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W
ide-bandgap (WBG) semiconductors 
such as gallium nitride (GaN) and sili-
con carbide (SiC) are essential to the 
development of high-efficiency traction 

inverters that can help EV s become increasingly competi-
tive with their internal-combustion-engine (ICE) counter-
parts. However, their fast switching characteristics and other 
unique properties also raise several design challenges that 
must be overcome before their full benefits can be realized. 

This article explores a number of techniques, generally 

classified as “soft switching,” that can be used to help WBG-
based inverters achieve their full potential (Fig. 1). 

The Promise and Peril of WBG
In theory, WBG devices’ low conduction losses help add 

at least 5% to 10% to the vehicle’s range, while dramatically 
reducing the inverter’s size and cooling requirements. In 
addition, their higher operating frequencies could greatly 
reduce the amount of EMI they generate, as well as filtering 
components required to suppress them.

However, to achieve their potential 
efficiency, care must be taken to 
minimize the losses (and damaging 
stray currents) that occur when 
they’re not switched at the motor’s 
zero-crossing point. In addition, it’s 
important to minimize the unwanted 
artifacts generated by high frequencies 
and sharp rise times that could damage 
the drive system.1 

To overcome these problems, 
researchers have developed a number 
of techniques for shaping the inverter’s 
drive signal to ensure that each leg 
switches between the positive and 
negative phases of the drive cycle at the 
zero-crossing point. 

Such “soft-switching” techniques 
enable the inverter to operate efficiently 
at much higher frequencies, thereby 
reducing the size of the inverter’s dc-
link capacitors and associated inductive 
components. In addition, soft switching 
can be used to reduce the slope of 

Soft-Switching Helps EV 
Inverters Run Farther, 
Faster, and Cooler
Advanced switching technologies can help WBG-based EV traction inverters deliver 
more power with dramatically lower losses. 

1. Soft-switching techniques ensure the inverter bridge makes its transitions precisely at the 

zero-crossing point, thereby reducing switching losses and EMI while enabling higher operat-

ing frequencies. (Credit: University of Verona)
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the drive waveform’s rising and falling 
edges (dv/dt), which greatly attenuates 
the electromagnetic interference (EMI) 
produced by the inverter. 

Soft-Switching Basics
A wide variety of approaches are applied 

for soft switching. However, they’re all 
based on the principle of zero-crossing 
switching to reduce or eliminate switching 
losses. It eliminates the current and voltage 
transition overlap that can occur during 
each switching cycle of the inverter bridge.

When a MOSFET (silicon or WBG) is 
soft-switched, it reduces or eliminates any 
voltage or current overlap, which, in turn, 
can cut switching losses by 90% or more. 
In a zero-voltage0switching regime (ZVS), 
the soft-switching controller will wait until 
the bridge’s drive voltage drops to zero (not 
merely its idle state) before the MOSFET is 
turned on or off. A similar technique, zero-
current switching (ZCS), can be employed 
to switch the MOSFET when the bridge 
leg’s current approaches zero. 

ZVS/ZCS switching isn’t a new technology, with various 
types of analog-based controllers developed at least as early 
as the early 1990s.2 One of the most common analog-based 
control architectures is the auxiliary resonant commutated 
pole (ARCP) Inverter, which uses a forced resonant soft-
switching circuit topology to adjust the switching control 
pulse to remain in sync with the zero crossing. 

Figure 2a highlights (in yellow) the ARCP circuits used 

for each of the three phase legs in power-converter designs. 
The circuit in the first (top) leg of the inverter consists of 
resonant devices CX1 and CX2 (the sum of which is Cr), Lx1 
and active switches Sx1, Sx2, and a pair of rectifiers that sit 
across the switching transistors.  

When the circuit’s values are correctly chosen, it creates 
a forced resonant condition that controls the switch’s 
commutation from low to high where current flows from 

2. Shown is a schematic of 

an auxiliary resonant com-

mutated pole (ARCP) invert-

er (a) and a representation 

of zero-crossing switching 

(b). (Credit: University of Vir-

ginia)
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ground to output, requiring ARCP current injection to force 
the transition. During commutation from high to low, where 
current flows from Vbus to the output, the bridge requires 
only a correct dead time as it is self-commutating. 

The circuit also controls the slope of the voltage waveform 
to limit unwanted dv/dt effects. When SX1 is turned off, the 
load current is shared between the snubber capacitors (Cs) 
across S1 and S2, which reduces the dV/dt (dU/dt) across 
the device. The slower transition time permits S1 to turn off 
completely before the voltage it sees across its terminals has 
risen significantly. 

The voltage rate of change dV/dt (dU/dt) is now 
controlled primarily by the resonant capacitance (C1+C2) 
rather than the turn-off speed of S1. The load current drives 
Vbridge toward 0 V. S2 is turned on with timing to minimize 
hard-switching (either due to non-zero VC2 or by diode D2 
conducting excessively).

Much more detailed explanations of the ARCP circuit’s 
principles of operation are available in a pair of excellent 
papers published by The University of Virginia3 and Pre-
Switch Inc.4

The simple implementation of an ARCP shown in Figure 
2 uses small, low-cost passive components. It can usually be 
implemented with garden-variety low-power IGBTs, but its 
simplicity also has several potential drawbacks. 

First, the value of the snubber capacitor/inductor required 
to achieve precise zero crossing varies significantly according 
to the load being placed on the inverter circuit. One of the 
other issues that reduces the efficiency/effectiveness of 

a passively controlled soft-switching inverter is that the 
characteristics of the power devices used in the bridge vary 
with operating temperature and, in some cases, aging of the 
device. 

Although there was significant interest in ZVS/ZCS for 
use in traction systems in the 1990s, during the early days 
of EV development, these control schemes were deemed 
impractical for commercialization. 

Putting Theory into Practice
Recently, though, soft switching has seen renewed interest 

for automotive and industrial applications, thanks to 
advances in microcontroller technology and control theory. 
In theory, it’s possible to digitally control a bridge’s drive 
parameters to ensure zero-voltage/current switching across 
a wide range of motor operating conditions. However, the 
computational load made it impractical until the relatively 
recent arrival of fast MCUs equipped with powerful math/
array co-processors, and one or more dedicated algorithmic 
accelerator cores. 

MCUs designed specifically for advanced automotive 
application, such as Texas Instruments’ Sitara series,5 
integrate multiple 32-bit CPU or DSP cores with fast-
coupled memory (FCM), analog interfaces, ASIL-D safety 
hardware, and a powerful set of hardware accelerators. 
These accelerators often include high-speed analog-to-
digital converters (ADCs), analog comparators, buffered 
digital-to-analog converter (DACs), enhanced pulse width 
modulators (EPWMs), enhanced quadrature encoder pulse 

3. This traction-inverter system is based on Texas Instruments’ AM2634-Q1 MCU. (Credit: Texas Instruments)
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generators, and sigma-delta filter modules (Fig. 3). 
One example of this approach is an inverter developed 

by Hillcrest Energy Technologies (https://hillcrestenergy.
tech/), which unveiled in December 2022 a prototype of an 
800-V, 250-kW ZVS inverter that uses SiC power transistors. 
Hillcrest’s inverter technology implements its ZVS switching 
scheme using novel control software algorithms running on 
microcontrollers. 

The company says its soft switching technology nearly 
eliminates switching losses and allows the converter’s 
switching frequency to be significantly increased. This 
results in much better performance while reducing the size 
of the dc-link capacitors used in the design by 15% or more. 

Pre-Switch (https://pre-switch.com/) is enjoying good 
success with its own unique, and more radical, approach 
to implementing ZVS soft switching. They use an AI-based 
algorithm to generate switching control signals based on its 
best guess of what’s needed, analyze the results in real-time, 
and then fine-tune the parameters for the next cycle. The 
technique, known as “Pre-Flex,”4 accurately controls the 
timing of small, relatively low-cost auxiliary resonant switches, 
which are combined with inductors and capacitors to ensure 
that ZVS or ZCS soft-switching continues, independent of 
changes in bus voltage or load currents (Fig. 4).

The company offers an evaluation platform for its 
CleanWave technology in the form of a fully functional 

200-kW inverter with integrated motor 
control. It delivers a peak efficiency of 
99.5% at 100 kHz and a power density 
of 210 kW/L. The technology section 
of Pre-Switch’s website includes a 
video of the waveforms produced 
by a prototype inverter during its 
startup under unknown conditions. 
Subsequently, timing is optimized and 
other variables are adjusted to ensure 
that its pulse-width-modulated (PWM) 
input generates a clean current ramp to 
synthesize the first part of a sine wave. 
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4. A snapshot of the inverter waveforms produced during the startup of Pre-Switch’s AI-driven 

adaptive soft-switching inverter. (Credit: Pre-Switch)
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