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Using the Latest Wolfspeed C3MTM SiC MOSFETs to Simplify Design 
for Level 3 DC Fast Chargers 
 

Abstract 
This paper will examine the DC fast charger market and the products currently used in that 
market. It will cover the basic design considerations for DC fast chargers, as well as a closer 
examination of why Wolfspeed’s latest SiC MOSFETs are ideal for this application—how they 
improve system efficiency and power density, while also simplifying system design and thereby 
increasing reliability. The Wolfspeed 1kV C3M™ product line will be introduced, as will the 
extensive selection of Wolfspeed design support tools. 

Introduction to DC Fast Chargers for Electric Vehicles 
 
As shown in Table 1 below, there are different levels of chargers as defined by SAE standards. 
Level 1 is typically AC, and the charger is on the vehicle itself. In Level 2, the charger can be on 
the vehicle (as with some newer models) or off the vehicle. And in Level 3, although not 
currently fully-defined, the charger is typically off the vehicle.  

 AC DC 
Level 1 1-ph, 120Vac, 16A, 1.92kW 200-450VDC, 80A, 36kW 
Level 2 Split phase 240Vac, 80A, 

19.2kW 
200-450VDC, 200A 90kW 

Level 3 TBD 200-600VDC, 400A, 240kW 
Table 1: Basics of EV Charging 

In terms of time, Level 1 is essentially an overnight charger. Level 2 is often referred to as a 
“destination charger” (e.g., you go to a mall where there is a charger, plug-in the vehicle and let 
it charge while you spend a few hours shopping). Level 3 may be thought of as a gas station 
charger, where you want to get as much charge into the car as quickly as possible. 

Growing market for level 3 chargers 
The landscape for Level 3 DC fast charger availability has increased substantially in recent years. 
In 2012, there were approximately 1,800 Level 3 DC fast chargers available in the world. 
Projections show that number increasing to 200,000 by the end of 2020. 
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Basic design considerations 
 
Figure 1 shows an example of a DC fast charger. As you can see, the product itself (far left) looks 
like a refrigerator or a gas station pump. Across the top of the Figure, you can see the basic 
block diagram of what is inside the DC fast charger. The AC source feed (usually 3-phase), then 
filtering components, then an AC/DC converter, then an isolated DC/DC converter. The cutaway 
view of the charger shows its modular construction. The modules are typically 10–12 kW in 
range and are paralleled to achieve the desired output power. This paper focuses on those 
modular assemblies and how silicon carbide can bring value into their design. 

 

Figure 1: Example DC Fast Charger 

The small table included in Figure 1 shows the typical specifications for these DC chargers. 

Now we’ll take a closer look at the two conversion stages as illustrated in the block diagram of 
Figure 1, starting with a few points about the AC/DC conversion. The current technology used is 
often low-voltage silicon MOSFETs—typically a Vienna rectifier or modified Vienna rectifier 
topology is utilized. It is a good, uni-directional power flow design that delivers good 
performance for the price. We will not focus on this stage for this article.  

Current Level 3 charger trends include: 

• Modular construction will continue 
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• Need for higher power sub-assemblies (currently at 10–12 kW; will increase to 15 kW or 
even 20 kW), which means higher power density design without an increase in overall 
size 

• Higher input voltage which can reduce cable size and heat dissipation for the cable 
handled by the consumer. 

• Need for higher efficiency and higher input THDi/PF 
• Need to be smaller to enable more attractive industrial design and/or brand chargers to 

attract customers 

SiC value can really be harnessed in the high frequency isolated DC/DC stage. This will be the 
primary focus of this article.  Figure 2, below, shows an expanded view of this stage in the block 
diagram, along with two of the most popular topologies for this stage. 

 

Figure 2: DC/DC Conversion 

On the left is the isolated, full-bridge LLC resonant DC/DC topology, and on the right is the 
isolated, full-bridge phase shift DC/DC topology. Although they look quite similar, each one has 
its own advantages and drawbacks. 

For the LLC design, the biggest advantage is higher efficiency, and you are able to achieve soft 
switching across the full load range, which leads to better EMI. One potential drawback with 
the LLC is that the output voltage ripple tends to be high, which then requires electrolytic 
capacitors to filter. This is not inherently problematic, but some companies simply do not like to 
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use them for reliability reasons. Another drawback is the limited output voltage range that is 
typically possible with the LLC design. However there are some new control techniques on the 
market that involve modulating the switching frequency and duty cycle to allow the LLC design 
to have a wider output voltage range. 

The phase shift topology’s biggest advantage is the wide output voltage range that it achieves. 
It has a low output voltage ripple, which eliminates the need for electrolytic capacitors and 
allows you to use small film or ceramic caps on the output. But its drawback is that under light 
load conditions, the primary side switches will be hard switched, which can limit efficiency. And 
because there is some hard switching, there is a bigger EMI challenge with this phase shifted 
topology. 

Current system compared to a SiC based system 
 
Figure 3, below, illustrates how SiC can simplify Level 3 charger design as applied to the LLC 
topology.  

 

Figure 3 

Silicon carbide’s ability to improve efficiency, reduce switching losses and deal with high 
temperatures is relatively well-known. One advantage that may be overlooked is its ability to 
simplify an existing topology or system. 
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To achieve high voltages and maintain good performance, current designs typically use 
multilevel topologies, as well as cascaded or interleaved, 2-level topologies. In fact, these 
multilevel and cascaded designs were originally developed to overcome some of the limitations 
of high-voltage silicon devices by allowing us to use lower voltage Silicon devices which have 
lower switching losses. Silicon carbide enables great switching performance at high voltages. So 
it allows designers to go back to a simple 2-level design—simplifying the design itself, reducing 
component counts, and improving the reliability of the product without sacrificing 
performance. 

Figure 4, below, compares a silicon-based commercial off-the-shelf, 15 kW multilevel LLC design 
(left) with a silicon carbide design (right). The first thing to note is the reduction in size. Because 
the SiC design simplifies topology and requires fewer components, the board is smaller and 
weighs less, and it has a significantly lower volume. At the same time, power has increased 
significantly—from 15 kW to 20 kW. This translates into a 3.5X higher power density with silicon 
carbide. 

 

 

Figure 4: SI 15 kW LLC (20 A) vs. SiC 20 kW LLC (35 A) 
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Figure 5, below, shows a larger view of the SiC-based, 2-level, isolated LLC DC/DC topology from 
Figure 3 and lists the critical parameters for the primary side switch and the secondary side 
switch.  

 

 

Figure 5: Critical Parameters for LLC Devices 

For the primary side switches, most of the losses are conduction losses, so we want the Rdson 
(or Vcesat for an IGBT) to be as low as possible. (Be sure to look at the Rdson at the operating 
temperature, not at room temperature.) Next we want to look at the blocking voltage capability 
for these devices. Whatever our highest output voltage is, we want the voltage blocking 
capability to be at least 20–30% over that. The final critical parameter on the primary side is 
ease of switching. The speed at which the switch can be turned on and off is critical because it 
determines the dead time. The parameters to examine here are Ciss, the gate charge (Qg), 
Coss, and turnon/turnoff delay (Tdon/Tdoff) and rise time and fall time (Tr/Tf). 

On the secondary side, since the diodes are usually self-commutating, we can look for diodes 
with the lowest Vf. 

Keeping those critical parameters in mind, let’s look at a new line of SiC MOSFETs from 
Wolfspeed.   
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New 1 kV C3M™ product line 
 
Figure 6, below, shows Wolfspeed’s new 1000 V rated MOSFETs in two optimized packages for 
silicon carbide. There is a 1000V, 65 mΩ part, which translates to 36A DC rating, and there is a 
120 mΩ part, rated to 15A. Both are available in two packages—a 7-lead D2PAK and a TO-247 
4-lead package. This is the first time Wolfspeed is offering packages with a Kelvin source, which 
is important because it can significantly reduce switching losses and gate ringing. These are 
low-impedance packages, perfectly optimized for silicon carbide, and they have been designed 
for high-voltage applications. 

 

 

Figure 6: New 1000 V Rated MOSFETs in Optimized Packages 
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Figure 7, below, shows the effects of having a separate Kelvin source pin. The graph compares 
the switching losses of the same die in a 3-lead TO-247 package and the 4-lead TO-247 package. 
The solid red line shows the total switching losses (Eon + Eoff) in the 3-lead package, and the 
solid green line shows the total switching losses of the same die in the 4-lead package. You can 
see that the loss is about 3X higher for the 3-lead package. 

 

 

Figure 7: Switching Loss Comparison @VDD=600V, RG.EXT=2.5OHM, VGS=-4/+15V 

 

We’ve already looked at the critical parameters for the MOSFETs and diodes. Table 2, below, 
offers a comparison of the other devices that could be used in this 2-level design for an LLC, 
including a 900 V silicon MOSFET and a 1200 V IGBT. The first two rows of the table show 
Rds(on) for the products at 25 °C, as well as 150 °C, which is closer to actual operating 
temperature. The table also reflects that at least three of the silicon MOSFETs would be needed 
in parallel to match the current carrying capabilities and conduction losses of the single SiC 
device at operating temperature. 

The third row in the table shows the rated blocking voltage. In the LLC design, the output 
voltage spikes can approach 900 V, so it is nice to have the extra margin of the 1000 V part.  
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The next few rows in the table show the parameters that impact switching losses and the time 
value. So we have a gate charge for the SiC device that is an order of magnitude lower than 
what is seen for the other devices. Likewise, the Ciss is orders of magnitude smaller, as is the 
Coss. And the switching speed is significantly lower. What all those parameters mean is very 
short dead times and very high switching frequency—and a very small tank circuit in the LLC. 

The second table compares the performance of a SiC Schottky diode, which we’ve used on the 
secondary side of this design, with a silicon diode. Note that the Vf is slightly lower for the 
silicon diode. The next row shows recovery losses, which may not be critical if you are switching 
at resonant frequency (or even lower than a resonant frequency), which does not affect losses 
because the diodes are self-commutating. But it does come into play when switching above 
resonant frequency. Since the silicon diode is likely available at a lower cost and has a lower Vf, 
it would be the preferred choice in this topology. 

 

Table 2: Device Comparison 
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Driving the C3M™ Product Line 
 
Figure 8, below, illustrates how easy it is to use SiC MOSFETs. This is a typical drive circuit (for 
Wolfspeed’s latest Gen 3, 65 mΩ parts). We’re using commercial, off-the-shelf drivers and 
isolated power supplies. It is quite similar to using a silicon MOSFET or an IGBT. The key 
difference is the drive voltages. With the Gen 3, we suggest +15 / -3 V to turn it on and off. Or 
you the Gen 3 can be driven with a +15 / 0 V with a slight increase in turn-off losses, similar to a 
single power supply for silicon MOSFETs. DeSat protection can also be implemented, in the 
same manner as with IGBTs. (This is not illustrated in Figure 8, but Wolfspeed does have 
reference designs available for this scenario.) The key element is having the right isolated 
power supply putting out the correct voltages. 

 

Figure 8 
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Design Support Tools 
Wolfspeed has several support tools available when designing your own LLC. SpeedFit™ is a free, 
online simulator. We’ve included the LLC and the phase shift, full-bridge topologies. It allows 
you to enter your own values for input voltage, output voltage, and more. It only requires a few 
minutes to create the simulation and provide basic answers on the resulting efficiency, losses 
and temperature of your design using one of our silicon carbide parts and diodes. 

We also provide LTSPICE and flowtherm models for the devices, including the new 1000 V part 
that has been discussed in this paper. We also provide PLECs models for our devices, including 
all the MOSFETs and diodes in our portfolio. 

Figure 9, below, is an example of what the output from SpeedFit looks like. It shows waveforms, 
the simulated topology, the specified thermal conditions and other input parameters. SpeedFit 
also allows the user to hold onto initial results, make changes to input parameters and rerun 
the simulator to compare the results. 

 

Figure 9: Sample SpeedFit Output 
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20 kW LLC Hardware. Figure 10, below, shows the Wolfspeed 20 kW LLC reference design that 
is available to purchase. The table on the left shows the basic specifications for the hardware. 
The device may be run in either a constant voltage mode or a constant current mode. It 
operates at a resonant frequency of 200 kHz. The peak efficiency of 98.4% is very good at this 
power level and given the compact size of the unit. 

 

 

Figure 10: 20 kW LLC Reference Design Specification 
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Figure 11, below, shows the basic block diagram for the reference design. It uses some custom 
magnetics, as well as an off-the-shelf controller to modulate the switching frequency. You can 
set it to operate in constant current control mode or constant voltage control mode. The 
resonant tank values shown help keep the physical size of that tank circuit quite small. There 
are two of Wolfspeed’s 65 mΩ parts in parallel to make a single switch on the primary side, and 
secondary side output is also paralleled. 

 

 

Figure 11 
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Figure 12, below, shows an overview of the board. It includes the two 10kVA custom 
transformers in the middle of the board, the two resonant inductors toward the left lower 
corner, the heat sinks on either side of the transformers, the secondary side diodes, and the 
primary side MOSFETs, and at the top an auxiliary fly-back power supply that is about 50W to 
power all the on-board systems. All that is required to use the board is to connect DC power in, 
then you have your output load, and you connect a switch to turn it on and off. 

 

 

Figure 12 
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Figure 13, below, shows the evaluation board connected to a simple test setup. There is a 20 
kW load, a DC source that is capable of going from 300 to 550 V, a 12 V source for the two 
cooling fans, and a switch to turn it on and off. 

 

 

Figure 13 
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Figure 14, below, shows waveforms for a unit operating at its resonant frequency of 200kHz, 
which is 700V in, and 500V out, and delivering about 35 A. You can see the waveforms are clean 
and achieving an efficiency of 98.2%. 

 

 

Figure 14: Waveforms at full loading, VIN: 700 V, VOUT: 500 V, 35 A 
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Now we’ll look at what happens to the waveforms when we change the frequency to above and 
below the resonant frequency. Figure 15, below, shows operation at 550 V out, so it is 
switching at 180 kHz—below the resonant frequency. You can see by the current inductor 
waveforms that we are switching at below resonant frequency, but the secondary side diodes 
are still self-commutating. So efficiency decreases slightly but is still at 97.7%, which is quite 
good for this mode of operation. 

 

 

Figure 15: Waveforms at full loading: VIN: 750 V VOUT: 550 V, 35 A 
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Figure 16, below, shows the third mode of operation—switching at higher (260kHz) than 
resonant frequency (200kHz). You can see from the shape that the current is being interrupted 
before achieving zero crossing, so there is some hard switching taking place and we expect 
efficiency to decrease more significantly. 

 

 

Figure 16: Waveforms at full loading: VIN: 650 V, VOUT: 400 V, 35 A 
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Figure 17, below, shows the efficiency curve, which includes auxiliary power losses, as a 
function of input power. You can see that efficiency stays high across the full range of loading. 
The top efficiency curve is at resonant frequency and achieves that peak frequency of about 
98.2%. Below that, the red curve illustrates switching frequency lower than resonant frequency 
(180kHz), and the green curve shows what happens to efficiency when switching frequency is 
above resonant frequency (260kHz). You can see the more dramatic drop in efficiency in this 
mode due to hard switching. 

 

 

Figure 17 
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Figure 18, below, shows the thermal data while the unit is running at full power, at room 
temperature. The top left graph shows the main transformer temperatures. One of the 
transformers is running slightly hotter than the other – that is because of the placement of the 
fans. The top right shows the resonant inductors, which are shown to be fairly hot—around 97 
°C, but they are rated to 180 °C. The lower left graph shows the SiC MOSFET. The hottest items 
there are the output diodes, as shown lower right. 

 

 

Figure 18: Thermal Performance: 700 V Input, Output: 500 V, 35A 
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Figures 19-21, below, show a variation run on the hardware platform. One of the paralleled 
devices on the primary side has been removed, and the system has been run at half-power. This 
example is useful for situations where it is desirable to run at a lower power and lower cost 
(only half the numbers of SiC devices are used). 

Figure 20, then, shows the efficiency curves for this variation—it is still achieving very good 
efficiencies of around 98.1% at 10 kW. And Figure 21 shows some temperature data for this 
variation. The magnetics are significantly cooler because they are still rated for the 20 kW 
design. 

 

 

Figure 19: 20 A Output LLC Resonant Converter Block Diagram 
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Figure 20: Efficiency Curve with 1PCS 65 mOhm SiC MOSFET per switch 

 

 

Figure 21: Thermal Performance for 10 kW Version 
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Other Evaluation boards. Figure 22, below, shows Wolfspeed’s evaluation board (CRD-
5FF0912P), which features the 7-lead D2PAK surface mount package. This is a half-bridge circuit 
with drivers, and it also has the Desat circuit protection referenced earlier. 

 

Figure 22: Evaluation Board for 900 V C3M D2PAK-7L 

Summary 

As shown in this paper, silicon carbide MOSFETs can simplify the system design of a full-bridge 
LLC circuit in a DC fast charger. SiC MOSFETs and diodes not only improve efficiency and power 
density, they also simplify the circuit and thereby boost reliability of the overall system. 

Wolfspeed’s new 1000 V C3M devices are ideal for DC fast charger applications, and there are 
considerable support tools available to help designers with their own system designs, including 
the free SpeedFit online simulator that helps quickly identify the best product for all the most 
common topologies, extensive reference design files that include the 20 kW LLC design, and the 
20 kW evaluation hardware. 
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