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ABSTRACT The growing concern with reducing C'O5 emissions and the demand for sustainable mobility
have promoted the adoption of electric vehicles and the use of wide bandgap semiconductors. Thermal
management for semiconductor devices is crucial to ensure reliability and efficiency, with junction
temperature being a key variable that cannot be directly measured during operation. In this context,
this paper proposes a method for junction temperature estimation of SiC MOSFET devices applied to
electric traction inverters. A Luenberger state observer is applied to estimate the junction temperature from
accessible variables such as ambient temperature, heat sink temperature, and calculated power losses. The
method is formulated in a state-space representation, verified through simulations, and validated using
an experimental setup, consisting of a single-phase full-bridge inverter. Infrared thermal imaging and
physical sensors were employed to compare estimated and measured values. The results demonstrated high
accuracy and fast dynamic response of the proposed observer, confirming its robustness and applicability
for embedded thermal monitoring in power converters.

KEYWORDS Embedded thermal monitoring, thermal modeling, state observer, wide bandgap semicon-

ductors, electric traction inverters.

I. INTRODUCTION

Electrical Vehicles (EVs) are emerging as protagonists in
the context of sustainable technological progress due to
its capacity of operation without tailpipe carbon emissions
Replacing the traditional internal combustion engine vehicle
fleet for EVs can provide substantial decrease in the car-
bon emissions, whichs contributes for the global goal of
decarbonization. A crucial component in the development
and operation of a EV is the traction inverter. This device
is responsible for controlling the energy flux of the battery
to the motor and sometimes for battery charging [1]. As
the industry moves towards electrical traction systems, the
demand for smaller, more efficient and high-power-density
inverters grows. These demands are linked not only by
the necessity of space restrictions and vehicle weight, but
with the need of provide dynamic driving cycles with high
reliability. In this context, SiC Mosfet have been increasingly
used in several commercial traction inverters developed
by automotive manufacturers. One of the main challenges
regarding the adoption of SiC Mosfets is the monitoring
or direct measurement of junction temperature of these
devices. The direct measurement approach is invasive and
often impractical due to the constructive limitations of the

components [2]. Moreover, solutions based on dedicated
sensors present high cost and are fault-susceptible [3].
Several indirect approaches for estimating junction tem-
perature have been explored, typically combining the analy-
sis of electrical parameters with equivalent thermal models.
In [4]], a measurement-informed thermal model is proposed
that enables junction-temperature estimation even when
key parameters are unknown. Among these approaches, a
second-order estimator achieved the best performance, de-
livering high accuracy and efficiency, particularly for active
thermal control. In [5], the authors present a comprehen-
sive review of thermal models and thermal-management
strategies for power semiconductor devices, with a focus
on measuring and estimating the junction temperature of
insulated-gate bipolar transistors (IGBTs). In this work,
Cauer and Foster-type equivalent thermal networks are dis-
cussed to represent the thermal behavior of power devices,
and three methods for determining junction temperature are
evaluated: optical, physical, and electrical. According to the
review, although optical and physical techniques can offer
high resolution, they are generally unsuitable for online
measurements, especially when the chip is not visible.
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In [|6], the authors propose implementing Kelvin-emitter
sensing directly on the aluminum substrate, at the emitter
surface of the IGBT module, with potential applicability to
power Mosfet modules as well. In [7] the authors presented
a reduced-order observer coupled with a disturbance esti-
mator to monitor the power module temperature. This ap-
proach minimizes errors caused by parameter and operating
condition uncertainties, providing a real-time estimation of
the junction temperature. The paper [8|] proposed a virtual
sensor based on the Luenberger observer to estimate the
junction temperature in closed-loop systems. The methodol-
ogy combines 3-D simulations and experimental validation
to demonstrate the observer’s performance, highlighting its
robustness against system perturbations. In the [9]], a full-
order observer with online method to estimate the junction
temperature of the IGBT device. The strategy employed is
valid to devices with multilayer structures. The observer
proved to be more robust than other methods based on
thermal modeling, since its feedback matrix can compensate
for errors caused by parameter inaccuracies and uncertainties
in the initial states. The proposed approach was validated
through simulations using finite element analysis (FEA) and
practical experiments. [10] proposed an estimation of the
junction temperature using RC thermal networks, where the
parameters were experimentally identified by varying the
ambient and cooling liquid temperatures.

Paper [[11] compared two methods for estimating thermal
states, both based on thermal model nonlinearities combined
with a Kalman filter. The first method relies on measure-
ments from an NTC sensor integrated into the modules,
assuming steady-state conditions, while the second method
employs an additional sensor to measure the inlet temper-
ature of the cooling fluid, providing higher accuracy under
dynamic operating regimes. [12] developed a model-based
Luenberger observer to estimate the IGBT junction temper-
ature, in which a linear model with variable parameters was
proposed as a function of the cooling and hydraulic systems.

This paper proposes a method for estimating the junction
temperature of SiC MOSFET devices using a Luenberger
observer driven by ambient temperature, cooling system
temperature, and calculated power. The approach is validated
through both simulation and experimental results. A single-
phase full-bridge converter was used for experimental valida-
tion. The main contribution of the paper is the proposal of
a methodology for junction temperature estimation of SiC
Mosfet inverters. In contrast to most studies in the litera-
ture, which rely solely on simulations or intrusive sensing
techniques, the proposed method combines analytical power-
loss modeling, simplified thermal modeling, and an observer-
based estimation strategy implemented directly in hard-
ware. Experimental validation using thermal cameras and
embedded sensors demonstrates that the proposed observer
provides faster and more accurate tracking of the junction
temperature than the built-in module sensor. These results
highlight the potential of the approach for embedded thermal

monitoring in traction inverters, enabling reliable estimation
with reduced sensor count and low implementation cost.

Il. MODELLING OF THERMAL SYSTEM

A. Power losses calculation

In this paper, a full-bridge converter is adopted to validate
the proposed junction temperature estimation approach. In
this type of converter, the instantaneous power losses can
be assumed to be composed of conduction losses (P¢) and
switching losses (Psyy). The diode losses can be neglected
since the diodes conduct for a very short time intervals,
which are negligible compared with the losses in the Mosfet
switches [13]]. Therefore, the total losses Pror for each
switch can be obtained from the sum of Po and Pgyy.
This expression will be further used for the observer inputs
Pioss,u and Pj,s,, p in section IIJH

Pror = Pc + Psw. (1)

1) Conduction losses

When the Mosfet is carrying current, the instantaneous losses
can be obtained from expression (2), which is basically
the product of the drain current Ip with the drain-source
resistance Rpg(on), considering the duty cycle d,

Pc = d[Rps(on) I"]- )
The drain-source resistance depends of the junction tem-
perature and can be calculated as

Rpson) = Rps(on)p (1 + K (T; —Tj)), 3
where

Rpseon),m 1
Rps(on),b

Tom—Toy “
In this way, the MOSFET resistance is not constant
and changes with the junction temperature. This behavior
shows the need for a dynamic modeling for the conduction
losses, in which Rpg(,,) is constantly updated in respect
to the device temperature, vide Section This strategy
allows for more realistic estimation of losses, especially
during load transients. This approach becomes even more
relevant in applications with significant thermal stress, such
as vehicle traction, where the thermal performance has a
direct influence in the system reliability [[14].

o b

2) Switching losses

In this work, the equation for Mosfet switching losses was
based in [15]], where the authors propose a simplified and
practical approach for thermal estimation in power converters
with inductive load. The adopted equation is given by,

1 1
Psyy = §IDVCC (ton +tofy) fsw+ §OOSSVCCZfsw~ Q)
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The expression is divided into two terms, each with a
clear physical meaning. The first term represents the energy
dissipated during the switching process, assuming linear
voltage and current waveforms during device commutation.
In this formulation, ¢,, corresponds to the turn-on time,
associated with the simultaneous rise of the current and fall
of the voltage (rise time), whereas t,s; represents the furn-
off time, during which the current falls and the voltage rises
(fall time). Under this assumption, the energy is computed
as the triangular area under the current and voltage curves,
providing an estimation of the dissipated energy in each
switching cycle. In this term, the drain current Ip, the
DC-bus voltage Vo, and the switching frequency fs,, are
considered variables.

The second term corresponds to the energy stored in
the device’s output capacitance Cpgg, which is released
during MOSFET turn-on. Although this energy is not di-
rectly evident in the voltage and current waveforms, it
contributes significantly to the device’s internal temperature
rise. The implicit inclusion of this term enables a more
accurate estimation of dynamic losses, particularly in high-
voltage and high-frequency applications, which are typical
operating conditions for SiC Mosfets [15]. The calculation
of the switching times ¢,, and #,7; is based on the method
presented in [[16].

B. System description

In this paper, a full-bridge inverter was selected to implement
and test the proposed observer. This system uses a natural
convection cooling system. The typical structure of a thermal
cooling system is presented in Figure [I] This figure shows
the base cooling system, thermal paste, and the SiC Mosfet
device.

Junction(S,)

! Junction(S,)
3 Zrh.Jr(' :
Interface Material
\__Case NTC
3 Z!/r.TP 3
A\ IP()wer Module
L IHeat Sink

FIGURE 1. Thermal-electric system representation.

From Figure[T]it is possible to build an equivalent electric
circuit that models the thermal system. Thus, a dynamic
model based on thermal impedances can be derived to
describe the hot spots in the semiconductor module. In
order to simplify the thermal system modelling, Figure 2]
presents the thermal sequence, where the inputs correspond
to the power losses of each power module and the ambient
temperature. This representation reduces the effort required
to define the equivalent RC network of the system.

The figure illustrates the thermal impedances of the equiv-
alent model, showing the main variables of interest in the

T/'[' Zm.z,
PTOT v Z,rp Ly, s
P ' —T,,
TOT,D ™%
;= Ty
T th,D

3D

FIGURE 2. Representation of thermal equivalent impedances.

system. The total losses obtained by the sum of: Pror,u
and Pror p, that are generated respectively by the upper
and lower devices of the power module, constitute the
heat sources of the system. These losses propagate through
the thermal impedances Z, y and Zy, p, associated with
thermal impedance of each device, resulting in the junction
temperatures 15 7 and Tj p. The global impedance Z;, 7p
represents the thermal path between the module case (T¢qse)
and the heatsink (T ), including the interface material, in
this case, the thermal grease. Finally, the impedance Z;, rg
describes the thermal dynamics of the heatsink in relation to
the ambient temperature (7g,p).

C. Equivalent Thermal Modeling of a Full-Bridge Inverter
The number of RC elements in the thermal network directly
determines the order of the resulting dynamic system. In-
creasing the number of capacitive and resistive blocks raises
the model order and, consequently, leads to a more complex
dynamic response Higher-order systems allow a more ac-
curate representation of the different thermal response times
across the module layers, capturing both the fast temperature
variations at the junction and the slower responses of the
heat sink. On the other hand, reduced-order models provide
lower fidelity but offer advantages in terms of computational
simplicity and ease of real-time implementation.

In the equivalent thermal modeling, the heat sink was
represented by an RC network in order to capture the
thermal dynamics of the metallic body. The presence of the
capacitance is essential to model heat retention over time,
while the thermal resistance reflects heat conduction to the
ambient. On the other hand, the thermal paste was modeled
as a pure resistance, since its mass and thermal capacity
are negligible compared to the other elements, and its main
function is to provide a conductive path between the package
and the heat sink [17].

D. Equivalent Thermal network

As described in the previous section, the internal thermal
impedance of the SiC MOSFET MSCSM70AM10CT3AG
power module was obtained from the manufacturer’s data
[[L8], originally provided as a 7th-order Foster network. The
choice of this module is motivated by the advantages of wide
bandgap (WBG) devices, such as higher thermal conductiv-
ity, lower switching losses, and improved efficiency under
high-frequency operation, making it suitable for traction
inverter applications. To facilitate practical implementation
and reduce computational burden, the network was simplified
by directly combining RC pairs, yielding a third-order model.
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This reduced structure was then converted into the Cauer
topology, enabling proper interconnection with the remaining
thermal blocks.

These simplified thermal networks, which represent a
complete thermal model of a single power module, are shown
in Figure (3] The module separately accounts for the power
losses of the two semiconductors and includes the junction,
case, and heat sink temperatures. This representation is used
to model the thermal system and to analyze its dynamic
behavior.

S, losses S, TP HS Ambient
1 ' Rz RTI’ Rﬂs tell’lpA
AP P PR PR |
+ + + + +
Prur U C/—|— Tjt C, —|— V( o C‘T V( U 7Tu~r C1m—|—7TH5 Tmub
L, oLy oL :
PI'UTD (Vl T/U C V(\gn (V? V 3D
A W
VW VW—
R, R,

R,
S, losses S,

FIGURE 3. Thermal system equivalent electrical circuit.

In addition to the previously defined variables, the com-
plete thermal network includes the dynamics of the heatsink
through a first-order RC system, with the thermal capacitance
Chs and resistance Rpyg. The thermal interface material,
since it has no dynamics, is modeled only by its thermal
resistance Rrp. The reduced-order Cauer network is repre-
sented by the RC branches (R1, Cy), (R2,Cs), and (R3, C3),
which capture the transient thermal behavior of the semi-
conductor devices, with equivalent values assigned to both
switches of the module. The voltages across the capacitors,
Ve, and Vg, for switch Sy, and Vg, and Vg, for
switch S5, are analog representations of the intermediate
thermal node temperatures associated with each devices in
the module.

The method implemented in this work, which considers
natural convection cooling, represents the ambient tem-
perature by means of a voltage source. This approach is
common in thermal modeling based on electrical analogies,
as it allows defining a thermal reference and, consequently,
establishing the temperature gradient across the equivalent
network.

For high power levels, temperature management becomes
a critical concern. In such cases, the thermal model can be
directly adapted by replacing the voltage source representing
ambient temperature with the coolant temperature in the
equivalent thermal network. This strategy, employed in [11],
accurately captures the thermal gradients that influence the
junction temperature, particularly during transient condi-
tions. Such an adaptation is especially useful in systems with
high heat flux, as well as in SiC Mosfet-based converters,
which operate with high power density and demand effective
thermal control.

With the complete definition of the equivalent thermal
circuit, the heat transfer dynamics throughout the system
can now be mathematically described. This representation
establishes the foundation for deriving an analytical model
capable of estimating the junction temperature in real time.
The next subsection presents the mathematical formulation
of the thermal network, enabling a compact and accurate
description of its transient behavior.

E. Thermal network modeling

The thermal network presented consists of seven layers,
corresponding to a seventh-order thermal model, in which
the power losses are modeled as current sources and
the ambient temperature is represented by a voltage
source. The junction temperatures of the upper and lower
semiconductor devices are represented by capacitor voltages
distributed along the physical structure of the module,
while the thermal node Tyg corresponds to the heatsink
temperature, referenced to the ambient condition. The
thermal parameters of the original seventh-order model of
of each switch are defined by the thermal resistances
Ren = {5.0, 56.0, 13.0, 51.0, 9.0, 55.0, 300}mQ
and thermal capacitances Cin =
{0.8, 0.0536, 0.6154, 0.5686, 2.8889, 0.1636, 1.83}.

To enable a computationally efficient implementation,
suitable simplifications and mesh associations are then
applied, resulting in an equivalent third-order thermal model
that preserves the dominant thermal dynamics of the original
network. This reduced-order representation is subsequently
adopted for real-time implementation.

The resulting thermal model can be described by a set of
first-order ordinary differential equations obtained through
the application of the thermal node method. Each equation
governs the temporal evolution of a specific temperature state
associated with the thermal network, thereby providing a
suitable framework for dynamic analysis and observer-based
temperature estimation. Then, from Figure [3]is it possible to
obtain the following differential equations,

r VCyy Ploss U Tj,U
T = o~
WERG Y Ta T ROy o
T_ _ VCyp HOSS,D _ Tj,D
WP RG C1 RCy’
v _ Yoy Tiv  Vou | VCsu
U TRIG T RiC RaCy | RaCy o
i) — _ UC2,D TJ,D o ’UCQ,D ,UCS,D
Co.0 Rng R102 RQCQ RQCQ,
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o _ _vC:S.,U VCs,u . UCs,u VCs,u R
Ca,v Rgc’g RQCg R303 RgCgRa e
Vs Tus
T RO R T T CaRy
@
b _ _UCS,D VCs. p . UCs,p Ve u R
Ca.0 RQCg RQCg Rgcg Rgcha e
Uy Ths
: R
+R3€3Ra TP + C3Ra7
THS _ Tus B Ths Toams UCs,u
RrpCrs RusCus RusChrs CrusRa
+ UCs,p Tus Rs,
CusRo  RrpCusRa ©
where the auxiliary variable is given by:
R, = R3 + 2Rrp. (10)

Above equations were formulated in the continuous do-
main and can be represented in state space, enabling direct
implementation in computational simulations as well as the
analysis of the thermal step response as a function of power
losses and the system’s thermal boundary conditions.

F. State-Space Representation of the Thermal Network
Based on the differential equations defined in the previous
subsection, the thermal model of the semiconductor module
can be expressed in state-space form. This representation is
useful for dynamic analysis and for computationally efficient
implementation in simulations or real-time control. The
matrix structure also enables the application of classical tech-
niques for linear systems, such as step-response verification.
Then, the thermal system is represented by the following
equation,

Kx = Ax+ Bu

y— Cx (11)

where x € R” represents the variables vector composed by
the voltage capacitors equivalents; u € R? there are inputs
of the system like the power losses of the semiconductors
and the ambient temperature. y represents the output system,
which is the heat sink temperature. The matrix K contain
the capacitance associated each space of state, while A
represents the thermal interaction between the nodes and B
relates the inputs with nodes the system. Thus,

.
x=[Tjv voyy Vo Tjp Voyp Vosp Ths |

(12)

and the input vector is given by,
-
u= [ Ploss,U -Ploss,D Tamb ] (13)

Matriz K is given by,

0 O

0 O
Cs 0
0
0
0
0

o O oo

L))

jeviilen e B e B en)

C
0
0

no

0
Cus |

0000009
w

OOOOO@O
OQCOOOO

o o O

Matriz A relates the thermal interactions among the
different nodes of the network. In order to simply the system
the following auxiliary expressions were adopted:

-1 -1 n -1
Ria Ry Ry’
(15)
-1 -1 n -1
Ros Ry R3’
which results in,
1 1 1
a= b= —ro, c=—,
Ry Ri2 Ro
_ Rrp !
d_Rgg’ = RaRy’ f_Ra’ (16)
1 1 R3
" Rrp’ " Rus’ " RrpRa
and,
[ 0 0 0 0 0o ]
a —b c 0 0 0 0
0 c —-d+e 0 0 e f
A=1]0 o 0 —a a 0 0
0 0 0 a —b c 0
0 0 e 0 c —d+e f
|0 0 f 0 0 f —g—h+i]
The input matriz B is defined as,
(1 0 0 ]
0 0 0
0 0 0
B=|0 1 0 (17
0 0 0
0 0 0
1
L 00 Rys

and, finaly the output matriz C was selected in order to
define as output the heat sink temperature, such as,

C=[000000 1].

This state-space structure enables the simulation of the

, system’s thermal response under different power loss profiles

and ambient temperature conditions. It also enables the
integration with complete electrothermal models or with
thermal control strategies based on dynamic temperature
estimates.
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lll. JUNunction temperature observer

In this work, a Luenberger observer based on the state-space
thermal model developed in Section [F is developed. This
observer is based on the use of the heat sink temperature
measurement to feedback the estimated trajectory of the
internal system’s thermal states. The observer model is
defined as:

KX =A% +Bu—L(j—1), (18)

where the variables with the symbol A represent the system’s
thermal states estimation. The estimated output g is obtained
through the estimated state-space vector x via the previously
defined C matrix. The matrices K, A and B follow the same
structure established in the state-space representation, and L
represents the observer gain vector, which is designed to
minimize the error between the estimated output ¢ and the
measured output y. The observed output is stabilized via:

Tj}U
602,[/
69’3,[/
E,D )
ﬁCZ‘D
ﬁ?S‘D
L Tus
S ——

X

Tus|=[0 00000 1] (19)
\—Y—/ &
Y

In this way, the heat sink temperature Tys is used in
the state-space feedback, because it is the only thermal
quantity accessible during operation. The observer operates
by correcting the internal states X error estimation, especially
the junction temperatures Tj,U and Tj’ p based on the dis-
crepancy between the stimated value y and the real value
y.

The gain vector L is defined to act exclusively in the heat
sink temperature 7T g, beeing zero in the other elements:

L=[000000 L], (20)

In this way, the 7** vector state % is directly corrected
by the error between the estimated output Tys and the
measured output 7T’ g. Therefore, the other internal variables
estimation, as the junction temperatures, are indirect influ-
enced by the thermal model dynamic, since the states are
interconnect by the matrices A and K.

Figure [] depicts the complete block diagram of the
modeled system, integrating the state-space thermal model
and the Luenberger observer implemented for the junction
temperature estimation. The diagram highlights the thermal
plant structure, as the corrective feedback based on the output
error (y — §). The position for the inverting matrices K
blocks highlights the consistence with the physics model
formulation, ensuring that the thermal dynamic properly
considers the system’s thermal capacitances.

Observer

FIGURE 4. Block diagram of the proposed observer.

With the completely defined thermal modeling structure,
including the characterization of instantaneous losses, build-
ing equivalent thermal networks, and state-space formulation
with a state observer, the theoretical foundation for system
analysis is complete. The following chapter presents the
results, with emphasis on dynamic simulations, performance
evaluation, and validation of the proposed temperature esti-
mation method.

IV. Results and discussion

Simulation and experimental results are presented to validate
the effectiveness of the proposed junction temperature esti-
mation method in high-power inverters for vehicular appli-
cations. The objective is to demonstrate the estimator’s capa-
bility to follow the thermal dynamics of the device, ensuring
robustness against load variations and operating conditions,
with the possibility of enabling protection strategies for
the system. In this context, the consistency between the
simulated and experimental responses is evaluated, verifying
the practical applicability of the approach. Figure [5] presents
the representation os the simulated and actual experimental
setup.

DC Source VSI Load
LB R
,T_’_ B3 B [
Temperature N Current :
Sensors Gate Driver Sensor
[ [ Y
220 V. NUCLEO
YvYy v H74A3ZI2
Source Signal Conditioning and |, %
12V, Interface with NUCLEO H743712

FIGURE 5. Representation of the experimental setup.

A. Simulation results

Simulation results in this section aim to verify the effective-
ness of the Luenberger observer. The observability analysis
is carried out by comparing the plant response with the
estimated values for different observer gain configurations.
To verify the thermal dynamics of the modelled system a
simulation is carried out. An RL load is driven by a full-
bridge SiC inverter. During the first interval (0-1 s), the
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load current is kept at 15 A rms, and at 1 s it is increased
to 20 A rms. Figure [6] shows the inverter switch losses of
the previous simulation. The figure illustrates the power
losses in the upper device (S;) during a load step. The
orange curve (Pgp) corresponds to the instantaneous power,
showing the high-frequency fluctuations associated with the
switching operation, while the blue curve (Ps; ,,,) represents
the average losses, which are the main contributors to
the thermal dynamics. This result confirms the consistency
between the load variation and the estimated thermal losses,
which serve as input for the equivalent thermal model.

20

[
ot

[
o

Power losses (W)

Ut

0 0.5 1 1.5 2 2.5
Time (s)

FIGURE 6. Simulation result: power at MOSFET S, for a load change.

A simulation is carried out to validate the proposed
observer structure. It is assumed that the losses of switches
S1 and S (vide FigureE[) are constant at 10 W, and all initial
temperature states are 25°C. In contrast, the observer initially
states set to zero. Figure [7]shows the junction temperature in
dashed red. It can be observed that the temperature increases
from 25°C to 45°C for the simulated conditions. In addition,
the impact of the Luenberger observer gain was evaluated.
The results show that the gain selection directly affects the
convergence dynamics of the observer. For very small gains,
such as L = 0.1, the observer dynamic is slow. For very
high gains, such as L = 100001, may lead to instability of
the observer. From Figure [7] it is possible to conclude that
a gain of L = 1000 provides a suitable dynamic response.
Therefore, the gain vector was defined as:

50
Qo
T e I e
a8,
é 301
S0 —L=10
£ —L=1000 ||
g 10 —— L =100001 |-
= = = Model

0 1 1 1 1 i

0 5 10 15 20 25 30

Time (s)

FIGURE 7. Temperature estimated response for different values in the
gain L.

L=[0 000 0 0 1000]". Q1)

This gain vector proved to be adequate to ensure a fast
observer response under current variations, while preserving
the thermal hierarchy between junction and heatsink. Such a
configuration guarantees that the estimated dynamics consis-
tently follow the plant thermal behavior, which is essential
for the stability and effectiveness of the estimation algorithm.

B. Experimental results
Experimental results were carried out to evaluate the pro-
posed temperature observer. To achieve this, a setup com-
posed by a power PCB, micro controller interface circuit
and temperature acquisition was developed. The power
board was designed to accommodate two SiC MOSFET
MSCSM70AM10CT3AG half-bridge power modules con-
nected to an RL load and the current is measured with
an LEM LF 210-S current sensor. The thermal monitoring
of heatsink is achieved using NTC sensors model NT-
CALUGO01A103F. Figure [§] presents the setup schematic.
The inverter structure also clarifies the switching states ref-
erenced in the subsequent waveforms and thermal measure-
ments. In this setup, the load current is regulated in closed
loop using proportional-integral (PI) controllers, and all
monitoring and control-law implementation are performed
on an STM NUCLEO-H743ZI2 microcontroller. Figure [9]
presents the experimental setup and Table [I] presents the
setup parameters.

S S
| i
oV, -
P /oo M
'—
1
DC bus Inverter RL load
FIGURE 8. Experimental setup schematic.
TABLE 1. Experimental setup parameters.
Parameter Definition Value
Vbe DC bus voltage 180 V
fsw Switching frequency 50 kHz
tq Dead time 500 ns
Ts Sampling time 20 pus
R Resistive load 2.5 Q
L Inductive load 0.854 mH

Figure [T0] shows the waveforms measured during closed-
loop operation, including the gate command signal, the load
voltage, and the resulting load current. The load voltage
exhibits the expected pulse-width modulated behavior, while
the load current presents a smooth sinusoidal waveform,
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FIGURE 9. Experimental setup.

confirming proper current regulation by the control loop.
The zoomed-in view highlights the switching transitions in
greater detail, showing the synchronization between the ris-
ing and falling edges of the gate signals and the correspond-
ing variations in voltage and current. This synchronization
directly influences the switching losses responsible for heat-
ing the semiconductor junctions, making this information
crucial for interpreting the temperature.

Tek Stop.

(@ 25.0v

A
value Mean Min Max Std Dev
175V 175 175 176 96.7m
50.18k  57.56
20,0 2.52
@ Frequency 100.0Hz 120.2  99.21  187.9  35.23

25.0M5/5 @ 7 000A
1M points

RMS
@ Frequency 49.93kHz 50.00k
@ RVS 20.0 A 17.4

14 May 2025
15:24:04

FIGURE 10. Waveform for gate voltage, load voltage and load current
during closed loop operation.

To validate the proposed junction temperature estimation
technique, the casing of one power module was removed to
allow direct access to the junction connection region. In this
area, the encapsulation resin was removed exclusively around
the area of interest on the device, enabling experimental
verification of the junction temperature. Following this step,
a high-emissivity coating was applied to the exposed junction
region, allowing thermal data to be captured through infrared
imaging using an HIKMICRO G31 camera. A load step was
then applied to the full-bridge inverter connected to the RL
load. Figures [T1] (a) and [TT] (b) illustrate the thermal images

at the beginning and end of the experiment, highlighting the
increase in temperature in the active region of the module,
which is the main heat source of the system.

The thermal images illustrate the temperature evolution at
the junction region throughout the test. At the beginning of
the operation (100 s, vide Figure [IT] (a) ), the temperature
distribution is moderate and relatively uniform. By the end
of the test (16.5 x 10% s, vide Figure (b)), a significant
temperature rise is observed in the central area, indicating
the thermal regime established during prolonged operation.
Furthermore, the localized temperature increase confirms
that the removal of the gel in the region of interest was
successful, allowing the actual heating of the device to be
clearly visualized.

(@ (b)

FIGURE 11. Thermal images at the junction region: (a) in the beginning
(Time = 100 s) and (b) ending of the operation (Time = 16,5 x 10° s).

In addition to the junction region, the thermal distribution
of the power PCB and the heatsink was also monitored,
reinforcing the correlation between the physical sensors
and the calculated values. These results are presented in

Figures [I2] (a) and (b).

(a) (b)

FIGURE 12. Thermal images at the end of the operation: (a) power PCB
and (b) heat sink.

The first experiment applied a step load profile, starting
at 15 A, until 5500 s and then increasing to 20 Apps.
Figure [[3] compares the estimated junction temperature with
thermal camera measurements, using Ps;, which represents
the system power losses obtained through experimental
measurements, as well as the interpolated case temperature
Trc,i, the measured case temperature I7c,,y,, and the esti-
mated junction temperature Tj In this context, Trc,; and
Trc m represent case temperature values that are very close
to the junction temperature, due to the adopted measurement
methodology. The results show a good correlation between
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the estimated and measured values, demonstrating that the
observer can accurately reproduce the thermal dynamics of
the junction. This agreement is particularly relevant during
the load transition, when the temperature of the power de-
vices increases significantly. The observer’s ability to capture
this transient behavior reinforces its potential as an effective
alternative to direct temperature sensing.

90
80

-
oS o

o

Power losses (W)

Temperature (°C)
W e O
o O

Time (s)

%103

FIGURE 13. Comparison between the estimated temperature and the
measured temperature via thermal camera.

To further evaluate the estimator’s robustness, a second
experiment was conducted in which the load current was
directly increased from O to 25 A,,,s, emulating a start-up
condition with sudden power demand. The thermal response,
shown in Figure (14| presents the system response to a load
step applied to the converter, illustrating the corresponding
thermal behavior of the power devices. The figure compares
the junction temperature estimated by the observer with the
case temperature obtained from thermal camera measure-
ments and the interpolated temperature profile. The results
show that the observer promptly follows the temperature
rise induced by the load step, while maintaining close
agreement with the measured and interpolated values. This
close correspondence indicates that the proposed strategy can
accurately capture the thermal dynamics of the system during
load transients, including abrupt operating conditions.

100 : ) : =8
90 T — g ittt b
80 1 j ;

wg 4 it A 3ot st
60 1 : |
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40 o Trom ||
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20 & 1 L L 1 L 1 1
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Power losses (W)
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Temperature (°C')
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FIGURE 14. Comparison between the estimated junction temperature and
the measured temperature via thermal camera for a step of 25 A,.,,, .

Using this methodology, it is possible to monitor and
verify the thermal behavior of power devices. It can be
applied in traction inverters, especially to prevent inverter
burnout, as well as to serve as protection mechanisms

and trigger alarms. Moreover, it provides a foundation for
advanced functionalities such as active thermal protection,
dynamic loss balancing, and optimized use of the thermal
margin in power electronics systems. Its applicability to mul-
tiphase topologies or varying load profiles further expands
its potential in modern power electronics, where reliability
and efficiency are critical.

V. CONCLUSION

This work presented the modeling, implementation, and
validation of a junction temperature estimation method for
SiC Mosfets applied to traction inverters. Motivated by the
increasing demand for sustainable mobility and the chal-
lenges associated with thermal management in high-power
converters, a Luenberger state observer was developed to
estimate the junction temperature based on a reduced-order
thermal model. The approach relies on accessible variables
such as ambient temperature, heat sink temperature, and
calculated power losses, avoiding the need for invasive or
costly measurement techniques.

The proposed methodology was validated through both
simulations and experimental assessments on a single-phase
full-bridge inverter. Thermal images and physical sensors
were employed to compare the estimated values with mea-
sured data. The results demonstrated a strong correlation,
highlighting the accuracy of the observer in reproducing the
thermal dynamics of the junction. In addition, the technique
showed superior performance compared to the built-in mod-
ule sensor, especially in capturing fast transients and abrupt
load variations.

These findings confirm the robustness and practical ap-
plicability of the proposed observer for embedded thermal
monitoring in power converters. Beyond improving system
safety, the approach can also enable advanced functionalities,
such as active thermal protection, dynamic loss balancing,
and optimized use of the thermal margin of semiconductor
devices. Future developments may extend this strategy to
multiphase topologies and different cooling conditions, con-
solidating its potential as a versatile tool for future traction
inverters.
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