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Abstract—This paper reports a distributed thermal
monitoring scheme for power electronic modules (PEMs)
in wind turbine converters. The sensing system is based
on utilizing electrically non-conductive and electromagnetic
interference immune fiber Bragg Grating (FBG) sensing
technology embedded in the PEM baseplate. The design
and implementation features of the proposed scheme are
presented first. The scheme is then applied in a commercial
PEM operating within an inverter bridge, equipped also with
a conventional distributed thermal monitoring system using
a multiple point thermo-couple (TC) sensor suite. A range of
tests are performed to evaluate the performance of the FBG
distributed thermal monitoring system and correlate it to TC
measurements under steady-state and transient operating conditions representative of PEM operation in an actual wind
turbine application. It is shown that the proposed FBG monitoring system can offer practical operational improvements
in establishment of distributed thermal sensing schemes for wind turbine PEM.

Index Terms— Power electronic module, temperature monitoring, distributing thermal sensing, fibre Bragg grating
temperature sensors (FBG).

I. INTRODUCTION

P
OWER electronic modules such as insulated gate bipo-

lar transistors (IGBTs) are a crucial power conversion

and control component, widely used in consumer electronic

devices and industry, including traction applications, renew-

able generators and grid control devices [1]. Wind turbines

in particular work in complex operating, and extreme envi-

ronmental, conditions, where due to a wide range of wind

speed variation the turbine generator side power converter is

typically utilized in a broad frequency band [2]. This can result
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in significant power electronic module (PEM) temperature

swings, which, in combination with the mismatch in packaging

material and chip coefficients of thermal expansion (CTE), can

lead to considerable thermomechanical fatigue [3], [4].

Approximately 38% of faults in variable-speed ac drives are

due to the failure of power devices [5]. Regarding wind turbine

systems’ overall annual failure rates, approximately 13% is

attributed to frequency converter faults, which are second only

to the pitch system failure rate (around 22%) [6]. Recent

studies on some 35,000 turbine downtime events indicate

that 18.4% of overall downtime hours lost were due to the

frequency converter downtime [7].

An unpredicted power converter failure may trigger a

catastrophic accident or unscheduled maintenance resulting

in high cost repair and expensive downtime [8]–[10]. The

development of effective diagnostic methods that can enable

understanding and prediction of PEMs’ health state is thus of

considerable interest for maintaining wind turbine operational

integrity. In principle, for diagnosis of the operational state,

and thus health, of a power electronic device, information on

its junction temperature is essential. This however is challeng-

ing to obtain, so the information on more readily accessible

temperatures of its baseplate and cooling system is commonly
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used to facilitate device health condition monitoring [11].

To this end, the available studies propose a large number of

temperature sensitive electrical parameters to measure PEM

device temperature indirectly [4]–[7]. Various researchers have

recently explored health condition monitoring methods where

chip to case thermal resistance, temperature gradient and heat

flux were investigated to predict solder degradation, and thus

the ageing level of the power module [12]–[14]. Effective

online measurement of PEM’s temperatures is shown to be key

to its effective health monitoring but remains challenging due

to device geometry and electromagnetic interference (EMI)

rich operating environment [8].

Conventional temperature measurement sensors such as

thermocouples (TCs), resistance temperature detectors (RTDs),

platinum resistance thermometers (PRTs) and thermistors have

a number of inherent limits for effective PEM temperature

monitoring use [18]. This principally concerns the exposure to

the high EMI environment inherent to PEM operation, which

can affect TC readings by inducing voltage in its wiring and/or

leading to inductive heating of the TC itself. RTDs on the other

hand can provide high accuracy and have good immunity to

electromagnetic fields. However, they tend to be large in size

and are not always suitable for application in industrial envi-

ronments. When a current flows through a thermistor, it gener-

ates heat, which raises the temperature of the thermistor above

that of its environment. This electrical heating may introduce

significant error if a correction is not made. In summary,

electrically based temperature-sensing systems are generally

impractical for application in PEMs, due to the presence

of high EMI that can compromise measurement reliability.

In addition, their large size and bulky wiring is detrimental

to the compact structure of power electronic devices and can

reduce the efficiency of heat transfer [16], [17].

As an alternative to conventional thermal sensing

approaches, noncontact optical temperature sensors, such as

infrared (IR) sensors, IR cameras and IR microscopes were

also applied to capture PEM temperature [18]. However,

these optical systems are not suitable for real time monitoring

applications and are thus largely used for laboratory testing.

Optical fibre Bragg grating (FBG) sensing technology is

fully immune to EMI, power passive, of small size, lightweight

and flexible, and can be multiplexed to allow a single sensing

fibre to carry an array of distributed sensing points. These are

highly attractive sensing features that provide distinct advan-

tages over conventional and non-contact sensing techniques.

Consequently, the application of FBG technology for monitor-

ing physical parameters in the power industry is increasingly

developing as a promising alternative to more conventional

techniques [19]–[26].

FBG sensing applications for PEM monitoring has

only recently started to be explored, with a handful of

studies suggesting encouraging potential for this applica-

tion [17], [27]–[29]. Reference [18] proposes a general archi-

tecture of an FBG temperature sensing system that can

be mounted at different PEM locations thermal monitoring.

Reference [27] designed an FBG-bimetal temperature sen-

sor to monitor IGBT case temperature in a solar panel

inverter. Reference [28] explored the monitoring of IGBT junc-

Fig. 1. FBG sensor structure.

tion temperature through application of direct FBG sensing.

Reference [29] examines online temperature distribution mon-

itoring of IGBTs by integrating FBG arrays into IGBT module

silicone gel. The reported studies however focus on explor-

ing invasive methods, whose application potential would be

limited in in-service modules as it requires access to module

internals and involves complicated and intrusive installation

procedures.

This study aims to explore the potential of FBG array sensor

application to improve current practices for distributed thermal

monitoring in the PEM external structure (baseplate). The

paper reports an experimental study that examines the design,

implementation, characterisation and performance of an FBG

array thermal sensor applied in the baseplate of a commercial

PEM. A conventional distributed thermal monitoring system

using a TC suite was also fitted on the test module. A range

of tests in steady-state and transient conditions representative

of PEM operation in an actual wind turbine application

were undertaken to enable FGB versus conventional sensing

performance comparison and cross-validation. The obtained

experimental data show that the reported FBG sensing system

can provide practical operational improvements in establish-

ment of distributed thermal sensing schemes for wind turbine

converters.

II. FBG SENSING TECHNOLOGY

Fig. 1 shows a schematic diagram of an FBG sensor archi-

tecture. The FBG sensor is a microstructure, typically a few

millimeters in length, imprinted in the core of a single mode

optical fibre. It is fabricated by exposure of a segment of the

fiber’s core to a pattern of UV light. This process induces

a permanent physical change, creating a periodic modulated

refractive index in the structure of the silica core [21].

The FBG sensing concept is based on light reflection

capability and the modulated refractive index’s sensitivity to

variation of external thermal and/or mechanical conditions

acting on the FBG structure [18]. In principle, the fibre

carrying an FBG head is illuminated with broadband light; a

narrow bandwidth of wavelength (i.e. that meets FBG Bragg

conditions) will thus be reflected back by the FBG head. The

reflected (Bragg) wavelength (λB) can be expressed as [24]:

λB = 23ne f f , (1)

where: 3 is the grating period and ne f f is the effective

fibre core refractive index. These parameters can alter with a

change in temperature and/or strain acting on an FBG, and

consequently result in an alteration of the reflected Bragg

wavelength, as demonstrated in Eq (1). Thus, monitoring the
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Fig. 2. Test power module design.

FBG reflected Bragg wavelength shift can provide information

on strain and temperate levels acting on its structure. With

an appropriate FBG sensor design, exclusive temperature

measurements can be obtained.

Assuming constant strain, the reflected wavelength shift

variation due to temperature change can be expressed in terms

of the fibre thermal characteristics as [25]:

1λB

λB

= (
1

3

d3

dT
+

1

ne f f

dne f f

dT
)1T (2)

The first part of Eq (2) represents the change in 3

due to the fibre thermal expansion coefficient effect

(≈ 0.55x10−6/◦C). The second part of Eq. (2) represents

the change in ne f f due to the fibre thermo-optic coefficient

effect (≈ 6 − 9x10−6/◦C) [24], [25]. Theoretically, for a

bare FBG fabricated with a standard Bragg wavelength at

1550 nm, the temperature sensitivity can be evaluated to be

≈ 10 − 14 pm/◦C [19]. However, this value can vary with the

FBG sensor packaging and instrumentation methods.

III. DESCRIPTION OF TEST SYSTEMS

This section describes the test system used in this study

including: the test power module, the FBG thermal sensing

system design, installation and thermal calibration procedures,

and finally the test-rig system setup.

A. Test Power Module

The test power module (TPM) is a half bridge IGBT module

(SKM50GB12T) manufactured by SEMIKRON with 1200V/

50A rating. Fig. 2 shows a photo of the TPM (Fig. 2a), its

circuit diagram (Fig. 2b) and structure (Fig. 2c). The module

comprises two series connected IGBTs jointly forming an

inverter leg section, each having a parallel freewheeling diode.

The upper and the lower leg (one IGBT and one diode) are

soldered by using SnAg3Cu0.5 (SAC305) solder paste on two

direct bonded copper (DBCs) sections individually, as shown

in Fig. 2c. Two DBC sections are made up of Cu/Al2O3/Cu

and then soldered on one copper baseplate. This multi-layer

structured packaging system is designed for both insulation

TABLE I

SPECIFICATION OF TEST POWER MODULES

and cooling purposes. The PEM heat is generally dissipated

to the ambient from the top (IGBTs and diodes), drawn to the

base, and then on to the cooling system.

Table I presents the specifications of the TPM: each IGBT

and diode device has the capability of blocking 1200 V (VCE =

1200 V) or conducting 50 A (IC = 50 A) current continuously.

The junction temperature (Tj) of a semiconductor chip is

usually determined by the nature of silicon material. According

to product specification given by the manufacturer, the devices’

operating junction temperature range is limited to a minimum

of −40 ◦C and a maximum of 150 ◦C.

B. Proposed FBG Temperature Sensing System

1) FBG Thermal Sensor Design: The proposed FBG ther-

mal sensor was designed and prototyped based on the TPM

architecture. The target sensing application in this study is

distributed temperature sensing in the baseplate of the TPM.

To this end, an FBG array sensor with four FBG heads

imprinted in a polyimide coated single-mode optical fiber

was designed and prototyped. Polyamide fiber was chosen

for this application due to its high temperature resistance

(up to ≈300 ◦C).

Fig. 3a illustrates the FBG array sensor architecture; it con-

sists of four 5mm long FBG heads with an average bandwidth

of ≈0.3 nm and reflectivity of ≈80 %. The sensing heads were

distributed along the fibre based on the TPM’s chip architec-

ture. The spacing was designed to ensure that each sensing

point (FBG head) in the array installed in its baseplate is

located vertically under a target chip. For illustration, Fig. 3b

shows the thermal sensing points distribution in the baseplate

considering the chips’ positions in the TPM. The FBG head

locations are seen to be designed to mirror individual chip

positions and are named accordingly as follows: FBG-IG1

(for IGBT1), FBG-D1 (for diode1), FBG-IG2 (for IGBT2)

and FBG-D2 (for diode2).

To eliminate mechanical excitation (strain) effects on

array FBGs’ Bragg wavelength shift, which may induce

error in the thermal measurements due to FBG inherent

thermo-mechanical cross-sensitivity, the fibre section con-

taining the FBG heads is loosely packaged within a brass

capillary. The remainder of the optic cable is Teflon tubed

for protective purposes. The brass capillary is integrated into

the TPM baseplate, to allow precision placement of array

sensor’s individual sensing heads but also to ensure sensor

protection during installation. The chosen capillary dimensions

are 0.3 mm inner diameter and 0.5 mm outer diameter. This

ensures a sufficient air-gap to house the sensing fiber in its
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Fig. 3. FBG array sensor design and instrumentation.

Fig. 4. Grooved TPM.

bore, but also a fine wall thickness of ≈0.1 mm to enhance

the sensor thermal response [21].

2) FBG Array Installation: The procedure of TPM instrumen-

tation with the FBG array thermal sensor was conducted in

following steps:

• First, a 0.6 x 0.6 mm groove was machined in the TPM

baseplate along its axial centerline in the area beneath

the known locations of the module chips where thermal

hotspots are expected; at one groove side an exit curvature

was made. This allows embedment of the packaging cap-

illary into the TPM baseplate structure without interfering

with the module mounting points and enables the sensing

fibre to effectively interface with an external interrogator

device. Fig. 4 shows an image of the grooved power

module.

• The packaging brass capillary was then prepared with a

length equal to that of the machined baseplate groove

plus an additional few mms to enable sensing fibre

insertion and the integration between the brass and Teflon

packaging into a joint protective structure. Once prepared,

the capillary was fitted into the groove using a thermally

conductive adhesive (acrylic thermal adhesive).

• Finally, the FBG sensing array was carefully inserted into

the capillary in the desired position. Heat shrink tubing

was used to bond the brass and Teflon packaging.

The described process enables practical installation of a

packaged FBG array sensor into a power module. The process

makes the array sensor accessible for in-situ replacement or

re-calibration, as well as effective re-positioning of sensing

points for greater accuracy or coverage of additional locations

of interest.

3) In-Situ FBG Thermal Calibration Procedure: The FBG

array thermal sensor was thermally calibrated using a

thermal chamber to obtain the appropriate wavelength

shift-temperature fit curve for each FBG head. The FBG

Fig. 5. FBG array thermal calibration.

instrumented TPM was placed inside the thermal chamber

and exposed to different levels of static thermal excitation

from 25 ◦C to 95 ◦C in 10 ◦C increments. The FBGs’

wavelength shifts were recorded at each applied temperature

level using a temperature reference obtained from the thermal

chamber readings. Fig. 5 shows the obtained calibration test

data. The average temperature sensitivity of the FBG array

sensor calculated from the slope of the calibration data linear

fits was found to be ≈10.9 pm/◦C. This value closely matches

the theoretical calculated temperature sensitivity range of a

bare FBG, demonstrating that the proposed packaging and

installation procedure has a minimal effect on the array sensor.

C. Test-Rig Description

To evaluate the performance of the proposed thermal sens-

ing system, the FBG array embedded TPM was operated in

a back-to-back half bridge inverter test rig. The schematic

diagram of the inverter rig with inductive load is shown in

Fig. 6a. Module 1, highlighted by the red dotted line in the

figure, is the FBG enabled TPM.

Fig. 6b shows the used test rig setup. The inductor load

is connected between the AC terminals of the half-bridge

modules and the neutral point of the DC-link comprises two

series connected capacitors (HCGF6A, 15000 µF/ 450 V).

The DC-link voltage is controlled at 200 V by a DC power

supply (SL400, Magna Power). During the tests the power

modules are controlled by the SKHI 23/12R gate driver with

a PWM signal generated on a dSPACE RTS 1103 platform

at a switching frequency of 2550 Hz. In this study the fun-

damental frequency of AC current through the inductive load

is maintained at 50 Hz by employing a control loop embed-

ded in Simulink/dSPACE. For cooling purposes, the power

modules were placed on a water cooling heatsink (Hi-Contact

416601U) connected to an external chiller (Lauda WK4600).

The load current was measured in the tests by current

probes (Pico TA167). A set of type K thermocouples (1/0.2mm

diameter) was installed on the test rig, as shown in Fig. 7. Four

TCs were located on the heat sink top in the area beneath the

known locations of the module chips (Tc1-Tc4 in Fig. 7, which

correspond to the four thermal sensing points of the FBG array

sensor installed in the baseplate). The heatsink inlet and outlet

temperatures were measured by two TCs. Care was taken

in TC installation and output signal conditioning to mitigate
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Fig. 6. Test rig setup.

Fig. 7. Schematic diagram of the two power modules locating on heatsink
and 8 temperature measuring points’ locations.

measurement error due to EMI, vibrations and voltage induced

in the wiring as much as possible. The TC thermal sensing

system was fitted on the test rig to enable cross-correlation

and comparison with the readings provided by the proposed

FBG sensing system.

To operate the FBG array sensor and obtain real-time

temperature measurements, a commercial interrogator

unit (SmartScan) was connected to it. The interrogator

illuminates the array sensor using a broadband light source

and receives the FBG reflected light. The monitored FBG

wavelengths were processed and converted to temperature

measurements using LabVIEW based SmartSoft software.

The FBG measurements are sampled in this study at a rate

of 2.5 kHz and the TC readings sample rate is 1 Hz.

IV. RESULTS AND DISCUSSION

This section reports the results of the experimental study

undertaken to evaluate the application of the proposed thermal

Fig. 8. FBG and TC temperature measurements under static conditions.

monitoring scheme for power module thermal condition

monitoring.

To examine the performance of the FBG based thermal

sensing system, the inverter test rig was controlled to operate

in both static and dynamic thermal states. For the static thermal

conditions, different tests with different constant levels of load

current were examined. Each static load current test starts

from ambient temperature and lasts until the PEM thermal

equilibrium is reached. The dynamic thermal conditions tests

are performed for a variable load current profile that replicates

load variability encountered in field inverters operating under

a typical wind speed profile.

The obtained results are presented and discussed in the fol-

lowing subsections. Section A focuses on exploring the FBG

thermal sensing system performance and cross-correlating

it with conventional TC measurements under static thermal

conditions. Section B undertakes validation of FBG in-situ

thermal measurement against those provided by the TCs based

on utilizing a thermal network model that allows their direct

correlation. Finally, section C presents the results of examining

the FBG sensing system response under a typical wind speed

load profile.

A. Static Thermal Conditions

The static test results are presented in this section. These

were undertaken on the test rig in the following uniformly

distributed range of load current within the TPM nominal

range: 10A, 20A, 30A, 40A and 50A. For illustration purposes,

Fig. 8 shows the temperature measurements obtained by the
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FBG array and TCs in the half bridge inverter test rig when

operated under low and high load currents (10A and 50A).

The first 60s of data in Fig. 8 are measured with the test

inverter not energized and the heatsink temperature controlled

at ≈18 ◦C by the water-cooling chiller. As the TCs are

fitted to the heatsink, their measurements are similar to the

coolant temperature at ≈18 ◦C. The FBGs embedded within

the TPM baseplate measure a temperature that is ≈0.6 ◦C

higher than that of the coolant. This is due to FBGs not

being in direct contact with the heatsink and the test room

ambient temperature during test of ≈25 ◦C contributing to the

temperature gradient from external ambient down to cooling

system. Some discrepancy can be observed between trends

reported by FBG and TC sensors which is believed to originate

from challenges with ensuring optimal thermal contact during

TC installation.

The converter is energized at the 60s point in tests and the

thermal responses from both FBGs and TCs then observed dur-

ing the step transient and the steady-state stage. As expected,

due to their location and effective integration into the TPM

structure, the FBGs recorded higher temperatures than the

TCs. The temperature difference between FBGs and TCs

is seen to increase with the increase of operating stress

(≈1.5◦C @ 10A and ≈6◦C @ 50A), which indicates that

FBGs obtained more thermal information from the TPM than

the conventional TCs attached on the heatsink. The differences

between individual FBG thermal readings in steady-state and

step transient conditions is due to the heatsink temperature

gradient due to the water cooling flow cycle. The general

fluctuation in the thermal recordings is induced by the cooling

capability thermal-inertia limitations of the chiller system

used. The inverter is stopped at 500 s, resulting in a relatively

rapid heat decrease whose dynamics are determined by the

thermal inertia of the whole system, including the heat sink

and the cooling chiller.

B. FBGs Thermal Measurement Validation

The TC measurements obtained cannot be directly used to

validate the FBG thermal sensing system measurements. This

is due to inherent installation limitations of the TCs, which

are fitted in the top of the heat sink and not in the baseplate.

This section presents a validation method of the FBG thermal

measurements based on a thermal network model of the TPM

and TC temperature measurements.

Fig. 9 shows the TPM thermal network schematic including

the thermal pad and the water-cooled heatsink. The power loss

is dissipated from the semiconductors (top of the module) to

the heatsink and then to the ambient, forming a thermal path

involving the following elements: Rth, j−c is the junction to

case thermal resistance of the power module, Rth,T I M is the

thermal resistance of the thermal pad as the thermal interface

material (TIM), and Rth,hs is the thermal resistance of the

heat sink. The temperature measurement by FBG/ TC and

coolant temperature are also illustrated in this diagram. It can

be noted from the thermal model that the thermal resistance

of the thermal pad, Rth,T I M , is the root cause of temperature

measurement difference between the FBG and TCs. From the

Fig. 9. Test power module thermal network.

TABLE II

THERMAL PAD PARAMETERS

thermal model, Rth,T I M can be derived from the power losses

of the power devices and the temperature gradient between

FBG (base temperature) and TCs (top heat sink temperature),

Eq (3).

Rth,T I M =
TBase − Theatsink(top)

Ploss

(3)

By comparing the derived thermal resistance from the

thermal model given by Eq (3) and its nominal value deduced

from the material properties and the geometry of the thermal

pads, the FBG thermal measurements can be validated. The

thermal resistance Rth,T I M based on the material properties

and geometry can be expressed as:

Rth,T I M =
L

A ∗ λ
(4)

where: L is the thickness of the thermal pad, A is the area

and λ is the thermal conductivity of the TIM material. Detailed

parameters of applied thermal pads are given in Table II. Using

Eq (4) and Table I, the nominal thermal resistance Rth,T I M of

≈0.1956 ◦C/W is obtained.

To analytically determine Rth,T I M from the thermal model

using Eq. (3), the power loss heat transferred through the

system needs to be calculated. Here, the power losses are

calculated based on the method [30] using test voltage/current

measurements. The temperature dependent on-state and

switching losses are extracted from the datasheet and then

imported into an electrical-thermal model with the coolant

temperature as ambient reference to derive the total power

losses of each semiconductor. The calculated power losses

for the 10A and 50A steps are shown in Fig. 10. The

Rth,T I M value was obtained using the calculated power loss

and the temperature measurements from the FBGs and the

corresponding TCs in the heatsink during the steady-state

condition (from 350s to 500s in Fig. 8) examined in the

previous section for 10 and 50 A tests. Fig. 11 shows the

determined Rth,T I M together with its nominal value calculated
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Fig. 10. Power losses calculation under (a) 10A and (b) 50A total current
step-change conditions.

Fig. 11. Validation of temperature measurement based on thermal
resistance of TIM, Rth,TIM, under: (a) 10A and (b) 50A total current
conditions.

from Eq. (4) for all considered sensing locations. The results

show the analytically calculated Rth,T I M value matches its

calculated nominal value, thus validating the FBG array sensor

temperature measurements.

C. Dynamic Thermal Conditions

The dynamic response of the FBG array thermal sensor

under transient thermal conditions is examined in this section.

A wind speed representative dynamic load profile was applied

TABLE III

WIND PROFILE REPRESENTATIVE CONDITION

Fig. 12. Thermal measurement under dynamic condition.

on the test inverter, which was achieved by appropriate con-

trol of the inverter load current. Fig. 12 shows the recorded

thermal measurements under the applied typical wind speed

profile, comprising nine distinct load changes in the examined

650 period, as detailed in Table III.

The thermal measurements obtained by the FBGs show a

higher sensitivity to dynamic thermal variation when compared

with the TC measurements. The FBGs clearly registered the

instant of change between steps, whereas the TC measure-

ments were smooth and less detailed; the FBGs also recorded

higher levels of thermal variation. For instance, FBG sensors

recorded a temperature rise of ≈14 ◦C in the 1st step (cur-

rent change from 0 to 40.15A) and a temperature drop of

≈9 ◦C in the 3rd step change (current change from 26.54 A

to 0 A) – the corresponding TC measurements are an ≈6 ◦C

temperature rise and a ≈3 ◦C temperature drop. Fig. 12 also

demonstrates an important functional feature of FBG, which is

EMI immunity: while the TC recordings are noisy and contain

considerable temperature spikes, the FBG measurements are

clear and unaffected by EMI.

V. CONCLUSIONS

This paper reports a study of fibre optic FBG distributed

thermal sensing application for wind turbine and general power

electronic device thermal monitoring. The sensor design,

implementation and calibration principles are presented and

an extensive experimental study is then undertaken to evaluate

and validate the potential of the proposed sensing scheme in

steady-state and transient conditions.

The findings demonstrate that the reported technique pro-

vides clear functional advantages compared to current dis-

tributed thermal monitoring practices for power electronic

modules based on the utilisation of conventional thermal



MOHAMMED et al.: DISTRIBUTED THERMAL MONITORING OF WIND TURBINE PEMs 9893

sensors. Application of the proposed array sensing scheme

enables effective distributed thermal sensing within the module

baseplate using a single sensing optical fibre contained in

a thermally conductive packaging, seamlessly integrated into

the target monitoring area. The resulting thermal monitor-

ing system is of considerably lower wiring and installation

complexity in comparison to those employing conventional

sensing techniques, and offers important advantages of full

EMI immunity as well as ease of in-situ replacement or

repositioning of the sensor array. These features allow the

ability to improve the density and quality of the harvested

thermal data and design much improved distributed thermal

monitoring schemes compared to current general practices.
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