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Abstract—This paper presents a new concept of
semiconductor ageing test benches dedicated to photovoltaic
inverters, where the accelerated ageing test reproduces a typical
profile of the photovoltaic inverters RMS output current. The
current profile is obtained by analyzing mission profiles of the
current and the ambient temperature, extracted over several
years from different photovoltaic plants. Accordingly, the ageing
test is done by applying simultaneously thermal cycling and
power cycling, using power semiconductors in a Pulse Width
Modulation inverter and under nominal conditions. The design
of the current ageing profile using power losses and thermal
models is depicted. Consequently, the double pulse method, as
well as thermal impedances measurement tests are presented.
Finally, the preliminary experimental results of the accelerated
ageing tests are presented in the case of Silicon Carbide
MOSFET semiconductors. These results show a remarkable
increase in the gate to source threshold voltage, the drain leakage
current, the drain to source on resistance, the drain to source on
voltage and the body diode forward voltage.

Keywords—Power Cycling; Photovoltaic inverter;  Silicon
Carbide MOSFET; Semiconductor Failure Indicators; Double
Pulse Test; Thermal Impedance Measurement

L INTRODUCTION

Silicon Carbide (SiC) semiconductor devices are being
increasingly used in power electronic applications, mainly
because of their high switching speed, which improves the
overall efficiency and/or the compactness of the inverters. On
the other hand, in photovoltaic systems the DC/AC inverter
has the highest failure rate, and the anticipation of its
breakdowns is still difficult [1]. Thus, it is crucial to accelerate
the ageing of the inverter devices, in order to study their main
failure modes. In this context, accelerated ageing of power
modules is carried out under aggravated conditions of current
(power cycling) or temperature (thermal cycling) to speed up
the natural ageing process. It is used to help determining in a
laboratory, the long-term effects of expected levels of stress
within a shorter period of time. Unfortunately, by applying the
accelerated ageing, mechanisms of failures that do not occur
in the real application could be observed, while inversely other
mechanisms that usually occur could be not recreated [2].
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Thermal cycling consists on cycling the devices between
two extreme temperatures, and hence inducing big variations in
the module temperature. Power cycling consists in applying a
series of current pulses, usually resulting in large variations of
the junction temperature of semiconductor devices [3] [4].
Power cycling using the opposition method consists in cycling
the power semiconductors in a single-phase PWM inverter,
under nominal conditions. It is a power cycling method with
more realistic electrical stresses on the power devices,
compared with the classical power cycling. The devices are fed
with a regulated switched sinusoidal current with an adjustable
frequency. For power semiconductor devices, the operating
conditions are very close to those existing in a real inverter [5]
[6]. The accelerated ageing methods mentioned above are
widely used, but do not necessarily represent always the real
application [7].

This paper presents a new concept of ageing test benches
dedicated to photovoltaic inverters, by considering the mission
profiles of the current and ambient temperature, extracted from
photovoltaic plants for several years, as presented in Fig. 1.
The photovoltaic data analysis leads to create typical profiles
of photovoltaic inverters RMS output current and ambient
temperature. These profiles are then introduced into a power
losses estimation model, coupled with a thermal model to
estimate the correspondent junction temperature of the
semiconductor devices, considering the electro-thermal
coupling of temperature-dependent electrical parameters [3].
Then, the estimated junction temperature profile of the
semiconductors, corresponding to the accelerated ageing
current profile, are used to determine the ageing profile
parameters, after applying the required refinements. Finally,
the obtained ageing profile is applied during the new
accelerated ageing test, where active and passive cycling are
simultaneously done, under switching nominal conditions and
pulse width modulation (PWM) operating mode. The
accelerated ageing is stopped periodically, in order to apply the
diagnostics of the semiconductor devices, using the Keysight
BI15064 Analyzer. The purpose is to identify the potential
indicators of ageing/failure of SiC MOSFET devices used in
photovoltaic DC/AC inverters. This method that aims to
regenerate close constraints of the photovoltaic application will
be depicted in the following sections, as well as some
preliminary results of the accelerated ageing test.
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Fig. 1. Synoptic of the full study

II.  BUILDING TYPICAL PHOTOVOLTAIC PROFILES

An analysis of current and ambient temperature mission
profiles extracted from photovoltaic plants for several years is
presented in [8]. The analysis covers the shape of the current,
the slope of the current variations, the diffuse radiation, the
delays between the current variations, the differences between
the seasons and the ambient temperature. The statistical
analysis of the photovoltaic mission profiles lead to the typical
photovoltaic profile presented in Fig. 2.a. This profile
simulates one day of real application (without considering the
night). Like in real application, the profile of the RMS output
current has a sinusoidal shape, where the minimum current
value at a given time is nearly 10% of the current’s value,
before the occurring variation (Fig. 2b). Hence, the current
variation at a given time can be expressed as A/ = 0.9 /crar,
where Iciqar represents the RMS current’s value before the
current drop (corresponding to a clear sky). In Fig. 2.b, the
slope A41/4t = 0.15'Iyux (A/s), while T,, and T,5 represent the
delays between the variations.

On the other hand, it can be noticed that a truncation is
applied at the two extreme sides of the profile, so that the value
of the current starts at I;;r instead of 0, to prevent the creation
of AT; <30 K (by introducing A > Al). Iyax represents the
peak value of the RMS current. As it can be seen in Fig. 2.a,
the ambient temperature T, has a sinusoidal shape, varying
between Tauim and Tamar.

The current profile is sequentially applied during the power
cycling using the opposition method, by switching the
semiconductors of the inverter using the PWM, while a thermal
cycling is applied simultaneously by varying the ambient
temperature. A pause of #, = 15 minutes is made between two
consecutive profiles, to allow for the relaxation of the
viscoelastic constraints in the power module [9] [10].
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Fig. 2. Accelerated ageing profiles of the current and the ambient
temperature

III. EXPERIMENTAL SETUP

As presented in Fig. 1, once the accelerated ageing profile
is defined, it is then introduced into power losses and thermal
models. Then the desired junction temperature cycles can be
obtained by determining the profile’s parameters presented in
Fig. 2, after applying the required refinements on the profile.

In order to conduct this study, a two-level DC/AC single-
phase inverter was designed, implementing SiC MOSFET
power modules APTMC120AM16D3AG (1200V-136A phase-
leg power modules without antiparallel diodes). The inverter is
cooled down with a cold plate as presented in Fig. 3. It uses
4x420 pF DC-link capacitors (Cpus) and 2x1 pF decoupling
capacitors (Cgc), with a DC bus voltage E = 750V. The
equivalent electrical circuit of the inverter is presented in Fig.
4.

The opposition method was implemented using LabVIEW;
one FPGA core of a PXT system (National Instruments) drives
the MOSFETs as well as the DC-link power source, and
controls the coolant fluid temperature. Two pre-driver
electronic boards were designed to adapt the output signals of
the PXI, since the used drivers PT62SCMDI12 (Cree) accept
only differential input signals. Moreover, two LEM current
transformers HAS 100-S were used for the closed loop control
of the load current, where the load used is a 130 pH
inductance. Fig. 5 shows the inverter prototype, whereas Fig. 6
represents the global accelerated ageing test bench.
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IV. DETERTMNATION OF POWER LOSSES

A.  Power losses model

A power losses model was built with Matlab in order to
estimate both the conduction and the switching losses of the

semiconductor devices [11] [12]. Having current profiles with
high number of samples, only the average losses within a
fundamental period T,, = 20ms were calculated [13]. The
power losses model is presented in details in [11], in the case
of a two-level PWM DC/AC inverter.

In order to estimate the conduction losses of the MOSFET,
the Drain-Source on-state resistance RDS,, is extracted from
datasheet, given as a function of the current level and the
MOSFET junction temperature. Similarly, the conduction
power losses of the MOSFET’s intrinsic body diode can be
obtained by extracting the value of their threshold voltage Ey
and its dynamic resistance Rp from datasheet. However, the
values of these parameters were verified with the B15064
Analyzer (Keysight).

The MOSFET switching power losses can be estimated by
multiplying the switching energy losses E,, and Eqy by the
switching frequency fi, and similarly for the diodes using
reverse recovery losses E... Usually, these energy losses are
given in the datasheet, however E,. is not provided for this
power module.

On the other hand, the MOSFET’s intrinsic body diode was
found in the literature to dissipate non-negligible switching
losses in the transistor. Despite this, the reverse recovery
energy of the MOSFET’s body diode was found to be
comparable to the Schottky’s recovery energy in several recent
studies [14] [15] [16]. Hence in order to verify this theory and
obtain more accurate values of E,, and E,j the double pulse
test was applied. In fact, the switching processes are affected
by the parasitic connection inductances. They induce transient
overvoltages and may cause oscillations due to the circuit and
transistor capacitances [4], thus it is more accurate to directly
measure the switching losses in the inverter that will be used
during the accelerated ageing test.

Finally, since RDSon, Eo, Rp, Eon, Eof and E,. are all
temperature-dependent parameters, their values were updated
with the calculated 7, at each iteration of the Matlab model’s
code.

B.  Double Pulse Test (DPT)

1) Methodology and test bench
The electrical circuit of the double pulse test setup is
presented in Fig. 7, where the MOSFET power module (phase-
leg) is tested inside the inverter that will be used later on during
the ageing test. In this figure, £ is the DC bus voltage source,
Chus the DC-link capacitors, Cye. the decoupling capacitors and
TSCT a Two Stages Current Transformer. In short, the double
pulse test consists in applying two consecutive pulses on the
gate driver’s voltage V- of the low side MOSFET K, while
the high side MOSFET Ky is maintained blocked, using a 9V
battery in reverse between the gate and the source (Vgs= -9 V).
[17] [18]. The voltage source E = 750 V, Li,q.a= 380uH and the

external gate resistances Rg =10 Q.

Despite its several advantages, the DPT applied to SiC
MOSFETs presents some complexities, such as the need for
wide bandwidth current and voltage probes, the insertion of a
current sensor in the switching cell (so increasing the stray
inductance), and the phase shift between the probes [19].
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Fig. 7. Double pulse test circuit

Thus, LECROY passive voltage probes of 2kV, 1:100 with
a wide bandwidth BW = 400 MHz were used to measure the
voltages Vs and VDS (Fig. 7). The passive probe used during
the DPT was adjusted as presented in Fig. 8, in order to reduce
the stray inductance in the measurement circuit.

The current was measured by adding a second CT (Current
Transformer) stage to a Pearson current monitor model 2877,
using the method presented in [20]. Finally, the phase shift
between probes, also known as skew, which results from the
difference between the probes frequency behaviors and from
the reflection phenomena, was eliminated using the method
proposed in [21]. It is done by measuring the current and the
voltage across a non-inductive resistor with the different used
probes. The double pulse test bench is presented in Fig. 9,
where the DUT (Device Under Test) is fixed to a cold plate,
controlled with a water-cooled heat sink. Moreover, a dSpace
controller is used to apply adjustable pulses, while an
oscilloscope measures and saves the probes’ signals.

4F1 Ferrite Core

Fig. 8. Inside of the inverter

'1 ;

Fig. 9. Double pulse test bench

2)  Results

In order to obtain the switching energy losses as a function
of the current and the junction temperature, the tests were
applied for the following load current values /1o.s =10A, 30A,
45A, 60A, 90A and 120A, and for two junction temperatures
Ty =25 °C and 100 °C. At thermal equilibrium, the junction
temperature can be estimated by measuring the cold plate’s
temperature, directly under the dies using a thermocouple. Fig.
10 represents the turn-on energy losses as a function of the
low side current (Eo= f (1)) for T; = 25°C and 100°C, while
Fig. 11 represents the same for the turn-off energy losses (£
= f'(I.)). Fig. 12 represents the diode’s recovery energy losses
as a function of the high side current (E..c = f (In)). It can be
seen that Ey. is largely lower than the other switching energies
and seems to confirm the results proposed in [14] [15] [16].
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Fig. 10. Turn-on energy losses as a function of the current 7, (E,,=f{1;)) for T,
=25°C and 100°C
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Fig. 11. Turn-off energy losses as a function of the current /; (E.; = f(1;)) for
=25°C and 100°C
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V. IDENTIFICATION OF THE THERMAL MODEL

A. Basics of the thermal model

1) Choice of the equivalent thermal circuit

The thermal model uses Foster networks since the fitting
of the measured thermal impedance curves is easier with this
equivalent circuit type, rather than with Cauer networks.
However, a Foster network represents only a mathematical
description of a given system, and should not be considered as
a real physical model. Its equivalent thermal impedance can be
expressed as follows:

i=N ¢
Zp () = Z Rep, (1 - e T) 1)
=1

where Rih; is one elementary thermal resistance of the model,
7; one elementary time constant at the point i (z; = Reh;* Cthy),
while N is the number of R-C cells in the model. In order to
consider the thermal coupling between the semiconductor
devices, the junction temperature of the different devices can
be estimated, using the following matrix:

T
le Z1n Zyn Zz Iy Py 1
12 Zyy Zyy Zyy Zy P, 1
= . +T .
Ty, Z13 233 Z3z Zaz | \ Pa 411 @)
T, Zia Zyy Zny Zyg Py 1

However, a series combination between Foster networks of
the power module and the water-cooled heat sink, using the
values of R-C cells provided in the datasheets, will lead to
non-negligible errors in 7, estimation [27]. Thus, a thermal
model of high precision can be only achieved by a direct
measurement of the Junction-Ambient self-heating thermal
impedances, as well as a measurement of all the mutual
thermal coupling impedances existing between the
semiconductor devices.

2) Choice of the calculation method

Having accelerated ageing profiles with more than 1.5
million samples each and a complex thermal model of 16
thermal impedances, the junction temperature estimation of
each device becomes very time-consuming. Hence, in order to
reduce the calculation time, six 7 calculation methods using
equivalent combined circuits of Foster networks were
implemented and compared in terms of execution time and the
ability to consider the electro-thermal coupling. These
methods are: Time-Domain Estimation [23], Fast Fourier
Transform FFT [22], FFT with Overlap-Add method [24],
Breaking down mission profile into single pulses [25], and
finally an analytical solution [26]. These methods provided the
same output results, which allowed to validate them. As a
conclusion, the analytical solution presents the highest
performance in term of execution time, mostly with very long
mission profiles and complicated systems with multiple power
modules, where the thermal coupling effect between the
modules is considered. In fact, it took less than 1s to process a
profile of 750 ksamples when processing the analytical
method, while the calculation machine blocked when
processing the Time-Domain method.

B.  Thermal impedances measurement

1) Methodology and test bench

The thermal impedances measurement was done using a
Thermo-Sensitive Electrical Parameter (TSEP) [3] [25]. The
chosen TSEP was the forward voltage under low current of the
MOSFET’s intrinsic body diode [28].

a) Calibration

Usually, in order to determine the relationship between the
TSEP and the semiconductor’s junction temperature, a
calibration of the TSEP is needed. During the calibration
phase, the system’s temperature is fixed with the water-cooled
heat sink. At thermal equilibrium, it is assumed that the
semiconductors’ junction temperature is equal to the cold plate
temperature, measured with T-type thermocouples. To do so,
the cold plate was drilled under the center of the
semiconductors’ chips positions as represented in Fig. 13, and
the thermocouples were inserted in the drilled holes. Fig. 14
represents the resulting graph of the forward voltage V' of the
MOSFET’s body diode as a function of the junction
temperature. The equations forms of Vy = f(T) of the different
semiconductor devices were fitted with a polynomial equation
of the 3™ degree, in order to achieve high precision.

e

\
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Fig. 13. 3D plan of the cold plate
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Fig. 14. MOSFET body diode’s forward voltage ¥}, as a function of the
junction temperature

b)  Zu measurement

The second step consists on injecting a high current in the
DUT which induces high heat losses, and thus rises the
semiconductors’ junction temperature. The temperature
estimation is done during the cooling phase, by injecting a low
current of 100mA in the devices. Hence, the Junction-Ambient
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self-heating thermal impedance of device D; can be obtained
as follows:

Ul
P,

L

®

m

Zthii(t) = 3)
where Ph; and TJn; represent respectively the power losses and
the junction temperature of device D; at stationary state, and
TJm; (1) the instantaneous junction temperature of the same
device during the cooling phase. Next, a high current is
injected in the device D; which induces a rise of D;’s junction
temperature. The mutual thermal coupling impedance between
device D; and device D; can be calculated in the same way as
of the self-heating thermal impedance, as follows:

T = Ty ©
Py.

]

Zthjl' (t) = (4)

However, since the transition between the high current and
the low current is not instantaneous, the switching process
introduces some transients to the TSEP measurement. Thus,
TJ, was determined by applying a linear extrapolation on the
TSEP curve during the cooling phase, assuming that the
temperature decreases linearly with the square root of time
[28]. Fig. 15 represents the DUTs, mounted on the cold plate
and connected to the current sources. Fig. 16 represents the
full measurement test bench, where the data are recorded
using a data logger.

o

Fig. 15. DUTs mounted on the cold plate, and connected to the current
sources

IRIOY

DUT
9|

Fig. 16. Thermal impedances measurement test bench

2) Results
Fig. 17 represents the obtained thermal impedances, where
“Cat 1” represents the self-heating thermal impedances. “Cat
2” represents the mutual thermal coupling impedances

between the semiconductor devices inside the same power
module, whereas “Cat 3” represents the same for
semiconductors of different power modules. It can be noticed
that “Cat 2” impedances cannot be neglected, thus it is crucial
to consider the thermal coupling between the semiconductors
inside the inverter, in order to accurately build its thermal
model. Finally all the thermal impedances were fitted with the
Least Squares Methods, as presented in Fig. 18, where Zi;
represents the Junction-Ambient self-heating thermal
impedance of the device D;, whereas Zy; represents the
mutual thermal coupling impedances between devices D; and
D;. The measured impedances are then implemented in the
thermal model of the SiC MOSFET DC/AC inverter, and the
junction temperature corresponding to the ageing profile can
be thus estimated using (2). Finally, the ageing profile
parameters presented in Fig. 1 were then determined after
several refinements, correspondingly to the desired junction
temperature cycles, as presented in TABLE 1.
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Fig. 17. Thermal impedances of all MOSFETSs

T T T T T T
Zth
| |[Measurement Data — -
Fitted Data —_

a8
o

=
IS

Thermal Impedance Zm (KIw)
4 o4 24
o 3N W
T T

I

02 . . . . . . .
10* 10% 102 107 10° 10! 102 10°
Time (s)

Fig. 18. Fitting the thermal impedances of MOSFET D;, (Fig. 4)

TABLE L. THE AGEING PROFILE PARAMETERS

Parameter | Lyux | Juar | Tow | Top | Tamin | Tamar A
Value 90A | 60A | 30s | 30s | 10°C | 40°C | 15min

VI.  PRELIMINARY RESULTS

The accelerated ageing is stopped periodically to apply the
diagnostics of the semiconductor devices after disconnecting
them, using the Keysight B1506A Analyzer, while fixing the
DUT temperature using a Thermo Stream, as represented in
Fig. 19. This is a complicated and time-consuming process
and can be automated in the future. However, the purpose is to
monitor the maximum number of electrical parameters, in
order to determine the ones that could be considered as
indicators of ageing/failure of SiC MOSFET power modules,
used in DC/AC photovoltaic inverters. Hence, the monitored
electrical parameters are: the gate leakage currents /Gss and
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IGss(), the drain to source on resistance RDS,,, the gate to
source threshold voltage VGSy, the drain leakage current IDgs,
the drain to source on voltage Vps.n, the body diode forward
voltage Vsp, the internal gate resistance R, the input
capacitance Cig, the output capacitance Cog and the reverse
transfer capacitance Cry,. It should be noted that a carbon sheet
is used as thermal interface between the cold plate and the
MOSFETs, which are fixed with a constant tightening torque
of 5 N.m, in order to prevent any change in the thermal
behavior of the system, while disconnecting the MOSFETs.

All the parameters values are normalized in the following
figures to better represent their evolutions as a function of the
cycling duration. Fig. 20 represents the evolution of the gate to
source threshold voltage VGsy, of the MOSFETSs during 336 h.
VGSy of D3 and Dy increases gradually of ~ 6%, whereas VGSy
of D; and D; increases of ~ 5%. Similarly, Fig. 21 represents
the evolution of the drain leakage current IDss of the
MOSFETs during 336 h. It decreases a tiny bit gradually
during 264 h for all MOSFETs, and then increases abruptly of
~ 300%, 63%, 240% and 73% respectively for D;, D, D3 and
Dy. Similarly, Fig. 22 represents the evolution of the
MOSFETs drain to source on resistance RDS,, during 336 h of
cycling time. This parameter increases gradually of ~ 12%,
13%, 5% and 16.5% respectively for D;, D,, D3 and Dy. It
should be noted that Vsp shows a similar evolution as RDS,,,
being not represented here. Finally, Fig. 23 represents the
evolution of Cig, Cos and Cry for D; as a function of the
cycling duration, where Coss and Crys slightly increase (< 3%),
whereas Cig, lightly decreases (< 1%). The other MOSFETs
show similar evolution of these parasitic capacitances. The
other monitored parameters do not show remarkable changes,
however it should be noted that none of the MOSFETs has
failed yet.

Fig. 19. Monitoring the electrical parameters using the B/506A4 Analyser with
the Thermo Stream.
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VII. CONCLUSIONS

This paper presents a new concept of ageing test bench
dedicated to photovoltaic inverters, where the accelerated
ageing test reproduces a typical profile of the photovoltaic
inverters RMS output current. The current profile was
obtained by analyzing the mission profiles of the current and
the ambient temperature, extracted over several years from
different photovoltaic plants. The profile was then introduced
into a power losses estimation model, coupled with a thermal
model to estimate the correspondent junction temperature of
the semiconductor devices, in order to determine the profile
parameters. To do so, a double pulse test was applied on the
semiconductor devices, in order to measure the switching and
the recovery energy losses of the devices, in the same
conditions of the accelerated ageing test. Then the self-heating
and the mutual thermal coupling impedances between the
devices were measured, using the forward voltage of the
MOSFET’s intrinsic body diode as a TSEP. Finally, the
obtained ageing profile was applied during the accelerated
ageing test, where active and passive cycling were
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simultaneously done, under switching nominal conditions and
pulse width modulation (PWM) operating mode. The
accelerated ageing was stopped periodically, in order to apply
the diagnostics of the semiconductor devices, using the
Keysight B15064 Analyzer. The results showed for all the
MOSFETs a progressive increase in the values of VGSy, RDSon,
Vpson, and Vsp, whereas an abrupt increase in /Dss. These are
preliminary results of just one ageing test where none of the
MOSFETs has failed yet. Hence, more similar accelerated
ageing tests should be performed on different MOSFET
devices, in order to confirm that these parameters can serve as
indicators of ageing/failures of SiC MOSFET power modules
used in photovoltaic inverters.
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