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Abstract:



Residual lifetime estimation has gained a key point among the techniques that improve the reliability and the efficiency of power converters. The main cause of failures are the junction temperature cycles exhibited by switching devices during their normal operation; therefore, reliable power converter lifetime estimation requires the knowledge of the junction temperature time profile. Since on-line dynamic temperature measurements are extremely difficult, in this work an innovative real-time monitoring strategy is proposed, which is capable of estimating the junction temperature profile from the measurement of the dissipated powers through an accurate and compact thermal model of the whole power module. The equations of this model can be easily implemented inside a FPGA, exploiting the control architecture already present in modern power converters. Experimental results on an IGBT power module demonstrate the reliability of the proposed method.
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1. Introduction


The estimation of power converter lifetime is a crucial issue for the reliability of electrical generators [1,2,3,4,5]. Power converters are more prone to fault [6] in those systems operating in harsh environmental conditions, such as wind turbines and photovoltaics (PV). The inaccessibility of the generators, in case of off-shore installations, increases considerably the cost of maintenance in case of converter failure. In order to reduce the number of maintenance interventions and avoid a lack of energy production, the lifetime estimation of power converters has gained an utmost importance. The idea is to replace the components just before their failure.



The malfunctioning events occurring in these applications are mainly related to the failure mechanisms of switching devices [7], e.g., IGBTs, despite the fact that they operate in their safe operating areas (SOAs) in well-designed power converters. Active devices are subject to repetitive operating conditions, leading to thermal cycles. The degradation speed is a function of the duration, the number, and the amplitude of these cycles, which can be ascribed to the following reasons; (i) the change in mean power value generated by the source; (ii) the ambient temperature variations; and (iii) the IGBT switching power loss variations depending on silicon defects [8,9]. According to [9], two of the most commonly observed modes of failure inside IGBT power modules are the die-attach solder fatigue and the bond wire lift-off, both occurring at level of the interconnection between the package layout and the silicon die.



The reliability testing procedure for a power module usually follows a bottom-up approach [10]. At first, a campaign to obtain reliability data for each individual component (active device or passives) is to be performed. As was evidenced in the seminal work by Herr et al. [11], active device failure is due to many concurrent factors, following an Arrhenius model with equivalent activation energy empirically determined so as to fit experimental failure data. Arrhenius models are still used today [12]. Subsequently, the overall module lifetime is obtained by a suitable combination and extrapolation of lifetime data corresponding to the individual components [10].



The overall precision of the module lifetime prediction will be then determined by the accuracy of both (i) the thermal model providing the junction temperature and (ii) the Arrhenius or more general lifetime model correlating the temperature with the failure rate.



Therefore, by performing a real-time junction temperature Tj monitoring, it is possible to achieve an estimation of the remaining lifetime.



However, it is extremely difficult to measure Tj while the converter is working, because the junction is buried in the module package. This measurement would require a temperature sensor to be installed directly on the die with a proper bandwidth in order to track the fast response of this parameter during switching. Such a bandwidth can be obtained only by an infrared (IR) thermographic camera [13], which can be adopted for unpackaged devices; thus it does not represent a feasible solution.



Other monitoring techniques involve the measurement of temperature sensitive electrical parameters (TSP), like the collector-emitter saturation voltage and the gate-emitter voltage, in order to estimate Tj [14,15]. These electrical parameters are slightly affected by temperature variations, so a high accuracy level is mandatory to perform on-line monitoring of Tj. Such a level of accuracy is unfeasible inside a converter during a switching operation, in which the voltages exhibit very quick transitions between a wide range of values.



The coupling of dynamic compact thermal models (DCTMs) to evaluate Tj with suitable temperature-dependent electrical models allows all the aforementioned issues to be overcome, thus estimating the lifetime of power modules. Since DCTMs are usually assumed to be time-invariant, this approach requires only the measurement of the dissipated power, which is quite easy to carry out with respect to TSPs-based methods. This is a widely employed procedure with a broad range of adopted DCTMs and their extraction procedures [16,17,18,19,20]. In [20], the DCTM is obtained in a two-step process: at first, a set of preliminary transient simulations with the Finite Elements Method (FEM) is performed to model the thermal behavior of the system under test; subsequently, an equivalent circuit is synthesized in the form of a Foster network, characterizing the active devices’ average temperature. While good accuracy can be obtained for the average temperature, the information regarding the temperature field over the whole module is lost. Moreover, the FEM transient simulations can be quite time-demanding, even though they have to be performed once for the DCTM extraction.



Most DCTMs are normally built in the Matlab/Simulink environment [18], and they can be unsuitable for on-line applications. Hence, there is an emphasis on the need for a real-time implementation of the DCTMs in [17] and the more recent [19]. However, the proposed models [17,19], suffer from the same aforementioned drawbacks.



This work proposes a real-time on-line monitoring strategy based on a time-invariant DCTM of the whole power module, based on a Model Order Reduction (MOR) procedure [21,22], which describes the complete space-time evolution of the temperature field, unlike the adoption of standard Foster and Cauer representations, and is extremely fast and much less resource-intensive since it does not require computationally expensive transient FEM simulation. Starting from the measurement of the power dissipated by the active devices, the model provides an estimation of Tj, the baseplate/heatsink temperature, and the temperature of the whole module, taking into account both self and mutual thermal interactions. A real time FPGA implementation is obtained by means of an infinite impulse response (IIR). Even if the proposed thermal model is time-invariant, it provides good accuracy in case of constant stress and non-destructive instabilities.



The paper is organized as follows. Section 2 presents the procedure to determine the DCTM of a power module. Section 3 and Section 4 describe two case studies and the results used to validate the proposed approach. Finally, conclusions are drawn in Section 5.




2. Thermal Modeling and Its Real-Time Implementation


DCTMs exploit a compact description of the power-temperature feedback through the active devices inside a power module and estimate the self and mutual heating of these devices. The power dissipated by the active devices is the input, and these models compute the subsequent resulting average temperature rise. DCTMs can be obtained:



	
Directly from the Fourier heat equation discretization [23,24].



	
From analytical approximations of the Fourier heat equation solutions [25,26].



	
With the deconvolution method, starting from the analysis of the full thermal time constant spectrum [27,28].



	
From simulated or measured thermal impedance data with semi-automatic fitting [29] or with standard macromodeling procedures in either time [30,31,32,33] or frequency domain [34].






Starting from FEM models with MOR algorithms [35,36,37,38,39].



In this work, the Multipoint Moment Matching (MPMM) [35,36] MOR technique has been considered due to the following appealing features:



	
MPMM is extremely accurate since the model precision can be arbitrarily fixed a-priori, and it allows the determination of the temperature field over the whole power module.



	
Up to thousands of heat sources with linearly increasing complexity can be modeled [38,39].



	
DCTM equations are provided in a diagonal state-space representation, thus they can be suitably represented as IIR digital filters and implemented in a digital signal processor (DSP) architecture or through an FPGA, with the latter allowing for a shorter computation time. Decoupled state-space equations allow parallel computation of each state variable on FPGA.






In this work, the DCTM is obtained with the following MOR procedure [21,22]. The material properties and the boundary conditions are to be provided as input data, while the mesh can be obtained from commercial (e.g., Comsol Multiphysics [40] ) or open-source tools. The active devices inside the power module correspond to the n power dissipating regions and are identified as heat sources (HSs) for the model, thus defining the junction temperatures. With these hypotheses, the following equation can be written for the 2nd order FEM discretization:


[image: there is no content]



(1)




where M is the mass matrix, K is the stiffness matrix, and x(t) describes the temperature rise on each point of the mesh and is a row vector of N degrees of freedoms (DoFs). The local sources vector g(t) is given by:
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(2)




where P(t) is the n DCTM input powers and G is a N × n matrix in which the elements of the n columns, gin, describe the power density distributions (uniform or with an assigned space-dependent profile). The column vector with n rows T(t) of the DCTM temperature rises due to the powers P(t) is given by:
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(3)




where T0 is the ambient temperature. Equations (1)–(3) are to be coupled with suitable boundary conditions (thermal equilibrium with ambient is assumed at t = 0).



The adopted MOR procedure is fully automatic and relies on MPMM [35,36], which involves the solution of the thermal problem in a frequency domain, i.e., of linear algebraic systems instead of ordinary differential equations. In particular, the problem is evaluated by fixing the frequency at specific values automatically evaluated according to a single user-defined error parameter [21]. The frequency-domain heat conduction problem solutions at the aforementioned frequencies, each involving a simple system of linear equation, are denoted as moments. By resorting to suitable projection matrices, Equations (1)–(3) can be rewritten by exploiting a small number of DoFs [image: there is no content] << N as follows:
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(4)
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(5)
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(6)




where [image: there is no content] is a diagonal matrix and [image: there is no content] ,..., [image: there is no content] are the new state variables. These variables have no explicit physical meaning, but they allow the reconstruction of the temperature field in all the FEM mesh points using Equation (6) at any time instant in a post-processing step. Equations (4) and (5) are synthesized in the discrete domain in terms of an IIR filter, adopting Tustin’s approximation. All the equations of the system in Equation (4) can be solved simultaneously in a FPGA implementation because the matrix is diagonal. It is worth noting that the adopted MOR technique implies a fixed choice of the geometry, the material parameters, and the boundary conditions; any change in one of the above implies the need of a re-extraction ex novo of the thermal model. Nevertheless, the proposed model is adequately accurate for a first proof-of-concept study illustrating the general procedure. This model can be extended in more complex formulations, which can be boundary condition independent (BCI) and parametric [41,42,43].



Assuming normal operating conditions, i.e., constant stress in [10], in the simplest case, the module reliability distribution is evaluated as the product of the reliability distributions of the elements comprising the module (active devices, passives, …), assuming statistical independence of the failure events.




3. Experimental Results: Power Model Equipped with a Poorly Performing Heatsink


A power module rated at 114 A and 600 V, manufactured by Vishay [44] and comprising two IGBTs and two diodes is considered for the case-studies. Uniform power dissipation is assumed to be occurring at the top of the active devices. The module is equipped with a 2.5 K/W aluminum heatsink, as depicted in Figure 1. The upper portion of the module has been disregarded because it is immersed in a silicone gel, which inhibits the upward heat flow. Material parameters are assumed to be standard literature bulk values and the following boundary conditions have been chosen: (i) the heat transfer coefficient (HTC) is h = 11 W/m2K for the heatsink and the module baseplate free surface; (ii) the upper portion of the whole structure is assumed adiabatic. Figure 2 shows a detail of the mesh comprised of 1.8 M DoFs.


Figure 1. Comsol Multiphysics 3-D structure of the IGBT power module under test, equipped with an aluminum heatsink in free convection.
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Figure 2. (a) Full image; and (b) detail of the 3-D mesh of the module depicted in Figure 1.
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The thermal behavior is commonly described by a n × n thermal impedance matrix ZTH(t) [K/W], wherein each element ZTHij is defined as the average temperature rise over ambient of the i-th HS due to the application of a power step to the j-th HS, normalized to its amplitude:




[image: there is no content]



(7)





Elements with i = j are denoted as self-heating thermal impedances, while off-diagonal terms represent the mutual thermal impedances, i.e., the thermal coupling occurring between HSs. The thermal resistance RTH represents the steady state value of the thermal impedance. ZTH can be computed by extracting a DCTM, which is then simulated [21], or with standard transient FEM simulations by activating one HS at a time, e.g., [32,33,34].



In this work, two validations of the model and its IIR implementation have been proposed; (a) standard FEM simulations are compared to the ones performed with the IIR filter; and (b) an experimental setup was built to compare the baseplate temperature estimation with the measurement of a thermocouple (Fluke 179) mounted on its surface. The transient FEM simulations performed with Comsol Multiphysics require approximately 8 h of processing for each curve of Figure 3 on a desktop PC equipped with an octa-core Intel i7-5960X and 64 GB RAM, leading to a total of 5 × 8 = 40 h for computing the whole ZTH(t) as required by fitting-based DCTMs, e.g., [18,20]. The proposed MOR procedure implemented in MATLAB lasts, instead, only 1.5 h for extracting Equations (4)–(6) with subsequent negligible time (1 s) for performing the ZTH(t) simulations, thus providing a fast model extraction.


Figure 3. Comparison between standard FEM and DCTM self and mutual thermal impedances, obtained by applying a unit power step on IGBT #1 with a 2.5 K/W heatsink.
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Figure 3 reports the results for the validation step (a); in this case a unit power step on IGBT #1 has been applied, and the impedances computed by FEM and by the IIR filter are in good agreement. It is worth noting that the total thermal resistance obtained from the simulation is congruent to the one surmised from the datasheet of the heatsink and the power module [44]. Figure 3 shows that both the dynamic response and the steady-state are dominated by the added heatsink (the curve relative to the mutual impedance is very close to the curve of the heatsink), which is characterized by a greater Rth with respect to the maximum thermal resistance of the IGBT (equal to 0.38 K/W). Finally, Figure 3 reveals that the steady state is reached after more than 16 minutes.



In step (b) of the validation procedure, the thermal response of the IGBT module is experimentally analyzed by exploiting the setup depicted in Figure 4.


Figure 4. Schematic of the circuit employed for the experimental test.
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The circuit topology is a single-phase bidirectional half-bridge DC-AC converter, widely adopted in many power converter topologies [45,46,47,48]. In this experiment, the converter operates as an inverter connected to a 3 Ω resistive load, with a DC link voltage equal to 100 V.



The circuit is forced to operate with only a feed-forward control and the pulse-width modulation (PWM) gate signals are generated by a real-time hardware platform (dSpace ds1006) equipped with a FPGA Xilinx Virtex-5. The control algorithm is designed so as to provide a 50 Hz pure sine current over the load, emulating a grid-tied connection. The same FPGA hosts the measurement and the equivalent IIR filter of the thermal model.



Measurements were performed on the closed power module depicted in Figure 4. Short cables connect the power module to the measurement setup; no busbar is present. Differential voltage probes are directly on top of the terminals 3 and 5 for the high side, and on terminals 5 and 7 for low side, while open-loop Hall effect current probes are on the connection cables. The power dissipated by each device is measured by means of the two pairs of aforementioned sensors that allow the monitoring the voltage drop and the current flowing across both sides of the half bridge; the power dissipated by the IGBT is distinguished by that of the diode looking at the direction of the current.



In particular, the voltage probe is differential, with 50× attenuation, 1000 V full scale, and 50 MHz bandwidth. The current measurement is performed with a Hall-effect current clamp 5A full scale, resolution less than 1 mA with 120 MHz bandwidth, and typical accuracy less than 1% DC gain error. The dSpace ds1006 features an acquisition board DS5203 equipped with 6 14-bit ADCs (up to 10 Msps). The probe bandwidths are much higher than the switching frequency, thus allowing a correct input sampling. The current probe is the limiting factor in determining the overall precision. While the adopted setup is useful for a first proof-of-concept study, the full application potential can be achieved only by adopting an integrated setup on a PCB, which is currently under development, featuring integrated Hall-effect sensors as well as differential instrumentation amplifiers.



Figure 5 depicts the measured powers dissipated by the two pairs of devices that operate in the same semi-period of the output current, with IGBT #2 and Diode #1 conducting in the positive half-cycle and IGBT #1 and Diode #2 in the negative one. These powers are given as input to the IIR filter, the outputs of which are the junction temperature rises over ambient DT = Tj – T0 (T0 equal to 23 °C in the experiment), as shown in Figure 6.


Figure 5. Measurements of the power dissipated by the active devices of the module under test; (a) shows the power dissipated by the pair composed by IGBT #1 and Diode #2, while (b) illustrates the other ones. A 1 ms window detail of (a) and (b) are reported in plots (c) and (d), respectively. In particular, (c) is a zoom of (a) starting from tp1 = 12 ms, while (d) is a zoom of (b) starting from tp2 = 3 ms.
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Figure 6. Estimated variation of IGBTs, diodes, and baseplate temperature rises for the module under test mounted on a 2.5 K/W heatsink. Details about the steady state response highlighting the temperature cycles are depicted in the inset.
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The temperature measured by the thermocouple mounted on the baseplate at the end of thermal transient is lower with respect to the estimated value with a relative error of about 20%. However, it must be noted that the power data waveforms are obtained with high accuracy, while the error is most likely due to the uncertainty of the HTC.



A detailed measurement setup would involve either the use of optical fiber sensors [49], or the use of an infrared camera setup [12] that can be also used in a lock-in setup for improved accuracy [50]. While the two aforementioned measurement systems can, in principle, provide the best validation of the simulation data, we are nevertheless confident of the obtained results since the 3-D model used to extract the compact model is detailed in (i) describing the geometry with care and (ii) considering reference literature values for the material parameters. The only fitting parameter is given by the HTC, which can be improved, e.g., by computation starting from thermal resistance data [51] or with additional measurements [52].



The converter operates with an output current of only 7 Amps. Figure 6 shows that the temperature rises over ambient, reaching a steady state value of about 45 °C at 1200 s in the case of a 2.5 K/W heatsink. The inset of Figure 6 shows the behavior in steady state. In particular, the pure sine current at line frequency leads to thermal cycling at the same frequency. As a consequence, the thermal cycle of the four devices presents a period of 20 ms, with a sequence of heating and cooling half-cycles of 10 ms. The underperforming heatsink does not allow for wide temperature variations, which are in this case about 1 °C, which could be measured only by means of an IR camera.



Figure 7 illustrates an off-line post processing of the real-time data in Figure 6. The estimated temperature in each point of the structure can be reconstructed by the system, starting from the temperature of the active devices by resorting to Equation (6). The presence of the poorly performing heatsink causes a quite flat temperature distribution in the whole structure, confirming the results of Figure 3.


Figure 7. Two temperature maps at the time instants t1 = 299.845 s and t2 = 1199.395 s of the module under test equipped with a 2.5 K/W heatsink.
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4. Power Model Equipped with an Effective Cooling System


In this second case, a forced convection cooling system with a thermal resistance of 0.2 K/W is considered. The power delivered to the load is considerably increased, forcing the current of the IGBTs and Diodes to come very close to the maximum rating. These operating conditions ensure wider temperature excursion and show how the proposed model captures the temperatures’ temporal and spatial variations, which cannot be easily measured in other ways.



Figure 8 compares the result obtained from the IIR filter with that of the standard FEM simulations; as in the previous section, the comparison reveals a good agreement. Moreover it is possible to observe a significant difference for transient response and steady state of the self-heating thermal impedance with respect to the mutual ones (rising at around 1 s). This result can be ascribed to the lower thermal resistance of the more effective cooling system. In this case, the mutual impedances differ from the baseplate response because the heat flux is mainly in the vertical direction with much lower lateral spreading.


Figure 8. Self and mutual thermal impedances obtained by applying a unit power step on IGBT #1 to the module mounted on a 0.2 K/W heatsink; comparison between standard FEM and DCTM results.
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Figure 9 depicts the temperature increment estimation of the baseplate, IGBTs, and diodes. Even if the module dissipates more power, the more effective cooling system assures that Tj is lower than 150 °C (T0 is 23 °C). The thermal steady-state is reached quicker in comparison to Figure 6, as also shown in Figure 8.


Figure 9. Estimated variation of IGBTs, diodes, and baseplate temperature rises for the module mounted on a 0.2 K/W heatsink. The inset shows that swings are much wider than those reported for the previous case in Figure 6.
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The post processing process performed through Equation (6) has been performed on the results of Figure 9 in order to obtain thermal maps of the power module in Figure 10. These two off-line thermal maps show clearly the 20 ms cycles of Tj. In this operating condition, it can be inferred that the module robustness is heavily affected due to temperature variations of a magnitude higher than 10 °C. Such a wide swing causes thermo-mechanical stresses such as die-attach and die-solder fatigue [9]. Models such as Miner’s [53] take into account the thermal cycles to perform an accurate prediction of the module lifetime. However, no effective solutions have been available so far to provide an on-line thermal monitoring, which properly tracks these temperature variations.


Figure 10. Two temperature maps at the time instants t1 = 39.96 s and t2 = t1 + 10 ms of the module mounted on a 0.2 K/W heatsink.
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5. Conclusions


This work has presented an innovative strategy to perform real-time on-line estimation of the junction temperature of switching devices embedded in a power module. This procedure is based on an accurate DCTM, which can be efficiently implemented on a FPGA platform by means of parallel IIR filters. The fast thermal response occurring in a power model equipped with a low RTH cooling system is effectively tracked, as confirmed by simulations and experimental results. In this operating condition, the large temperature variations at the grid frequency severely affect the robustness of the module to resist to both solder fatigue and bond wire lift-off degradation.



The variation in the mean output power supplied by the converter produces low frequency oscillations superposed to the previous ones, thus complicating the lifetime estimation of the devices.



Therefore, the proposed model represents an interesting option to increase the accuracy of on-line appliance health monitoring systems.
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