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Abstract: This study investigates the feasibility of using fiber Bragg grating (FBG) sensors for
multipoint thermal monitoring of several power semiconductor devices (PSDs), such as insulated gate
bipolar transistors (IGBTs), and rectifiers assembled on a common heatsink in a three-phase inverter.
A novel approach is proposed to integrate FBG sensors beneath the baseplates of the IGBT modules,
avoiding the need for invasive modifications to the device structure. By strategically positioning
multiple FBG sensors, accurate temperature profiles of critical components can be obtained. The
experimental results demonstrate the effectiveness of the proposed method, with the temperature
measurements from FBG sensors closely matching those obtained using thermal infrared (IR) cameras
within £1.1 °C. This research highlights the potential of FBG sensors for reliable and precise thermal
management in power electronic systems, contributing to improved performance and reliability.

Keywords: fiber optic sensors; power electronics; IGBT; junction temperature; multipoint sensing

1. Introduction

Power electronic systems have found widespread applications in various fields, includ-
ing hybrid electric vehicles and renewable energy systems [1,2]. These systems are driven
by a variety of power semiconductor devices (PSDs), such as IGBTs and silicon carbide
semiconductor field effect transistors (SIC-MOSFETs) [3]. In high-power applications where
circuit robustness is required, multiple IGBTs are used to control the electrical current in
the circuit [4]. As such, the adoption of IGBTs continues to grow as power systems evolve
and advance. However, one of the major causes of failure is the high operating temperature
within the chip due to thermal cycling [5-7]. Typically, power systems that exploit IGBTs
in their circuitry are likely to experience variations in the electrical input signal, the termi-
nal load, and the switching frequency, where these varying parameters contribute to the
increase in IGBTS’ junction temperature (T}) [8]. This in turn accelerates the wear-out and
degrades the overall performance and reliability of IGBTs [9,10]. To prevent overburdening
the IGBTs with thermal stress, several studies have reported numerous techniques for
monitoring the junction temperature [11-14].

There are two methods for determining the junction temperature, i.e., electrical-
and optical-based techniques. The estimation based on electrical techniques includes
temperature-sensitive electrical parameters (TSEPs) [12,15] and temperature-sensitive elec-
trical devices (TSEDs) [13,16]. TSEP techniques rely on electrical parameters, such as
turn-off delay [17], collector—emitter voltage [18], and on-state resistance [19], to estimate
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T;. Since these parameters can vary with the age of the IGBT, they may not always be
reliable for T; estimation. On the other hand, the TSED technique uses electrical devices
and components like silicon diodes [20], thermistors, and thermocouples [13], which are
prone to measurement errors due to thermal contact resistance.

The optical methods include temperature-sensitive optical parameters (TSOPs), in-
frared cameras (IRCs), and the fiber Bragg grating (FBG) technology [16]. TSOPs use the
electroluminescence of forward bias silicon devices to estimate T; [21], yet this method
is not useful for commercial IGBTs. An IRC, being involved in the most common optical
method, is used in various fields [22] and renders a visual 2D display of the surface tem-
perature distribution. However, it necessitates direct line-of-sight and homogeneity of the
targeted surface. On the other hand, the FBG sensing technique offers a unique advantage
for T] sensing due to its miniaturization, immunity to electromagnetic interference, inherent
robustness, and multiplexing capability.

The multiplexing feature enables the implementation of T; sensing for multiple devices
as opposed to other techniques confined to single-point measurement. Previous studies on
FBG techniques have explored the direct placement of sensors on the IGBT’s chip or affixed
to the bond wires, or forming a groove at a surface of the structure or baseplate [23-27].
Unfortunately, this arrangement is limited by the encapsulation of the IGBT as it requires
dismantling the ceramic casing. Moreover, it is difficult for commercial application and may
also affect the thermal distribution and aging of the device or cutting due to altercations in
the device’s structure.

To address these challenges, this paper introduces a multipoint thermal sensing ap-
proach utilizing three FBG sensors with distinct wavelengths. These sensors were posi-
tioned beneath two IGBTs and a packed rectifier baseplate installed on a common heatsink
in a three-phase inverter without a groove at the surface of the baseplate. The study ex-
amines the performance of both single-point and multipoint sensing capabilities of FBG
sensors using a single optical fiber. The underlying goal of this study is to investigate the
practical utility and optimum placement of FBG sensors for in situ thermal monitoring and
thermal profiling of power electronics systems, extending beyond mere laboratory demon-
strations. The detailed installation methods facilitate the easy and effective implementation
of the FBG-based sensing technique for commercial applications.

2. FBG Temperature Sensing Principle

FBGs are composed of an optical fiber inscribed with gratings to selectively reflect
light at specific wavelengths. For precision and versatility, the phase mask technique is
the common method of fabricating FBG sensors. This is achieved by placing a phase mask
with a finely etched diffraction grating of period A directly along the length of the optical
fiber where gratings are desired. The phase mask, which is aligned with the fiber, diffracts
the UV beam emitted from the excimer laser into several orders, creating an interference
pattern in the form of fringes along the fiber core. These fringes modulate the refractive
index of the fiber core periodically, creating the Bragg grating [28]. For sensing applications,
the light beam propagating through the optical fiber is reflected by the inscribed gratings at
the central Bragg wavelength Ap, which is a function of the effective refractive index of the
fiber core n,¢¢. The Bragg wavelength is expressed as

/\B zzneffA (1)

when the grating portion is subjected to mechanical and thermal stress. The periodicity
and the effective index of the core changes, which causes central wavelength shift AAp in
proportion to the stress experienced, expressed as

AM
TBB = ((Xf + 6) AT+ (1—- pgff)Ae (2)



Appl. Sci. 2024, 14, 11328

30f15

where AT and Ae are the change in temperature and mechanical stress, respectively,
ay and ¢ are the fiber thermal expansion and thermo-optic coefficients, while p,s is
the fiber photo-elastic parameter. Given that the effect of strain on the FBG sensor is
uniform, the Bragg wavelength shift AAp is reduced to

% = (a +¢)aT ©®)

2.1. Heat Transfer Model

In [2], it is assumed that the mechanical stress remains constant throughout the dis-
tributed sensitive portion of the FBG sensors. Similarly, this work will adhere to that
assumption, ensuring that the reflected wavelength depends solely on the thermal vari-
ations along the length of the sensor head. In this research, we employed a three-phase
inverter (from SEMIKRON corporation), a renowned manufacturer of power semiconduc-
tor devices, including IGBTs, to investigate multipoint temperature sensing for IGBTs in
the inverter. The inverter is a multifunctional three-phase inverter with a six-diode packed
rectifier and IGBT modules, suitable for different converter configurations, as detailed
in Figure 1.

RECTIFIER IGBT WITH ANTI-PARALLEL DIODE

3-PHASE
AacC

ELECTRONIC AC/DC LOAD __.____‘_../

Figure 1. Schematic of a three-phase inverter.

The heat transfer through the IGBT layers to the sensor interface was modeled to
evaluate the thermal behavior of the PSDs arranged on the heatsink. Here, the heat transfer
equation for an IGBT module is derived for the direct on-chip sensor placement, the
outer casing, and the heatsink. Subsequently, the model is extended to include multiple
semiconductor devices, including two IGBTs, and a rectifier module to achieve multipoint
temperature measurement.

2.1.1. Single-Point Model

For a discrete IGBT module with direct on-chip sensor placement, a simplified static
thermal resistance model can be used to estimate heat transfer across the chip-to-sensor
interface. In this case of the IGBT-FBG sensor interface, we neglect the coupling effect
between the switches; therefore, we can estimate the junction temperature with the thermal
resistance network provided that the sensor is held very close to the IGBT’s chip and
assuming that the measurement is completed in an enclosure with an ambient temperature
T,. The general expression for T; is provided by

T, = [PdiRth(jfa)} + T (4)

where Py; is the allowable dissipated power across the device; Ry,(;_) is the junction-to-
ambient thermal resistance.

In this study, the sensor is placed between the IGBT’s baseplate and the heatsink. Thus,
we can modify (4) to capture the heat loss across the various layers of the module.
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As shown in Figure 2, the MOSFETs and IGBTs used in high-power applications
typically have an additional diode in parallel to provide a reverse current path for inductive
loads. The corresponding junction-to-case thermal resistance for such a module R
can be expressed as an equivalent sum of the anti-parallel diode and IGBT as

eq(j—c)

(Rth(j—c)l Rth(j—c)D)

R =
(Rth(j—c)l + Rth(j—c)D)

eq(j—c)

(5)

where Ry ;)1 and Ry, (j_)p are the thermal resistance for anti-parallel diode and IGBT,
respectively. Typically, R,;(; ) and Ry,(._y) are specified by the manufacturer. Generally,
Ryj(c—n) can be merely estimated as a function of thermal conductivity of the used thermal
pad through the following relation.

T
Ripe—n) = A (6)

where T is the thickness of the interface layer between the module and the heatsink, A
represents the area occupied by thermal paste, and k is the specified thermal conductivity
of the material. The equivalent thermal resistance for junction-to-ambient Ry,(;_,) is a
sum of R,y (;—y) and Ry 4), which are the thermal resistance for junction-to-heatsink and
junction-to-ambient, provided as

Req(j-n) = Reg(j—c) + Reg(e—n) )
Rin(j—a) = Req(j—n) + Rin(h—a) 8)
Rugon Ringoo R
eq(j-h)

Rin(c-h)

% Rin(h-a)

Figure 2. Thermal network of a single IGBT module referenced to FBG sensor.

The estimated junction temperature for a point measurement with reference to the
measured temperature of FBG Trp¢ attached to the IGBT baseplate is provided as

Ti= (Req(]-,c> + Rin(e—n +Rth(hfa)>Pdi+TPBG 9)

where Ry,(._j) is the thermal resistance of the device’s casing-to-heatsink. Thus, the
relationship for the thermal resistance heatsink-to-ambient can be expressed as

T; — Trpc
Ripth—g) = ——5— B (Ren(j—c) T Ren(e—ny) (10)
1
2.1.2. Multipoint Model

As depicted in Figure 3, a typical inverter circuit consists of three or more PSDs
mounted on a heatsink. These devices encompass IGBTs, SiC MOSFETs, or rectifier modules.
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In order to monitor the temperature variations regarding these devices, multipoint sensors
are required. Installing a standalone sensor for each device would not be economical and
eventually make the circuit bulky. Similar to the single-point model, the approach for static
thermal network resistance measurement is valid for three-phase inverters if all IGBTs are
assumed to experience the same loss, except in the case of a half-bridge operating as a bulk
converter [26].

Pai Pai Pai Pai

Req(i-h)J Req(/-h),z Req(j_,,)_ 3 Req(/-h),k

T, T T, T
Rin(h-a)

Figure 3. Thermal resistance network of multiple IGBTs.

To estimate the mean junction temperature of multiple PSDs mounted on a common
heatsink, a thermal resistance network model is employed. This model simplifies the
complex thermal behavior of the system into a series and parallel combination of ther-
mal resistances. By considering the thermal resistances of the individual components,
including the junction-to-case, case-to-heatsink, and heatsink-to-ambient resistances, the
overall thermal resistance between the junction and the ambient is calculated. The mean
junction temperature is then determined by considering the total power dissipation, the
equivalent thermal resistance, and the average heatsink temperature. This approach pro-
vides a valuable tool for thermal management and reliability analysis of power electronic
systems [29].

Suppose the sensors are located on the IGBT chips along a fiber cable, where the cable
functions as a continuous sensor that can identify temperature changes at each discrete
sensing point, and then the equivalent value of T; for these devices is provided as

Ty = [PaRnja|n+ T, a1

where 7 is the number of PSDs mounted on the heatsink; Rth( i—h) and Py; are, respectively,
the thermal resistance and the sum of power dissipation in each PSD.

Now, if the FBG sensor is positioned outside the device’s housing to measure T; of a
packed rectifier, the equivalent junction-to-case thermal resistance R, (;_)r of the rectifier
is expressed as

1 1 1 1]

Req(i =|l— 4+ — 12

“al=ek Rp1  Rp2  Rps Rpn &8
where Rp; to Rpy represent the parallel combination of the N diodes used for rectification.
For an isolated system, the casing temperature for the rectifier stud T,z is a function of

the Py; in the rectifier stud and R,;(;_.)r and is expressed as

Tory = Pai Reg(j—c)r (13)
The thermal resistance junction-to-heatsink for any kth device Ry,(j_p)  is provided as

Tik — Ts—k
Rignx=| ~p37 P, Ns ~ Rin(j—o) | + Rin(e-n) (14)



Appl. Sci. 2024, 14, 11328

6 of 15

where N represents the number of separate semiconductors contained within the module
stacked onto the heatsink. A three-phase bridge situated on the heatsink, which contains
six diodes packed onto a single stud, will simply have n =1 and N = 6 for brevity. The
overall dissipated power on the heatsink equates to P;; * N. Thus, the estimated junction
temperature T; ; for the kth device module referenced to the temperate sensor is provided as

Tik = Pai Reg(j—nyx + Tk (15)

The equivalent R, (;_p, for all the modules, i.e., Roy(i—n) 1, Reg(j—n)_2/ - - - Reg(j—n)_xs 1
parallel combination of all the modules on the heatsink and is provided as

-1
1 1 1
Rogi-ny = + +... . 1 (16)

Regi-ma  Reg(j—n)2 Reg(j—n

while the expression for the equivalent Ry (;_,) is provided as

Rini-a) = | (Reg(jom ) 1=+ (Reg(jn) )1+ (Reg(jn) )] + Ry~ (17)

where R,;(; ), represents the thermal resistance of junction-to-heatsink for other PSS
devices mounted on the heatsink; ng, 1y, and n, represent the number of rectifiers, IGBT
modules, and other PSS devices stacked on the heatsink, respectively. Considering the
equivalent sum of Pj; at each semiconductor module, the mean junction temperature for all
the semiconductors combined on a heatsink, Tj(;¢4,), is provided as

PiiRyp i
Timeany = {ltFM} + Ts_mean (18)

where F is the safety factor for operation temperature. To avoid using devices beyond the
maximum allowable temperature, the manufacturers typically recommend a safety factor
of 0.85 [30].

3. Sensors’ Calibration and Installation

This section describes the practical installation procedures for the FBG sensors utilized
in this study. The temperature-wavelength (T — A) relationship was measured both before
and after integrating the sensors into the SEMIKRON inverter. This is necessary to obtain
the sensitivity of the sensor, and to determine whether the proposed installation meets
the requirement for onsite calibration. In addition, the performance of the sensors was
examined in different installation configurations. The details of the FBG sensors and the
process of installation are discussed in the following subsection.

3.1. Calibration of FBG Sensors

Firstly, an FBG sensor (FBG1) with a central Bragg wavelength of 1530 nm was affixed
to a stainless-steel plate and placed within a digitally controlled heater. A broadband light
source (BBS) was utilized to transmit light through the optical fiber sensor placed on the
pre-heater, as depicted in Figure 4, for calibration purposes. The optical light generated at
100 mW is transmitted via the optical circulator to the FBG sensor positioned on the heater,
and the reflected signal is then redirected through the circulator to the optical spectrum
analyzer for visual display of wavelength. To minimize the impact of fluctuating room
temperatures, the setup was isolated within a transparent glass enclosure.

The digital control heater regulated the temperature within a range of 30 to
100 °C, maintaining a constant 10 °C increment. The FBG sensors used in this study
had a head length of approximately 5 mm. The choice of 5 mm FBG sensors was based on a
balance between spatial resolution and ease of installation. Shorter sensors (e.g., 1 mm) can
provide higher resolution but are more sensitive to placement and external disturbances.
However, longer sensors (e.g., 5 mm) offer better robustness and easier installation, making
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them suitable for larger areas with fewer critical spatial resolution requirements [23]. Con-
sidering the IGBT baseplate’s surface area and the need to capture significant temperature
variations, 5 mm FBG sensors were deemed to be the optimal choice in this work. The
Bragg wavelength at each temperature level was measured using a spectrum analyzer with
a resolution of 0.01 nm, and the resulting temperature-wavelength curve is illustrated in
Figure 5. The sensitivity of FBG1 was roughly 8.94 pm/°C, with a correlation coefficient
R? of 0.999 using a second-order polynomial fit, and the measurement was conducted at
three different times for the sake of repeatability. This process is replicated with two other
sensors, i.e.,, FBG2 and FBG3, at the center wavelengths of 1540 nm and 1555 nm, and the
resulting sensitivities were approximately 9.09 pm/°C and 9.89 pm/°C, respectively.

Am Oplical LightSource

Ko
. Y

LIGHT SOURCE

DIGITAL CONTROL HEATER

SPECTRUM ANALYZER

Figure 4. Schematic of the calibration setup.
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Figure 5. Temperature-wavelength correlation of FBG sensors.
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FC/ APC CONNECTOR

3.2. FBG Sensors Installation

In this setup, the FBG sensor was placed between the copper plate and the heatsink,
unlike the method used in [31], where the sensors are placed directly on the IGBT chips.
The direct method is exclusively meant for experimental purposes because of the necessity
to break the ceramic casing embedding the IGBT chips, which is not suitable for commercial
applications. For this approach, it is unnecessary to remove the housing of the IGBTs in
order to place the sensor for junction temperature measurements. Instead, the expressions
in (9) and (14) can be combined to estimate T;.

The three FBG sensors (FBG1, FBG2, and FBG3) are connected in a series arrangement,
as shown in Figure 6a, to form a single fiber. The inverter utilized in this experiment
comprises four IGBT studs and a sole three-phase rectifier stud stacked on the heatsink.
As depicted in Figure 6b, two of the IGBTSs, together with the rectifier module, have been
selected for this experiment. For the installation of the fiber sensor, the rectifier and IGBT
studs were loosened off the heatsink, and the fiber sensor was laid out and examined for
the two different configurations shown in Figure 6¢,d.

S mm FBG head

FBG3 FBG2 FBG1

I'— 1000 mm—>| L_ 52 mm _;| L.zs mm_.l Je— 108mm _.I 1

FIBER 1

FIBER 2

D
©) | ieeTA 16878 ()
02

(a)

| 250 mm

()

D1

Heatsink @

D2

(b) (d)
Figure 6. (a) FBG array in a single optical fiber. (b) Installation settings of the sensors in the inverter
circuit (¢) FIBER1; vertical sensor configuration along the rectifier/IGBT baseplate. (d) FIBER2;
horizontal sensor configuration along the rectifier /IGBTs baseplate.

In the first arrangement (FIBER1), the fiber was laid beneath the module’s plate across
the two parallel IGBTs and diode chips, cutting through the plate vertically, as shown in
Figure 6¢. However, the second setup (FIBER2) involved positioning the fiber parallel to
the plate and cutting through the module’s plate horizontally, as illustrated in Figure 6d. To
obtain precise measurement results, we positioned the sensor heads at the midpoint of the
IGBT plate for both setups, following the location guidelines proposed in [22]. The IGBTs
were then mounted to the heatsink, ensuring that the torque was maintained under an
acceptable limit to avoid undue stress that may cause damage to the fiber. The experimental
results for the two installations are discussed in the next section.

4. Experimental Setup
FBG Array Installation and Multiplexing

The inverter circuit was powered by a three-phase AC supply to drive the electronic
load, which increased the IGBT’s temperature by exposing the FBG array sensors to different
types of static thermal stresses. The FBG sensors are placed between the IGBT baseplate
and the heatsink inside the inverter. Post-installation calibration of the sensor is necessary
to ensure that the Bragg wavelength recorded during the air-interface calibration as shown
in Figure 5 is maintained for the IGBT-FBG interface. Initially, we utilized the installation
setting (FIBER1) depicted in Figure 6c.

After the sensors were calibrated, the fiber was threaded through the transparent
inverter’s housing opening to the IGBTs. Figure 7a shows the tabletop experimental setup,
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FBG Port

where the FBG port is attached to the inverter’s plastic casing for ease of connection and
disconnection. To determine the optimal placement for thermal sensing, the performance
of the two setups (FIBER1 and FIBER2) was compared. The Bragg wavelength at varying
temperatures was recorded and validated using measurements from an IR thermal camera
(FLIR E53) positioned 10 cm away from the baseplate of the invertor.

Figure 7. (a) Tabletop experimental setup. (b) Thermal imaging of the IGBT.

As shown in Figure 7b, the red circle at the center indicates the specific location where
the IR camera measurement was taken, corresponding to the position of the FBG sensor.
This visual representation shows the spatial alignment between the two measurement
techniques. The IR camera imaged the surface temperature of 26.2 °C along the baseplate,
which corresponds to an average temperature value of 25.51 °C for FBGI, estimated based
on the observed reflected wavelength on the optical spectrum analyzer for three different
measurements. The same process was repeated for the FIBER2 configuration. In both
configurations, it is apparent that the three FBGs have good linearity, with an R? value
of greater than 0.999. Table 1 presents the estimated parameters for the second-order
polynomial fit curves and the mean squared error (MSE) of the sensors at the ambient
temperature of 21.9 °C.

Table 1. Fitting curve parameters for fiber configurations.

FIBER1 FIBER2
Settings
Intercept Ambient Temp. (°C) MSE R? Intercept MSE R?2 Ambient Temp. (°C)
FBG1 1529.7 21.9 0.00628 0.9997 1529.7 0.00679 0.9996 219
FBG2 1539.85 21.9 0.00329 0.9999 1539.86 0.00321 0.9999 21.9
FBG3 1555.04 219 0.0044 0.9999 1555.01 0.00497 0.9998 219

The three sensors, namely FBG1, FBG2, and FBG3, exhibit sensitivities of 9.1, 9.3, and
9.93 pm/°C, respectively. The maximum sensitivity shift reported is roughly 2 pm. A slight
deviation in sensor sensitivity was observed compared to pre-installation calibration, likely
due to strain induced on the FBG sensor when sandwiched between the copper baseplate
and heatsink.
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5. Results and Discussion
5.1. Load Power vs. IGBT Temperature

Having established the sensitivity of the FBG array after its installation, since both
fiber configurations (vertical and horizontal) for FIBER1 and FIBER2 exhibit similar charac-
teristics, we chose the vertical orientation (FIBER1) for our experiment. This choice was
made to simplify the installation and minimize the risk of fiber damage that could occur
if the fiber were to cross or block the hole used for tightening the IGBT baseplate to the
heatsink. In this work, the electronic load “Chroma 63802” was set to constant power mode
since we were interested in monitoring the temperature of PSDs with respect to the input
load. Due to equipment limitations, the load power P; was adjusted with 0.5 kW inter-
vals from 0 to 4 kW. When the load power is applied to the inverter, the current changes,
while the power and conduction losses cause the temperature of the IGBT modules to
increase. For the values of P}, presented in Table 2, the temperature gradient measured by
the three sensors, Trpg1, Trpca, and Trpgs, along the IGBT baseplate was estimated using
the average Bragg wavelength demodulated from the optical spectrum analyzer. Each
measurement was repeated three times for each load power P; to ensure accuracy.

Table 2. Temperature measurements for IGBTs at constant Py

Load Power

Temperature (°C)

Pr (kW) TrBG1 Tir Tpir TrBG2 Tir Tpir TrBG3 Tir Tprr
0 22.10 22.1 0.00 22.8 22.8 0.00 22.60 22.6 0.00

0.5 25.51 26.2 0.69 27.68 27.8 0.12 25.24 24.6 0.64

1 28.93 29.0 0.07 31.33 31.5 0.17 27.01 26.9 0.11

1.5 33.49 34.3 0.79 34.85 34.6 0.25 28.55 29.5 0.95

2 38.32 38.2 0.12 37.50 37.4 0.10 33.18 33.5 0.32
25 44.44 449 0.46 41.02 40.6 0.42 36.71 36.5 0.21

3 48.2 48.56 0.36 44 .55 45.2 0.65 39.35 39.5 0.15

35 53.2 53.68 0.48 50.72 50.5 0.22 40.89 41.4 0.51

4 56.84 57.85 1.1 55.8 56.2 0.4 43.76 44.2 0.44

As mentioned in Section 3.1, the center wavelengths for FBG1, FBG2, and FBGS3 in this
experiment are 1530 nm, 1540 nm, and 1555 nm, respectively. Due to equipment limitations,
only two FBG spectra can be displayed on the OSA at a time. Therefore, the measure-
ment from the third FBG is obtained by resetting the OSA to the corresponding central
wavelength and viewing it at the upper or lower half of the screen. As shown in Figure 8,
the Bragg wavelengths correspond to each peak at the upper and lower windows on the
OSA. The calculated wavelength shifts between the present and reference measurements
are then translated into temperature changes. The wavelength varies depending on the
temperature sensed by the FBG sensor at the baseplate of each module, while Tjy is the
average surface temperature sensed by the thermal camera for the respective IGBT/rectifier
along the baseplate. Tp;r is the difference between the average temperature measured by
the sensor and the thermal camera.

The temperature rises with an increase in load power, as illustrated in Figure 9. This
is due to the increase in current flow through the IGBT module. It is evident that the
temperature measurement by the sensor varies as the thermal gradients are non-uniform.
This is caused by the fluctuations in the thermal spreading resistance, which rely on the
IGBT’s relative location and surface area in relation to the heatsink. FBG1 and FBG2 were
positioned near the two IGBTs located at the center of the heatsink. Meanwhile, FBG3 was
affixed to the densely packed rectifier positioned 52 mm away from the IGBTs.

Each sensor reading, Trpg1, Trpca, and Trpgs, is the average of three temperature
measurements taken from each IGBT and rectifier on the heatsink, validating the potential
of FBG array sensors for multipoint thermal sensing. Nonetheless, Tpjr is a result of
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inherent errors within the spectrum analyzer, interface mismatch, and resistance within the
tiny airgap across the IGBT-FBG interface.
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Figure 9. FBG temperature response to varying load power.

5.2. Effect of Airgap

A thermal pad with a conductivity of approximately 5.2 W/(mK) was inserted to
minimize the temperature difference Tp;r resulting from the approximately 60 um airgap
between the temperature-sensitive part of the sensor and the baseplate and interface
mismatch. This serves to occupy the airgap and enhance the heat transfer at the PSD’s
baseplate and FBG interface. The process employed to obtain the thermal profile of the
IGBT in Figure 9 was replicated in Figure 10, which displays a noticeable enhancement
in the precision of the sensor measurements since temperatures Trp; and T are closely
correlated. The green line (FBG1) overlapped with the blue line (FBG2) as expected since
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IGBT1 and IGBT2 have similar thermal profiles due to their parallel connection on a
common heatsink in close proximity.
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Figure 10. FBG temperature response to varying load power with minimized airgap effect.

In comparison to the previous measurement, a mean squared error of 0.37 was
recorded. The fluctuation in the temperature curve of the IR camera and the estimated
temperature of the FBG array demonstrate that the thermal gradient across the layer of
the device is dependent upon P;. The error bars provide a visual representation of the
uncertainty in the measurements, with the maximum deviation of 1.54. This implies that
the FBG sensor is a dependable technology for temperature distribution mapping in power
electronic applications.

5.3. Prediction Using Al

The thermal imaging analysis of IGBTs plays a crucial role in predicting potential
failures before they occur, leveraging the power of advanced artificial intelligence (AI)
tools. These tools utilize neural networks (NNs) to process and interpret the thermal
images captured from IGBTs under various operating conditions. By examining the heat
distribution patterns, the NN is trained to recognize subtle anomalies that may indicate
early signs of wear or damage.

In Figure 11, thermal images captured at two different time intervals are shown,
providing a comparative view that helps in tracking the thermal behavior of the IGBT over
time. Figure 11a shows a lower average temperature compared to Figure 11b. However,
these differences are not easily discernible to the naked eye, making it challenging to
identify areas that require attention. This comparison is crucial for understanding the
development of potential issues. Figure 12 enhances this analysis by employing a neural
network that identifies specific regions within the IGBT with abnormal heat signatures,
highlighted as brighter areas in the image.

The NN architecture used in this work is similar to [23], with descending layers
followed by ascending convolutional layers. The network contains skip connections in
order to avoid the vanishing gradient problem. The dataset includes thermal images of
IGBT modules captured under varying operating conditions. Labels indicating healthy
and anomalous regions were provided by the domain experts. The network was trained
on labeled datasets where areas of abnormal heating were annotated based on expert
knowledge and physical inspections. A portion of the data was reserved for validation
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to ensure generalization. Data augmentation techniques, such as rotation, flipping, and
scaling, were applied to increase the diversity of the training samples. The network was
trained using a supervised learning approach optimized for cross-entropy loss to classify
regions as normal or anomalous. The output of the neural network was postprocessed
(annotated) to generate the thermal map, as shown in Figure 12. The brighter areas (circled)
in the image represent those regions where the neural network detected unusual thermal
patterns. This visualization aids in identifying hotspots that may require further inspection.
This approach not only enhances the accuracy of the damage prediction but also aids in
proactive maintenance, ensuring the longevity and reliability of the IGBT components in
various applications.

Figure 11. (a) Thermal imaging of IGBT at time T1. (b) Thermal imaging of IGBT at time T2 (where
T2 > T1).

Figure 12. Predictions of hotspots using neural networks.

6. Conclusions

This study examines the performance capabilities of multipoint FBG temperature
sensing for IGBTs and other power semiconductor modules. A static thermal resistive
network is employed to formulate the equivalent junction temperature of IGBT and rectifier
modules, avoiding the need to dismantle the IGBT housing for sensor placement. The
comparison between the air interface under study and the FBG-IGBT interface calibration
indicates that the mechanical stress during its operation has not influenced the sensitivity
of the sensors. Furthermore, the load power vs. temperature curve demonstrated the use
of a single optical fiber with multiplexed sensor wavelengths for multipoint temperature
sensing; this enables the comprehensive thermal profiling of the entire power system. The
analysis of the airgap revealed that the FBG-IGBT sensor interface needed to be free of
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an airgap or fitted with an appropriate thermal pad to enhance the temperature reading
accuracy. Additionally, Al-powered neural networks processed thermal images of IGBTs to
detect subtle heat anomalies, enabling predictive maintenance and improving component
reliability. These findings were validated through experiments on a custom-built three-
phase inverter system. In the future, a dedicated fiber sensing port could facilitate the
integration of multiple FBG sensors into a distributed monitoring system. Furthermore,
machine learning techniques can be employed to improve sensor calibration and accuracy
by leveraging ambient temperature data and pre-trained models.
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