and Si MOSFET respectively with the 25W power limit, from 50 kHz to 300 kHz switching
frequency.
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Figure 77: Total power loss for SCT90N65G2V SiC MOSFET.

Si total power loss

80
Z 60
2 —288,2 U]
S 40
5 — —141 ]
=
520 — —197,5 )

0 25W

50000 100000 150000 200000 250000 300000
Frequency [Hz]

Figure 78: Total power loss for STW62N65M5 Si MOSFET.
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8 Discussion

The paradox when doing circuit measurements is the inevitable extra loading imposed by the
probes, which changes the behavior of the circuit. This becomes even more important when
dealing with fast, high frequency switching, where every nanosecond counts. Another possible
source of measurement error is the probe bandwidths. The differential probes have a 50 MHz
bandwidth and the Rogowski coil have a bandwidth of 30 MHz. Ringing etc. above this
frequency is not necessarily shown on the scope as it is in the circuit. Most oscillations in the
measurements are around and above this frequency, and the waveforms can therefore not be

trusted completely.

8.1 Circuit Layout

The three different circuit configurations all showed different switching behavior, emphasizing
the importance of a good layout mitigating parasitic elements. The first layout used wires for
all connections and through-hole components. This introduced too much parasitic elements in
the circuit for acceptable switching at required frequency and power. A PCB layout was then
designed to improve switching. Making the circuit on a PCB removes all wire connections and
allows for shorter conduction paths. This reduces parasitic elements in the circuit and
significantly improved switching behavior. However, the PCB was made to reuse the
components from the first circuit. This caused an unnecessary long gate path and through-hole
components in the gate circuitry, which have more parasitic elements than SMD components.
Because of this, a third circuit layout was created. This layout was made two-sided, allowing
the gate circuit return lead to return to the gate driver directly underneath the path from the gate
driver to the MOSFET gate. The gate driver circuit was also made more compact, shortening
all tracks. Instead of through-hole components, all components in the gate circuit was SMDs.
These measures reduces both parasitic inductance and capacitance in the gate drive circuit,

which was observable with passive probe measurements.

Despite several improvements, the layout is not optimal. Resources and capabilities restricted
the layout. Parasitic inductance and capacitance is unavoidable, but can be significantly reduced
by an optimal layout. Parasitic inductance influences the overshoot and ringing. Optimally, the
lead and the corresponding return lead should be directly on top of each other on a two-sided
PCB. This was not possible in this case, except for in the gate circuitry.
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8.2 MOSFET switching

Overall from the tests, it can be seen that changing the gate resistance have a significant
influence on the turn-off period, while the turn-on period is less influenced. Changing the gate
voltage influence the turn-on period, while the turn-off period remain nearly unchanged, with
the exception of delay times. This can partly be explained by that, at turn-off, the MOSFET
stops conducting when the intrinsic capacitors are completely discharged. These are discharged
through an RC circuitry, and a larger resistance increases the RC time constant. At turn-on, the
same capacitances must be charged for the MOSFET to conduct. Increasing the gate voltage
pushes more charge into the MOSFET gate, shortening the length of the Miller plateau.
However, reducing the gate resistance should reduce the RC time constant and allow for faster
turn-on. A possible reason that this is not considerably evident in the tests is explained through

Figure 79.
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Figure 79: Conceptual sketch of a gate driver.

Figure 79 show a conceptual sketch of a gate driver. The gate driver IC have internal pull-up
and pull-down resistors. These influence the switching performance. The pull-up resistor, ROH,
is usually much greater than the pull-down resistor, ROL. When the switch turns on, the gate
resistance, RG, and ROH forms a series resistance, effectively restricting the turn-on current,

or source current. When the switch turns off, RG forms a series resistance with ROL.

In the datasheet for the UCC27531D gate driver, the pull-up resistance is listed as 12Q and the
pull-down resistance as 0,65€. A change in gate resistance thus have a much more significant
impact on the total resistance at turn-off, than at turn-on. Another contributing factor is the

source and sink current capability of this gate driver. The peak source current is given as 2,5A
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and the peak source current as 5A. It is therefore a good possibility that the gate driver is not

able to provide more current at turn-on than it does at 11Q gate resistance.

Common for the Si and SiC MOSFET turn-on voltage is that it can be divided into two distinct
periods, first one drop, and then another. The difference between the two is that the Si MOSFET
has a small voltage drop, and then stays at this voltage until the current rise is complete, before
it decreases to zero. The SiC MOSFET voltage does not have the same plateau as the Si
MOSFET. The voltage decreases the entire time, but the dv/dt while the current rises is smaller
than the dv/dt after the current rise is completed. The current rise progression is similar for the
two MOSFETSs.

The turn-off voltage progression differ for the Si and SiC MOSFET. The SiC MOSFET voltage
is completely linear the entire rising period. The Si MOSFET voltage has a more modest start.

It has a curved transition as it rises from zero, before the dv/dt increases drastically.

The sudden change in switching performance as the power increased to 4,4kW is difficult to
comprehend. One possible explanation might lie in the intrinsic capacitances. These
capacitances are, as previously stated, dependent on drain-source voltage. It could be that as the
voltage increases, the capacitance changes enough to leave a capacitance area, which could be
in resonance with inductive elements in the circuit. However, this is difficult to determine,
especially without having the datasheet capacitance curves like the ones in Figure 20 for this
MOSFET.
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8.3 MOSFET power loss

The MOSFET losses are calculated from the fastest acceptable switching obtained. For the Si
MOSFET this is at 20V gate voltage and 11Q gate resistance, using the UCC27531D gate
driver. The switching speed could possibly be increased by reducing the gate resistance, but
that would affect the voltage overshoot negatively. At this condition, the overshoot is 31%,
which is already very high. It was therefore decided not to decrease the gate resistance. For the
SiC MOSFET, the fastest acceptable switching was obtained with the UCC27531D gate driver
and no gate resistor. The gate voltage was 20V at turn-off, but 25V was needed in order to

obtain acceptable turn-on.

Lowest switching loss was found using the oscilloscope waveform readout directly. This
resulted in 86,5 pJ energy loss for the SiC MOSFET and 88,2 uJ energy loss for the Si
MOSFET. The switching loss with this method is then nearly identical and significantly lower
than calculated theoretically. Because the Si MOSFET have higher conduction loss than the
SiC MOSFET, the total power loss is higher. An operating temperature of 125 °C was chosen
as a reasonable condition. This results in 7,5W conduction loss in the Si MOSFET and 2,2W in
the SiC MOSFET. At the 25W benchmark, this results in a possible switching frequency of 198
kHz for the Si MOSFET and 264 kHz for the SiC MOSFET.

Active probes have a certain time delay before the waveforms are shown on the oscilloscope.
Different probes have different time delay, so that the voltage probe and the current probe have
the same time delay is highly unlikely. Based on the waveforms, the time offset between the
two was set to five nanoseconds. This resulted in 141 pJ energy loss for the Si MOSFET and
106 pJ for the SiC MOSFET. Setting the same conditions as before, this gives a possible
switching frequency of 124 kHz for the Si MOSFET and 215 kHz for the SiC MOSFET.

As a worst-case scenario, the voltage and current rise and fall times was used in calculating the
switching loss for the theoretical switching progression for inductive switching. This resulted
in 197,5 pJ energy loss for the Si MOSFET and 138 pJ energy loss for the SiC MOSFET, by
far, the highest switching loss of the three approaches. The same conditions as in the previous
calculations gives a possible switching frequency of 89 kHz for the Si MOSFET and 165 kHz
for the SiC MOSFET.

The switching loss obtained from the time-skewed waveforms correspond really well compared
to the loss calculated in 5.4.2, with the Si MOSFET energy loss 11 pJ lower and the SiC
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MOSFET energy loss only 2 pJ lower. The switching loss obtained from the worst-case
scenario actually correspond well to the energy loss calculated from the datasheet listed energy
loss in 5.4.1. Compared to the calculations, the obtained energy loss differ 9,5 pJ for the Si
MOSFET and 15 pJ for the SiC MOSFET. Although, the theoretical losses calculated was

based on a 10Q gate resistor.

The switching losses from these two approaches is also comparable to the difference in energy
loss calculated in Chapter 5.4.4. From these approaches, the switching loss in the SiC MOSFET
is 0,7 and 0,75 times lower than the Si MOSFET.

Based on this, it is most likely that the optimal switching frequency is between 165 kHz and
215 kHz for the SiC MOSFET. This is however, specific for this circuit, with this specific
layout, MOSFET and gate driver. A different layout configuration, MOSFET and gate driver

could improve on these results.
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9 Conclusion

This thesis has investigated the importance of a good physical circuit for high frequency

converter switching, and the switching behavior of a SIC MOSFET compared to a Si MOSFET.

Three different physical circuits was tested, with focus on the gate voltage and drain-source
voltage. Significant improvements in both were observed from the first to second circuit. Both
overshoot and damping of oscillations were improved, and the gate voltage showed less ringing.
No significant improvement in drain-source voltage was observable from the second to third
circuit. However, the ringing in the gate voltage was considerably reduced, which is important

for optimal switching behavior.

There are many uncertainties when analyzing high frequency switching behavior, which makes
coming to a definite conclusion challenging. In an effort to account for these uncertainties, the
switching energy loss for the two MOSFETS was calculated with three different approaches in
order to obtain a spectrum of possible loss. The loss was calculated purely based on the
switching waveforms captured on the oscilloscope, by time shifting the waveforms to account
for different time delays in the active probes, and by using the voltage and current fall and rise
times obtained, in the theoretical switching progression of inductive switching.

Based on these results, the SiC MOSFET had a total power loss of 25 W at 166 kHz in the
worst-case scenario and 264 kHz in the best-case scenario. The Si MOSFET had the same

power loss at 89 kHz in the worst-case scenario and 198 kHz in the best-case scenario.
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10 Suggestions for further work

In order to obtain more accurate results, more effort should be used in optimizing the converter
and gate driver layout. Optimizing this for high frequency switching could eliminate some of
the behavior problems caused by parasitic effects. Silicon Carbide MOSFETS operate optimally
when the gate voltage is 20V at turn-on and -5V at turn-off. A layout with this configuration

should be developed and compared to the results obtained in this thesis.

The gate driver IC has been a limiting factor. While one was limited to 18V gate voltage, the
other was limited by a 2,5A source current. A gate driver capable of at least 20V and 5A

source/sink current should be tested and compared to the results obtained in this thesis.

Problems with overheating the MOSFETSs and boost diode occurred regularly due to too high
losses and poor cooling. Therefore, a double-pulse test could be more useful in this perspective.
This would enable observation of switching behavior at any desired voltage and current, without

the same risk of thermal breakdown.

Comparing these Si and SiC MOSFETSs directly can also be considered inaccurate. The
MOSFETSs have the same package size, but the SiC MOSFET have twice the current rating.
This high possible load current have effect on the other parameters of the MOSFET, such as
the intrinsic capacitances. For a more direct comparison, the ratings of the MOSFETSs should

be equal.
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Appendix A: Laboratory setup
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Appendix B: Circuit layouts

B1. Verobhoard

Veroboard top side. Veroboard bottom side.

Veroboard top side and gate wires.
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B2. PCB layout 1

First PCB bottom side. First PCB top side.
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B3. PCB layout 2

Final PCB EAGLE layout.

Final PCB top side.

Final PCB, gate driver circuit close-up.
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Appendix C: Probing with passive probe

Passive probing, front view.

Passive probing, side view.
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