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Condition monitoring of power module using S-Parameters, TDR, and TDT

Condition monitoring of power electronics is gaining interest as power electronics expends to missioncritical applications. This paper offers a preliminary experimental study of the viability of using S-parameters and time-domain reflectometry measurements to monitor the degradation of a power module. To this end, measurements were performed on a standard high current power module which was artificially aged by cutting wire bonds one by one. The study demonstrates a clear trend in the evolution of measured parameters, and thereby the possibility to monitor the power module degradation under the specific test conditions. This opens a new condition monitoring technology for power electronics systems.

Introduction

As power electronics expends to mission-critical applications, the costs of failures and down times increases. In the meantime, exploitation margins shrink. As a result, condition monitoring, as it enables an optimisation of the maintenance (predictive & proactive maintenance), or even to delay it (e.g. by active thermal control [START_REF] Ferreira | Selective Soft-Switching for Thermal Balancing in IGBT-Based Multichip Systems[END_REF]), is gaining relevance.

Substantial research work has been dedicated to monitoring die temperature using sensors, thermosensitive electrical parameters (TSEPs), and estimators [START_REF] Baker | Improved Reliability of Power Modules: A Review of Online Junction Temperature Measurement Methods[END_REF], as it has been demonstrated that high temperature and thermal cycling are the main stressors for power electronics systems [START_REF] Falck | Reliability of Power Electronic Systems: An Industry Perspective[END_REF], [START_REF] Volke | IGBT Modules: Technologies, Driver and Application[END_REF].

However, lifetime-and State of Health (SoH) models are not only intricate to develop, but they also have limited validity.

As a result, measurement for direct SoH estimation has gained high relevance. On-state voltage drop ( ) [START_REF] Zhan | Condition Analysis on Implementation of On-Line Monitoring of IGBT Modules of Three-Level NPC Inverters[END_REF], threshold voltage ( ), thermal resistance ( ) [START_REF] Van Der Broeck | Real-Time Monitoring of Thermal Response and Life-Time Varying Parameters in Power Modules[END_REF], and gate leakage current ( ) [START_REF] Weckbrodt | Monitoring of Gate Leakage Current on SiC Power MOSFETs: An Estimation Method for Smart Gate Drivers[END_REF] are amongst the main variables investigated in the literature.

However, these parameters can be difficult to measure due to the noisy environment (

), the high accuracy and high dynamic requirements (

), the impact of the switching (

), or the need for a specific hardware (all). Furthermore, electrical measurements such as and only give local information on the SoH of a single die or set of dies.

More global, but still providing die-level granularity, SoH-measurement technics have been proposed, using small amplitude excitations with high frequency (i.e., significantly higher than the switching frequency). The underlying idea is that ageing of the power module (PM) results in mechanical changes at die level (metallisation restructuration, passivation and crystal degradation), connection-level (wire bond lift-offs and heel-breaks, solder cracks and voids), and substrate level (conchoidal fractures) [START_REF] Ciappa | Selected failure mechanisms of modern power modules[END_REF], [START_REF] Chung | Reliability of Power Electronic Converter Systems[END_REF]. These mechanical changes translate into variations of parasitic elements: inductances, resistances, and capacitances and more generally: wave reflection and transmission coefficients. In particular, bond wire lift-off will induce slight inductance and resistance increases, solder and top-side metallisation degradations will induce resistance increase, conchoidal fractures will induce parasitic capacitances reductions, etc. Measurement of these parameters either offline or online whilst the system processes some power, can be used as input data for SoH estimation.

RF measurements technics are routinely used to assess the quality of cables, packages, PCB, and interconnects [START_REF] Yuan | Packaging Failure Isolation with Time-Domain Reflectometry (TDR) for Advanced BGA Packages[END_REF], [START_REF] Sharma | Non-Destructive Failure Analysis of Power Devices via Time-Domain Reflectometry[END_REF], or to estimate parasitic elements [START_REF] Zhu | Characterization of power electronics system interconnect parasitics using time domain reflectometry[END_REF]. Using Spread-Spectrum Time Domain Reflectometry (SSTDR), Furse, Kahn, et al [START_REF] Kingston | A SSTDR Methodology, Implementations, and Challenges[END_REF] have been able to monitor the degradation of power electronics components and systems, including a discrete switching cell processing a low power. The SSTDR system was connected to the gate of the transistors [START_REF] Roy | Degradation Detection of Power Switches in a Live Three Phase Inverter using SSTDR Signal Embedded PWM Sequence[END_REF].

This paper reports a preliminary experimental study which investigates the possibility to use Sparameters and Time Domain Reflectometry (TDR) and Transmission (TDT) measurements to monitor the degradation of a conventional power module online, in operation.

Section 2 gives an overview of the experimental set-up and test conditions, section 3 details experimental results which are discussed in section 4, while section 5 concludes the paper.

Experimental set-up

This paper aims at demonstrating how RF measurement technologies can be used to monitor the degradation of a standard half-bridge power module. Two series of measurements were conducted: as a preliminary, PM1 was done without DC-bias applied to the PM under test, whereas PMx was conducted whilst the PM was processing power.

Applied measurement techniques

In addition to the functional power connections (connections to the DC link, to the load, and to the gate drivers), the PM under test is equipped with several RF-ports which are connected to the test equipment. To measure the S-parameter of the system, the instrument (Vector Network Analyser -VNA) injects a low amplitude (typ. 200 into 50 Ω) harmonic signal in one port and measure the amplitude and phase of the signal obtained on the same, or on another, port. The excitation frequency can be swept up to at least several GHz.

In the case of TDR and TDT, a low amplitude (typ. 100 mV into 50 Ω) voltage pulse is injected into one port and the reflected signal is measured at the same (TDR) or another (TDT) port throughout time. Depending upon the structure of the system under test, several reflexions happen, giving information on the impedances mismatch on the propagation paths. Time resolution in the order of 10 ps enable to discriminate elements 1 mm away one from the other.

As outlined in section 1, the electric parasitic elements of the power module shift during ageing, due to changes in mechanical shape. This shift in electric parameters induce changes in S-parameters, TDR, and TDT responses, which constitute a signature of the SoH of the PM under test.

Hardware

A 5SNG 0300Q170300 power module from ABB containing two parallel-connected 1.7 kV half bridges in a 62 mm 106 mm-package, for a total ampacity of 300 A, is considered. However, in the tests, only one half-bridge is used: the other is disconnected. Each active switch is composed of a single IGBT in parallel with 2 diodes. 12 aluminium wire bonds (WB) with diameter 300 m connect the topside of each IGBT, half of them connecting each anti-parallel diode. A simplified layout of the PM is given in Fig. 1; its internal schematic is given in Fig.

2.

Two series of measurements were conducted using as many power modules. The first series (PM1) was conducted offline, i.e., without DCpolarisation. On the other hand, the second series (PMx) was conducted in-situ, under 100 V -4 A loading. A simple PCB was built to interface the specific connectors of the PM and the SMAs of the instrument. Four ports are considered (Fig. 2): the high-side and low-side transistors' gates, the kelvin emitter of the low-side IGBT, and the DC+ power rail. The emitter connection of the high-side transistor (internally connected to the mid-point of the half bridge) is used as reference point (i.e., ground of the analysers). All measurements are performed at zero-DC bias voltage.

PM1offline tests

Parallel wire bonds were cut one after the other near the top of their loops to mimic ageing. For this series of measurements, WBs connecting the emitter of the high-side power IGBT are considered (see Fig. 1 &2). These were selected based on the fact that they are amongst the most stressed ones in normal operation and should therefore be monitored.

S-parameters, TDR, and TDT were performed after each wire-bond cutting. Due to accessibility constraints, only 10 of the 12 WBs had been cut at the end of the test.

TDR was measured for each port of the PM whilst TDT was measured only from port 3 to 2. The characterisations were performed using a TDS8000 from Tektronix, with step voltage 360 mV. Full 4port scattering matrices were measured between 10 MHz and 20 GHz, with an IF-bandwidth of 10 kHz, and 0 dBm input power (into 50 Ω), using a R&S ZVA24 VNA with 4-port SOLT calibration, as well as a NanoVNA V2 (an open hardware project [START_REF] Nanovna | S-A-A-2[END_REF])between 10 MHz and 1 GHz. Unused ports were terminated with 50 Ω matching loads.

PMxonline tests

A complete driver circuit with additional RF ports was designed for the tests (Fig. 3), it is based on HCPL3180 isolated gate drivers, supplied using isolated DC-DC converters IHL0205D1509 (typ. isolation capacitance: 7 pF). In this set-up, the RFground was connected to the kelvin-source of the low-side switch. All copper traces between RF ports and the PM were kept short and routed as 50 Ωmicro-strips. Since additional inductance in the power or gate driver loops would significantly affect the operation of the power converter, no bias-Tee could be used, only DC-bloc capacitors (4.7 nF -NP0) were implemented. Standard EMI filtering and parasitic impedances (not shown on Fig. 3) should prevent the injected RF signal from propagating outside of the PM, thereby preserving electromagnetic compatibility (EMC) and the immunity of the measured responses vs. changes of the environments (e.g., load variations)this however remains to be validated.

Since PM1 showed that the complex structure of the PM does not allow to clearly identify the location of the degradation from the TDR measurements, only S-parameters were measured after each wirebond cutting. This is also justified by the frequencytime domains duality. Compared to TDR & TDT, Sparameter measurements furthermore open the possibility to implement direct frequency domain filtering for noise reduction.

PM1 showed that using a nano-VNA V2 [START_REF] Nanovna | S-A-A-2[END_REF] permitted to identify tendential shifts in Sparameters. This low-cost instrument was therefore used for PMx, to avoid the risk of damaging a highend instrument by connecting it to a live circuit. The nano-VNA V2 was SOLT-calibrated and swept from 10 MHz to 1 GHz, with IF-bandwidth of 10 kHz. As a two-port instrument, it was reconnected repeatedly to the set-up. All unused ports were terminated with a matched load.

Same as for PM1, parallel wire bonds were cut one after the other (see Fig. 1 & 2), and S-parameter extraction was performed after each WB cutting. The cut WBs were selected as they are amongst the most stressed ones in normal operation. Preliminary tests showed that the reconnection of both the instrument and the power supply did not lead to repeatability issues. All tests were performed at thermal equilibrium. To avoid the need for synchronisation between the PWM signal and the RF sweep, the converter was kept in static operation: the high-side switch remained constantly ON ( in Fig. 3). This is a valid representation of the system in so far as there is no intersection between the spectrum of the output voltage of the converter in normal operation, and the frequency range of the RF stimulus.

DC-link voltage was set to 99.5 V, and load current was 3.89 A.
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Experimental results

PM1offline tests

The tests were conducted without DC bias. The RF ground was connected to the kelvin emitter of the high-side IGBT (Fig. 2).

PM1: TDR & TDT

V11 (voltage measured in TDR on port 1) is shown in Fig. 4. Time was not converted to length since the electric properties of the medium vary along the signal path and the complexity of the structure limits the relevance of such conversion. For the same reason, physical interpretation of the measurement is difficult. Nonetheless:

 ns: interface board  ns: leads of the PM [12]  ns: PM itself Assuming that
(as a mean value of all involved lines), the phase velocity is about . For 4 ns, this means a distance of 30 cm (accounting for the way forth and back). The effect of degradation is therefore likely quite small and can only be seen after multiple reflections (when the wave has run back and forth several times due to reflections at discontinuity points).

V11 shows a clear tendential evolution through the test, which is an expected consequence of the fact that the WBs under study are directly on the path of the signal. V44 and V42 (TDT from port 2 to 4) show a non-negligible evolution with the PM degradation, although the trend is not as obvious. V33 and V22 show negligible change through the test, which was expected since the associated signal paths have low coupling with the WBs under study.

PM1: S-parameters

Similar to TDR and TDT measurements, the Sparameters are difficult to interpret. Changes correlated to the degradation of the PM can be observed in several elements of the scattering matrix, in various frequency bands of the entire spectrum under studybut mostly below 1 GHz. In particular, (Fig. 5) and (Fig. 6) show clear trends. If such behaviour was expected from (the cut WB being on the signal path), it was not the case for . Furthermore, shows little evolution when the WBs are cutalthough they are on the signal path. Limited changes and trends are also observed for & .

PMxonline tests

The second series of tests were conducted with the PM being connected to a grounded RL load. The RF ground was connected to the kelvin source of the low-side transistor (Fig. 2).

Only and were measured (Fig. 7). Similar to the results obtained in PM1, several parameters show a correlation with degradation. Nonetheless, the results are difficult to interprete. In particular, since the cut WBs are on the main signal path for , , and , these parameters would be expected to exhibit significant shifts. However, shows very little change below 800 MHz. Variations in are limited, although they do follow a trend.

shows significant shifts, even though the trend is not always clear.

Although the cut WBs are not on the main path of the signals for , , and , these parameters exhibit quite significant changesthough the trend is not always clear. For and , this could be due to the low impedance of the bypass capacitor. Repeatability tests suggest that these results are not merely noise, but that they have a physical meaning.

Expectedly, a mode-transition is observed when the last WB is cut.

Discussion

The preliminary experimental study demonstrates the possibility to use TDR, TDT, and S-parameters for PM condition monitoring both offline and online. The evolution of the responses with degradation, rather than their absolute values, are considered as an indicator of the SoH.

The impact of temperature and electrical loading on the TDR and wave coefficients [START_REF] Lu | Temperature Estimation of SiC Power Devices Using High Frequency Chirp Signals[END_REF] have not been investigated in this preliminary study. The high dynamic of temperature compared to ageing should make it possible to compensate their effect by implementing thermal observers based on the substrate temperature provided by standard NTCs.

Noise is an important aspect for online measurement and condition monitoring. However, degradations evolve very slowly, allowing for very high integration times. Furthermore, the ratio between frequency of interest for S-parameters (mostly above 100 MHz) and the bandwidth of the PM functional signals (limited to a few tens of MHz for rise-times below 10 ns) is high enough to allow the use of slow, very narrow, bandpass IF-filter, thereby rejecting most of the uncorrelated noise. This will furthermore enable the use of low-cost instruments, necessary to deploy field-condition monitoring. As a matter of fact, preliminary tests conducted with a NanoVNA V2 [START_REF] Nanovna | S-A-A-2[END_REF] matched those obtained with the high-end ZVA24. The instrument could remain on-site for real-time condition monitoring or be connected to the system for SoH assessment during planned periodic maintenances.

A clear jump can be seen when the last WB is Fig. 7: S-parameters obtained during the series of measurements (PMx) performed online, showing some shifts of the S-parameters with degradation of the PM, as well as a jump when the 12 th (last) wire bond is cut (burgundy trace). cut in PMx since the low impedance DC-connection between the emitter of the IGBT and the DC-is then fully broken. This jump is not visible in PM1 since not all WB could be cut for practical reasons, due to access issues. However, other tests not reported here but undertaken without DC-bias showed a similar jump when the last WB is cut.

The study emulated strong degradations, as a power module with a single WB cut as such would be considered as catastrophically failed. This strategy was however required to mimic ageing and conduct an experimental study without the need to go through time-consuming accelerated ageing tests such as power cycling. It is expected that other degradation mechanisms will also have a measurable effect. The WBs were cut using a pair of small scissors, thereby opening the circuit without material removal. The wires were slightly twisted in the process, but the electromagnetic coupling between WBs was preserved. This therefore constitutes a good modeling of bond wire natural degradation, although the cuts were not located identically.

An IGBT power module was used in this study, but it is expected that comparable results would be found with a MOSFET-or HEMT-power module. Easier exploitation and interpretation of the results could be obtained due to the higher linearity of the forward and reverse conduction characteristics.

The proposed condition paradigm can be applied to standard PM. In fact, the PMs themselves were not modified to add the RF ports, which were mounted directly on the driver board and connected to the PM functional leads.

Due to the complexity of the PM structure, interpretation of the measurement results is highly intricate. To circumvent this, SoH estimation from the S-parameters could be performed by an artificial intelligence, trained using simulation and field tests [START_REF] Sharma | Non-Destructive Failure Analysis of Power Devices via Time-Domain Reflectometry[END_REF].

Conclusion

This study proposed to use TDR, TDT, and Sparameter measurements for the condition monitoring of high-power modules. A preliminary experimental analysis is offered, whereby the wire bonds of a high current and high voltage IGBT power module were cut one after the other whilst RF measurements were performed. This was done whilst the power module was processing power. The investigations demonstrate the possibility to monitor online the emulated degradation of the power module using, amongst others, scattering parameters. However, due to the complex structure of the PM and its design not being optimised for RF, the measured parameters show complex, somewhat chaotic, responses. These make them difficult to physically interpret.

Nonetheless, the measured shifts in RF response constitute a signature of the degradation in the PM, of highest interest for S-parameters in the 200 MHz -1 GHz frequency band. Monitoring of several elements of the scattering matrix, both in reflection and transmission modes, should therefore permit to identify the location and nature of the degradation. This opens a new global method for online condition monitoring of power modules.
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 1 Fig. 1: Simplified layout of the power module under study. Each black link models 6 parallel wire bonds. The control WBs are not shown. The test for PM1 and PMx were conducted on two different PMs.

Fig. 2 :

 2 Fig. 2: Schematic of the PM showing the RF ports (Px), the wire bonds (schematised by inductances, each of which models up to 6 WBs in parallel), and the WBs cut during tests PM1 (left) and PMx (right).

Fig. 3 :

 3 Fig. 3: tests under DC-bias (PMx). Left: simplified schematics of the circuit; right: picture of the experimental set-up.

Fig. 4 :

 4 Fig. 4: V11 obtained during the first series of measurements (PM1). Zoom in inset showing the consequences of PM degradation.

Fig. obtained during the

  Fig. obtained during the first series of measurements (PM1), showing a clear change and trend of the S-parameters with degradation of the PM.
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 6 Fig. 6:obtained during the first series of measurements (PM1), showing a tendential change.
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