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Abstract In high current applications that use several parallel-connected SiC MOSFETs (e.g.,
automotive traction inverters), optimal current sharing is integral to overall system reliability.
Threshold voltage (V) variation in SiC MOSFETs is a prevalent reliability issue that can cause a
current mismatch in parallel-connected devices. Using experimental measurements and compact
modelling, a technique has been developed to characterise V7w variation’s impact in up to 8 parallel-
connected SiC MOSFETs (self-imposed limit). This model can predict the allowable Vru variation
for optimal current sharing. It can also be used to evaluate the impact of other parameters, including
gate driver synchronisation, on current sharing in parallel devices.

Introduction

This paper investigates the impact of V' variation on several parallel (up to 8 — self-imposed
limit — the range can be extended to 10s of devices) SiC MOSFETs. The role of parameter variation
in the short circuit performance of parallel devices has been investigated in [1,2,3] and unclamped
inductive switching [4,5]. Due to the inherent variability of Vrin SiC MOSFETs, it is essential to
select devices with minimal Vry variation to avoid unbalanced current sharing and unsynchronised
switching between devices [6]. Hence, diagnostic modelling tools that can predict the impact of
parameter mismatch on current sharing are required. [7] presents a parallel model, but it does not
specify how many parallel devices the model can simulate and does not explore the role of VTH
mismatch between devices. They propose adjustment of the gate resistance to solve the inconsistent
switching characteristics of parallel devices. [8] investigates the effect of mismatches between
device characteristics and circuit components of paralleled SiC MOSFETs. The plots shown bear a
close resemblance to the Vth mismatch of up to 8 devices illustrated further in this paper. The DUT
with the lower Vry turns ON faster and turns OFF slower. The model, however, is not
electrothermal and does not explore the temperature effects of V7z mismatch on current sharing
specifically for multiple paralleled DUTs and a long duration of repetitive switching. [9] suggests
an active gate driving method to mitigate the current sharing performance caused by mismatched
V. This 1s a viable solution but adds more complexity to driving paralleled devices.

While design engineers have traditionally used SPICE based models as diagnostic tools, their
application depends on model availability and ease of parameter tuning. This study presents a state-
space model derived from parallel-connected MOSFET equivalent circuits that include all parasitic
capacitances and inductances [10]. Device datasheets are used to parameterise the model
extensively. Unavailable parameters are extracted by curve fittings of the output characteristics
from the device datasheet to produce the equation for channel current. The model is temperature-
dependent since it incorporates the temperature dependency of Vr and device transconductance.
The transient thermal impedance extracted from the datasheet is used to create the thermal network
that couples with the electrical parameters.
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Model Development and Results

The circuit used to derive the equations for the model is shown in Fig. 1. In the experiments, the
PCB tracks are designed to be the same length to mitigate mismatch in parasitics (Rs, Rp, La, Ls, and
Lp) and resulting transients. The channel current, /o of the SiC MOSFETs, is modelled from
datasheet output characteristics graphs using fitted equations related to the gate overdrive voltage
(Ves—Vm) and temperature T (see Eq. 1) [11]. The physical constants K and o are extracted using
the curve fitting tool in MATLAB and are made overdrive voltage- and temperature-dependent. The
material constant, K, contains p, which is overdrive voltage and temperature-dependent [12]. In
addition, a is overdrive voltage-dependent and temperature-dependent since it is a function of V.

Vs, (Ves—Vr)

Ieni = K; [(VGSi —Vru)Vpsi — (1 + a;) DTS] (1 + AVpsi) Ves 2 Vrp and Vps < ?LOSH (1a)
Ves=Vru)

Lo = m( esi — Vrui)*(1 + AWpsp) Vs = Vg and Vpg = % (1b)

From Fig. 1, the following equations (Eq. 2 — Eq. 5) are derived, then converted into state-space
form according to Eq. 10 and modelled in MATLAB Simulink using the State-Space block.
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Key: i is the leg number, from left to right according to Fig. 1, and » is the total number of
devices connected in parallel. The inputs of the model are Viource, Viai, and -Iepi.

The model is verified by reproducing the output characteristics of the datasheet, as shown in Fig.
3. Fig. 3 shows the model switching test results compared to experimental results of the same
parameters for a total load current of 8 A. The experimental measurement was obtained using a
double-pulse test setup [13], with two devices in parallel (Vrui = 2.541 and Vru2 = 3.013). The DC-
link voltage was 200 V, and the total load current was 8A. The currents were measured using
Rogowski coils current probes.

A Vmdifference of 1 V, as shown by the plots in Fig. 4 from the model, does not produce much
difference in current sharing between DUTs for four and eight parallel-connected devices when the
gate signals are synchronous. In Fig. 4, one can observe that configurations with more parallel
devices show longer turn-ON and turn-OFF switching times and more differences in the switching
delay during turn-ON and turn-OFF between the DUTs, as expected.

The switching time difference created by a V7u difference of any magnitude can be computed
using Eq. 9 [11]. For the C3M0280090D SiC MOSFET, the input capacitance, Cis, is 150 pF, the
gate resistance used (internal + external) is 176 €, and the gate voltage, Vg, 1s 17 V.

Ve — VTH1>

Atmismatcn = RgCissIn <VGG Vs

)

Note: Eq. 9 is an aid for simplifying explanations for the reader. The Atyismatcn can be obtained directly
from this presented model, which also accounts for the influence of parasitic inductances in the gate loop.

Applying Eq. 9 for Vi =2.5 V and Viuz = 3.5 V gives a switching time difference of 1.87 ns.
From observation and consideration, for ideally in-sync gate drivers, as modelled, the time
difference calculated above should hold independent of the number of devices are paralleled.
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Fig. 3. (a) Turn-OFF and (b) Turn- Fig. 4. (a) and (b) — Turn-OFF for 4 and 8 paralleled DUTs,
ON Ips plots from the experiment respectively. (¢) and (d) — Turn-ON for 4 and 8 paralleled DUTs,
and model. Ve = 17 V, and the respectively. 1 V mismatch in Vyy for four devices in parallel
synchronisation mismatch between conducting 16 A total load current, and eight devices in parallel
the gate signals of the DUTs is conducting 32 A total load current. The Vs signals for these
included in the model. simulation results are synchronised.
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Fig. 5. Turn-OFF ((a) and (c¢)) and Turn-ON ((b) and (d)) Ips simulation plots showing the current
commutation between devices for higher current (~10 A per DUT) — device rating is 11.5 A
(C3M0280090D). One of the DUTs is set at 1 V lower V.

Note: some of the colours are not visible in the plots because of overlapping lines. To limit the size of the
legend, one colour has been used to specify all the lines that overlap due to identical behaviour.

A delay due to a Vry mismatch of 0 to 2 V will correspond to a minimal period- approximately 1-
3 ns (calculated as 1.87 ns for the DUTs tested and modelled above). For a short period of 1-3 ns,
the current rise or fall of unsynchronised DUTs will be minimal and would therefore not cause
much disparity of current sharing.

A serious reliability issue can arise when Vry mismatch is combined with gate driver un-
synchronisation. Both these combined could produce a switching difference of more than 10 ns. For
switching time difference >10 ns, a device turning on too early or turning off slightly later will
temporarily conduct a significant proportion of the total current through the branch of the parallel
devices being measured, as demonstrated in Fig. 6. More devices in parallel mean a total load
current which is likely to be much higher than the current rating of one FET. Hence, more current
would be conducted by the one device that switches, either too early during turn-ON or too late
during turn-OFF, if the shift of the unsynchronised gate signal is negative or positive, respectively.
For repetitive switching this could lead to the failure of the mismatched DUT. One device of a
paralleled branch failing would then trigger a cascading failure effect of the whole branch because
more power gets dissipated by the remaining FETs of the branch, leading to higher junction
temperatures for each remaining FET. Therefore, gate synchronisation becomes the main concern to
ensure the reliability of branches of parallel-connected SiC MOSFETs under inductive load (unless
if the devices switch slowly due to high gate resistance or high input capacitance), especially when
the branch is configured of many paralleled devices (10s of SiC MOSFETs).
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Fig. 6. The turn-OFF (a-d) and turn-ON (e-h) /ps simulation plots of 4 parallel-connected DUTs, where 1
DUT is shifted by either 20 ns or 50 ns to produce unsynchronised gate switching of the branch.

Conclusion

This paper presents an accurate model for predicting the current sharing of parallel-connected
MOSFETs under inductive load. The model can account for Vm and gate drive signal mismatch
between parallel devices. A comparison of experimental and simulation results with 1 V Vg
difference and unsynchronised gate signals is used to verify the model. Further simulations show
that 1 V Vry mismatch with perfect gate synchronisation does not cause much difference in current
sharing between groups of four and eight parallel-connected of the MOSFETs tested for this paper.
It is not a reliability concern due to the insignificant switching time difference caused by the Vry
mismatch. However, V77 mismatch combined with gate un-synchronisation could produce a greater
than 10 ns mismatch. As the total current far exceeds the rating of a single MOSFET (more parallel
DUTs), 10 ns or more gate driver pulse mismatch can cause one DUT to conduct current beyond its
limit, leading to a subsequent device and branch failure.



538 Silicon Carbide and Related Materials 2021

References

[1] R. Wu, S. Mendy, J. O. Gonzalez, S. Jahdi and O. Alatise, “Current Sharing of Parallel SiC
MOSFETs under Short Circuit Conditions,” 2021 23rd European Conference on Power Electronics
and Applications (EPE’21 ECCE Europe), 2021, pp. 1-9.

[2] R. Wu, S. Mendy, N. Agbo, J. Ortiz Gonzalez, S. Jahdi, and O. Alatise. 2021. “Performance
of Parallel Connected SiC MOSFETs under Short Circuits Conditions” Energies 14, no. 20: 6834

[3] R. Wu, S. N. Agbo, S. Mendy, E. Bashar, S. Jahdi, O. Gonzalez, et al., “Measurement and
simulation of short circuit current sharing under parallel connection: SiC MOSFETs and SiC
Cascode JFETSs,” Microelectronics Reliability, vol. 126,p. 114271, 2021

[4] J. Hu et al., “Robustness and Balancing of Parallel-Connected Power Devices: SiC Versus
CoolMOS,” in IEEE Transactions on Industrial Electronics, vol. 63, no. 4, pp. 2092-2102, April
2016, doi: 10.1109/TIE.2015.2500187.

[5] J. Hu, O. Alatise, J. A. O. Gonzilez, R. Bonyadi, L. Ran and P. A. Mawby, “The Effect of
Electrothermal Nonuniformities on Parallel Connected SiC Power Devices Under Unclamped and

Clamped Inductive Switching,” in IEEE Transactions on Power Electronics, vol. 31, no. 6, pp.
4526-4535, June 2016, doi: 10.1109/TPEL.2015.2477831.

[6] 2016. Power MOSFET Basics: Understanding Gate Charge and Using it to Assess
Switching Performance. [ebook] Vishay, pp.1-2. Available at:
<https://www.vishay.com/docs/73217/an608a.pdf> [ Accessed 18 October 2021]

[7] Li, W., Mao, S., Yang, S., Ding, Y. and Zeng, K., 2021. “Modeling and Analysis of the
Switching Characteristics Difference for Paralleling SiC MOSFETs in Multichip Power Modules”.
2021 IEEE Workshop on Wide Bandgap Power Devices and Applications in Asia (WiPDA Asia).
[online] Wuhan: IEEE, pp.217,222.

[8] Li, H., Munk-Nielsen, S., Wang, X., Maheshwari, R., Beczkowski, S., Uhrenfeldt, C. and
Franke, W., 2015. “Influence of Device and Circuit Mismatch on Paralleling Silicon Carbide
MOSFETs”. IEEE Transactions on Power Electronics ( Volume: 31, Issue: 1, Jan. 2016). [online]
IEEE, pp.621-633

[9] Wei, Y., Woldegiorgis, D., Du, X., Machireddy, V. and Mantooth, A., 2021.
“Comprehensive Investigations on Paralleling Operation of SiC MOSFETSs based on Subbcircuit
Model in MATLAB/SIMULINK”. 2021 IEEE Workshop on Wide Bandgap Power Devices and
Applications in Asia (WiPDA Asia). [online] Wuhan: IEEE, p.176.

[10] M’Sirdi, Nacer et al. (2019). State Space Models for Power SiC MOSFET: ICEERE 2018.

[11] M. Jin et al. “A Temperature-Dependent SiC MOSFET Modeling Method Based on
MATLAB/Simulink,” in IEEE Access, vol. 6, pp. 4497-4505, 2018

[12] H. Linewih and S. Dimitrijev, “Channel-carrier mobility parameters for 4H SiC MOSFETs,”
2002, pp. 425-430 vol.2

[13] 1. O. Gonzalez, R. Wu, S. Jahdi and O. Alatise, “Performance and Reliability Review of 650
V and 900 V Silicon and SiC Devices: MOSFETs, Cascode JFETs and IGBTs,” in IEEE
Transactions on Industrial Electronics, vol. 67, no. 9, pp. 7375-7385, Sept. 2020, doi:
10.1109/TIE.2019.2945299.



