tested, the workload required in practice 

would be too large. This paper aims to verify the proposed 

control method; therefore, only a single power semiconductor is 

tested, and the corresponding mapping is obtained. The 

remaining mappings are derived from the obtained data by 

making minor adjustments to generate all the mappings. The 

junction temperature is subsequently determined online during 

operation by referencing this lookup table, based on the real-

time sampled conduction current and voltage of the device. 

Finally, the junction temperature of all SiC power MOSFETs, 

derived from the lookup table, is integrated into the previously 

analyzed secondary objective function of the FCS-MPC, 

enabling the closed-loop regulation of their junction 

temperatures.   

III. RELIABILITY ASSESSMENT BASED ON THE PROPOSED 

METHOD 

The reliability assessment framework is illustrated in Fig. 3, 
is based on the real-world mission profiles of the PV system in 
North Carolina. The field data has been processed to create the 
mission profile, which serves as the input for the reliability 
assessment framework. To translate the mission profile between 
the input and output of the framework, control methods, system 
models, loss models, and junction temperature estimation are 
required. The framework outputs the accumulative damage or 
predicted lifetime of the semiconductors. The quantified 
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Fig. 3. Reliability assessment framework of semiconductor for voltage source inverter inverters using the proposed method [30]. 
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Fig. 4. Flow diagram of the reliability assessment of SiC inverters with the Monte Carlo analysis and reliability block diagram. LC: lifetime consumption, ton: 

heating time, T'j(min): equivalent minimum junction temperature, ΔT'j : equivalent cycle amplitude, t'on: equivalent heating time,  f(x): Weibull Probability 

density function (PDF), β: sharp parameter, η: scale parameter, F(x): cumulative density function (CDF), Fi(x): unreliability function of the ith device in the 

system, Fsys(x): total unreliability of the system, and Bx : operation time when x% of the populations fail [31]. 

TABLE I - EQUIVALENT STATIC VALUES OF THE STRESS PARAMETERS 

Mean junction temperature T'jm 21.8℃ 

Cycle amplitude ΔT'j 0.1741℃ 

Cycle period t'on 0.01s 

Number of cycles per ten-month n'i (10×30×24×60×60 )×50 
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accumulative damage is closely associated with the 
semiconductor specifications, PV inverter topology, and control 
methods. The results are representative and will be further 
refined upon receiving the detailed design and specifications 
from the inverter vendor. The framework serves as a universal 
tool for quantitatively comparing the reliability of PV inverters 
from different vendors employing various control methods. 
Based on the ten-month lifetime of the power device calculated 
above, it can be concluded that the lifetime of the corresponding 
power device is a fixed value. This often deviates from reality 
because variations in device parameters and thermal stresses are 
not accounted for [33]. In practice, these uncertainties can cause 
the lifetime of power devices to vary within a specific range 
[34]. Therefore, lifetime predictions are typically expressed as 
statistical values rather than fixed values. Building on the 
analysis above, a statistical approach utilizing Monte Carlo 
analysis is applied, as illustrated in Fig. 4. Table I summarizes 
the equivalent static values derived from the mission profile. 

IV. SIMULATION RESULTS 

To validate the effectiveness of the proposed finite 
predictive control method with online junction temperature 
estimation, simulations are performed comparing the proposed 
method with single-vector MPC under finite set model 
predictive control, the double-vector and triple-vector 
approaches under continuous set model predictive control, using 
the MATLAB and PLECS environments. The three traditional 
modulated MPC strategies mentioned above are not the focus of 

this paper; further details on these methods can be found in [35]. 
The primary simulation parameters are listed in Table II. 
Furthermore, to minimize the data volume in the mission profile, 
the ambient temperature profile is kept constant, the ambient 
temperature profile is kept constant, while the active power 
profile is scaled down to a maximum limit of 20 kW. 
Simultaneously, it is assumed that the mission profile repeats 
annually. The simulation parameters of the lifetime model are 
selected from Table III.  

As illustrated in Figure 5, when the grid voltage and current 
operate under normal conditions, the six power MOSFETs with 
varying on-resistances exhibit nearly identical junction 
temperatures, with a maximum value of approximately 60°C. A 
closer examination of their junction temperature details reveals 
that the maximum temperature difference among them does not 
exceed 1°C. Therefore, the proposed method enables the online 
estimation of junction temperatures for all SiC power MOSFETs 
in a three-phase voltage source inverter and facilitates the 
closed-loop regulation of their junction temperatures by 

TABLE II - SIMULATION PARAMETERS 

Symbol Parameters Values 

P Rated power 20 kW 

Vdc DC-link voltage 1200 V 

eabc Grid voltage 277/480 V 

f Grid frequency 60 Hz 

iabc Grid current 24 A 

Lg Line inductance 20 mH 

Rg Line resistance 10 mΩ 

MOSFET Semiconductor device C2M0080120D 

Ta Air temperature 25 ℃ 

RθAH 
Thermal resistance from 

air to heatsink 
0.5 ℃/W 

RθHC 
Thermal resistance from 

heatsink to case 
0.5 ℃/W 

 

TABLE III - SIMULATION PARAMETERS OF THE LIFETIME MODEL 

V 1200 Blocking voltage 

A 9.34*1014 Technology factor 

I 300 Current per wire bond 

D 150*10-5 Diameter of bonding wire 

β1 -4.416 Contribution of Coffin-Manson law 

β2 1285 Contribution of Arrhenius law 

β3 -0.463 
Influence of transient thermal response on 

the chip 

β4 -0.716 
Contribution of accelerated wire bonds 

failure close to end of life 

β5 -0.761 
Accounted correlation between blocking 

voltage and chip thickness 

β6 -0.19 
Considered impact of wire diameter on 

bond interface and thermal expansion 

 

 

 

 

 

 

 

(a) 

(b) 

Fig. 5. (a) The junction temperature of all MOSFETs and corresponding 
zoom-in details (b) Grid voltage and current (Sampling period Ts=33μs, 
weighting factor λs = 250*104). 
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incorporating the junction temperature into the previously 
analyzed secondary objective function of the FCS-MPC. A 
comparison between the proposed method and conventional 
modulated MPC methods is shown in Fig. 6. It is evident that, 
with the proposed method, as the weighting factor increases, the 
maximum junction temperature of the power semiconductor 
decreases, achieving lower values compared to other methods.   
For instance, when the weighting factor λs is set to 250, the 
maximum junction temperature of the power MOSFETs is 3°C 
lower than that achieved by the traditional single-vector MPC. 

Therefore, the reliability of the converter is significantly 
enhanced. However, the THD of grid current correspondingly 
increases. Nevertheless, if reliability improvement is prioritized, 
the proposed method demonstrates superior performance. 
Simultaneously, it is observed that although the double-vector 
and triple-vector MPC methods are compared at the same fixed 
switching frequency, theoretical analysis indicates that the 
triple-vector MPC incurs higher switching losses due to its use 
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Fig. 6. Quantitative comparison of different control strategies (a) Other 
modulated MPC methods (b) Proposed method (Ts=33μs). 

 

(a) 

                                
(b) 

 
(c)                                                         (d)

     

(e) 

Fig. 7. Reliability assessment based on the proposed method (a) 
Rainflow counting results (b) Accumulative damage results (c) Annual 
damage; (d) Time-to-failure distribution; (e) Cumulative density 
function along with the lifetime (Ts=25μs, λs = 5*104). 
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of additional vectors. However, its conduction loss is lower than 
that of the corresponding double -vector MPC. Additionally, 
while the theoretical THD value for the triple-vector method is 
expected to be higher than that of the double-vector method, at 
higher switching frequencies, the change in THD becomes 
negligible or remains unchanged. 

 Based on the previous reliability analysis, the component-
level unreliability functions of the converters are presented in 
Fig. 7, along with their corresponding component-level B15 
lifetimes. FCS-MPC, as a nonlinear control algorithm, selects 
the optimal switching state from a finite set of candidates by 
minimizing the objective function. As a result, the system-level 
B15 lifetime does not reflect uniform unreliability across all 
power devices. Specifically, the component-level B15 lifetime 
for the MOSFET under the proposed method is 35.1 years.  

V. CONCLUSION 

In this article, a finite control set model predictive control 
(FCS-MPC) scheme combined with online junction temperature 
estimation is proposed. The simulation results indicate that the 
proposed method facilitates the online estimation of junction 
temperatures for all SiC power MOSFETs in a three-phase 
inverter, enabling the closed-loop regulation of their junction 
temperatures. Additionally, the method significantly enhances 
the reliability of power MOSFETs by substantially reducing 
their junction temperatures, but it sacrifices the corresponding 
THD of the grid current. Finally, the superiority of the proposed 
method is verified by comparing it with the single-vector MPC 
under finite set model predictive control, and the double-vector 
and triple-vector MPC methods under continuous set model 
predictive control. This paper lays the foundation for better 
applying MPC algorithm to reliability improvement projects in 
the future. 
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