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ABSTRACT

This paper proposes a new method to develop a &tenmdel of an insulated gate bipolar transist@BT) employing
an optical fiber sensor mounted on the chip stmect8ome features of the sensor such as electrati@agmmunity,
small size and fast response time, allow the ifieation of temperature changes generated by tleeggrioss during
device operation through direct measurement. I, fdtis measurement method is considered impossibth
conventional sensors. The online monitoring of jthection temperature enables identify the thernteracteristics of
the IGBT. The results are used to develop an atzunadel to simulate the heat generated duringléiviece conduction
and switching processes. The model showed a differef only 0.3% between measured and simulatedtsebesides
allowing evaluate separately the heat generatezhbly turn-ON/OFF process.

Keywords: IGBT thermal model, semiconductor junction tempa®, thermal analysis, optical fiber Bragg grating
sensor.

1. INTRODUCTION

Power semiconductor devices, especially IGBTs Haeen widely used in the application of electric onodrives,
switching supplies, and other power conversionesyst [1] [2]. To meet the power demand of such appbns,
advances technology in terms of materials and naatufing techniques, have enabled the developmempiower
semiconductor devices capable of operating at bimigcfrequencies and current densities ever higensequently,
variations in voltage and current through the IG®Bill also increase [2]. This has a direct impact the dynamic
performance of the devices, affecting the powesdesand consequently raising the temperature ahtipe, because
losses are dissipated as heat [3].

The design of power electronic circuits requiresuaate information about the junction temperaturé¢he switch to
determine its performance, life-time, and reliapjlgiven the temperature influence on the semiootat characteristics
[3] [4] [B]. Several dominant physical parametessaciated with semiconductor devices are senditiviemperature
variations causing their dependent device charatiter to change dramatically [4] [5]. Among the shamportant of
these parameters can be highlighted: the minoatyier lifetimes, the hole and electron mobilitiese free-carrier
concentrations and intrinsic carrier concentratiBarticularly the IGBT has two additional temperatwlependent
parameters, the MOS-gate threshold voltage and Ml@2®nel transcondutance [5], which leads to vanatiin
temperature causing changes in the voltage anémuwaveforms of the IGBT, altering the power Igssghus, the
performance analysis of an IGBT must always becata with its operating temperature [5] [6].

The online monitoring of IGBT temperature is vergeful for enhancing the reliability, cost effectiess and
performance of the power electronic system [1] [bwever, it is difficult to obtain the actual juien temperature
since it cannot be measured directly by conventiaemsors, because of the limited space and efeatipetic
interference generated by the switching frequeitythe range of kHz) [1] [4] [6]. An alternative sideen the use of
thermal models developed from indirect measuremémthis type of measurement the sensor is inaminwith the heat
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sink, and the junction temperature is estimatedidigg a thermal calculation that considers allltdyers that form the
IGBT module. Although it has achieved significamisults, this method is complex and presents a lagal of

uncertainty, because it requires a great knowleadgmit the materials’ characteristics that makehgplayers of the
IGBT module [3] [7].

In this paper a new technique to directly monitoe function temperature of the IGBT under transigmtdition is

presented. The measurement relies on an optieal Bbagg grating sensor positioned on top of thBT@3]. Due to the
sensor’s electromagnetic immunity and fast respdimse (order of microseconds), direct measurement lze done
reliably [9] [10]. In addition to the online moniing, the sensor can identify the thermal charésties of IGBT

structure, facilitating the development of accuratedels to simulate the heat generated during kimijcand conduction
processes [7] [11]. In comparison with other tegles based on indirect measurements [1] [7] [1b]clvshow errors
differences between measurements and simulatiowgng from 10% and 20%, this new technique showdiference

of only 0.3%, approximately.

2. EXPERIMENTAL SETUP AND METHODOLOGY

The IGBT module SK45GB063, manufactured by SEMIKRQM used for the analysis described in this papke
IGBT operation can be defined, in brief, as a dwidciven by voltage. To put the device in operatiwode, it simply
polarizes the positive collector terminal (c+) tida to the emitter terminal (e-). Thus, applying@sitive voltage on
gate terminal (g), the device will switch to the state (turn-ON) when the voltage at the gate elseke threshold
voltage. The IGBT switches to off (turn-OFF) whée tcut-off voltage of the gate terminal (g). A testuit with a
resistive load, as shown in Figure 1(a), was imgleted to drive the IGBT module (DUT — Device Undest). In this
circuit, a function generator that provides thenaigor the gate can control the pulse width, apdtmnging the voltage
V. it is possible to change the load current. Thenshesistor R (0.082) is used to measure the current through the
DUT. The resistive load keeps a fixed value of entr. during the IGBT conduction state. The idea is @intain the
same power dissipation and measure the resultiaggehin temperature [8]. The junction temperatsnmanitored by a
fiber Bragg grating sensor placed inside of the mdin direct contact with the IGBT wafer, as simoww Figure 1(b).
In order to assemble the temperature sensor thédi@b the module case was removed and the samasrfixed by a
mineral oil that also improves the thermal conthetween the sensor and the IGBT. An optical intator
(FiberSensing Industrial BraggSCOPE — FS2500) that transmitinerihformation to a computer is used to interregat
the fiber Bragg grating sensor.

The junction temperature variatiadTj (equation 1) depends on the power dissipatiwhthermal impedanceoHf the
structure, which defines the heat flow throughdbegice as a function of time [4] [7]. The functidp(t) (equation 2) is
defined by the thermal resistances and capacitaRgesnd G, respectively, and these are material charadt=ifst].
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3. RESULTSAND DISCUSSION

To obtain the experimental results, a test wasezhout driving the IGBT with the following paranees: bus voltage
V.= 50V, colletor-emiter voltage in conduction statg= 1,7 V, collector current# 1.3 A, and pulse width of 20
seconds, as shown in Figure 2(a). As can be seemrésence of ¥ and | causes a power dissipation equal to 1.98 W
during the conduction state, while at the same timegjunction temperature was monitored by the Fi&ed in direct
contact with the structure. The curdd; of Figure 2(a) shows the heat generated by cormudtisses, where the
maximum variation was 1.26 °C. It can also be olesgtthat the peak power generated by the ON-OFfelsing losses
(turn-ON at t=4 s and turn-OFF at t=24 s) is ndedi&d by the sensor. This is because of the ogator acquisition
rate, which is limited to 2 kHz, and a 2 MHz samglirate is required for such a measurement [8].tiherofact is that
the low energy dissipated during the switching pescis not sufficient to sensitize the sensor H&uridemonstrated
through model simulation). However, by using thessults (Figure 2(a)) and equations 1 — 2, itissible to obtain the



thermal impedance curve of the structure showniguré 2(b). The thermal characteristics of the cdtme can be
obtained by doing a best-fit of the curve, where thaximum value in steady state is thermal resistd®, given in

°C/W, and the time constants of transient staterdghes by equation 3 the thermal capacitang@@/°C [7]. The best
fit found was the second-order exponential (equadip where values obtained wergR.65 °C/W, ¢,;=1.13 J/°C and
Cin=9.73 J/°C. The two thermal capacitance valuescarsidered to obtain an accurate model of the IG&¥mal

behavior, because the thermal impedance curve r@i@b)) obtained in experimental testing showed time

constants.
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The obtained parameters were used to design an &f&lnthat allows simulation the heating of the fiow in the
IGBT, as shown in Figure 3. The second order degpecel can be justified by making a comparison whith model
proposed by Ciappet al.[7], where the structure of the silicon is alspresented by a second order model, because the
thermal impedance was obtained by direct measureb®tween the structure and the sensor, considenihyg the
silicon characteristics. So the other layers of thedule, as welding, copper and encapsulation camdyglected,
facilitating the development of the model.

The model validation was done comparing measurégyré&2(a), and simulated results of the same éxgeeatal
procedure. As it can be seen in Figure 4(a), tleeeegreat similarity between the simulation arel teasured response
by the optical fiber sensor. This shows that theleh@an accurately reproduce the temperature i@misthat occurs at
the junction of the IGBT due to the losses. Anottignamic test was performed by applying bus voltdge 100 V,
with a pulses sequence of 500 ms. The comparisoveke simulation and measurement is shown in Fig(bg where
the maximum difference is only of £ 0.02 °C, whigpresents a discrepancy of approximately 0.3%s fidsult shows a
significant reduction of difference between meadwrd simulated results, when compared to othéntques, that use
conventional sensors installed in the heat sinkmgedent a minimum difference of 10% [3] [7]. Anetlimportant point
is that largest difference between simulation amhsnrement, concerns the fall in temperature (Eid(b)). This is
because the model parameters were obtained thtbaghermal impedance curve by applying a fixed grofwhen the
IGBT temperature is rising (Figure 2)), which exptathe great similarity in peak temperature.

Although the monitoring system is not able to irtifgrihe temperature variation caused by the poveztks of ON-OFF
process due to the rate of acquisition of the aptiaterrogator and the small amount of energyipléged in these
processes, the thermal model can be used to serthiatheating generated by each switching progéss.was verified
by simulating the same power peak generated duhagprocesses of turn-ON and turn-OFF in test gl 2(a).
Figure 5 shows the detail of these transition iwrgky; where the turn-ON and turn-OFF processesshoavn in
Figure 5(a) and Figure 5(b), respectively. As cansken, the presence of voltagg ®nd current | levels during
switching processes causes a power peak, resuitswitching losses.

The same peak power obtained in the experimergtihte(Figure 5) was replicated in the simulatioodel to estimate
the heating for each switching process. The sinmdatesults for turn-ON and turn-OFF process am@ashin figures
6(a) and 6(b), respectively. As can be seen, tkeggrdissipated in the turn-ON process causes pedgature variation
of approximately 0.017C. In the turn-OFF process, due to higher energgiplation (topology characteristic of the
IGBT used [4] [5]), the temperature variation ispegximately 0.02FC. These results show that even with a high
acquisition rate, analyzing the peak generatedaoy ¢ransition may present several difficulties ttuemall variations
in junction temperature. However, through the maxdel evaluate separately the contribution of tuhh-#@dd turn-OFF
losses on the total heating device. This featureb®a of great importance in the design of heatssamd temperature
controllers, because the energy dissipated in Witching processes accumulates and may cause theed@nction
temperature reaches above 150 °C for frequenci¢iseirorder of kHz [12]. The operation in these temature ranges
may affect the stability and efficiency of the IGBand there is also the possibility of permanedtynaging the device
(3] [4].



4. CONCLUSIONS

The use of a fiber Bragg grating positioned ovex BBT structure provides a new method to direatignitor the
temperature changes due to the device losses,tardethhat was considered impossible in recentdlitee [1] [2].
Although the acquisition rate of the optical intgyator did not allow identifying the heat generaltgdeach switching
process, sensor measurements during pulses ofdlaragion provided enough results that were thesh@sidentifying
the thermal parameters of the IGBT structure. Sumtameters were used for designing of a second &@emodel,
which allow the accurate simulation of the therimahavior due to the losses in the device, withsardpancy of about
0.3 % compared the measurements. The RC modelalitsged us to estimate the heat generated by eat©BF
transition. The thermal model can be applied irighesf power converters systems, where the anabfdise switching
processes helps in choosing the best IGBT techgdiogoe applied in the circuit. An accurate thermaldel also
facilitates the design of heat sinks and tempegatontrol systems, which helps to ensure maximditiexicy in energy
processing, preventing the temperature variatiinences the switching losses.
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LEGENDS

Figure 1 — System setup. (a) Diagram of the DUT disuit. (b) Position of the optical sensor irsithe IGBT module SK45GB063
for online monitoring of the junction temperature.

Figure 2 — Test results. (a) Waveformg, \l;, power dissipation and junction temperature chdagthe experimental test with
resistive load. (b) Thermal impedance of IGBT stioet

Figure 3 — IGBT RC thermic model.

Figure 4 — Comparison between measured and simulesetts. (a) Temperature variation of the IGBTlegabVcc=50 V and pulse
of 20 seconds. (b) Temperature variation of the I@Bjlied Vcc =100 V with pulse sequence of 500 ms.

Figure 5 — Detail of Vce and Ic waveforms, and podissipation during the switching processes oftésé with Vcc=50 V and
RL=33Q. (a) Time interval of the turn-ON process. (b) €interval of the turn-OFF process.

Figure 6 — Simulation results of the heat generbtethe switching processes of the test with Vcc¥5hd RL=33Q. (a) turn-ON
process. (b) turn-OFF process.



