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Abstract: The demand for highly efficient and dynamic electric vehicles (EVs) has increased dramati-
cally. The traction inverter, a pivotal component in an EV powertrain, plays a crucial role. This study
is dedicated to designing a traction inverter with focus on achieving high efficiency and elevated
power density and mitigating electromagnetic interference (EMI) issues. To realize these objectives,
autonomous gate drivers (AGDs) are proposed and designed using LTspice simulation software. The
aim is to achieve zero voltage switching (ZVS) at both turn-on and turn-off through the utilization of
triangular current mode (TCM) control on the gate driver. The AGDs implement a current modulation
scheme by sensing the current and voltage and generating gate-source voltage signals with minimal
delays. The implemented current modulation scheme by the AGDs results in an efficiency exceeding
99% for a 10 kW power rating. The sinusoidal output waveforms not only contribute to extending the
motor lifespan by mitigating sharp-edge voltages but also bring advantages such as reduced switch
stress, decreased EMI, and simplified thermal management.

Keywords: autonomous gate drivers; triangular current mode; zero-voltage switching; SiC MOSFET;
current modulation scheme; modeling; efficiency; sinusoidal output waveforms; two-level three-
phase inverter; electric vehicle drive system

1. Introduction

One of humanity’s greatest challenges is to develop sustainable transportation con-
cepts. The electric road vehicle stands out as one of the most important alternatives, but it
comes with challenges related to energy storage, energy distribution, power conversion,
heat dissipation, power cycling, electromagnetic interference (EMI), reliability, compact-
ness, and cost. The efficiency of power converters is not only important for saving energy;
managing heat dissipation on a vehicle is equally critical, whether it operates in hot or cold
environments. Creating competitive and efficient power converters for such vehicles is
among the most crucial aspects to address.

The electric vehicle (EV) battery, primarily lithium-ion [1], acts as the key energy
storage unit essential for efficient EV functionality. Although lithium-ion batteries are
prevalent, emerging options such as solid-state [2] and lithium–sulfur batteries [3] hold
promise for improving efficiency and extending range.

One of the key components of an EV powertrain is the traction inverter, responsible
for converting DC power from the battery into AC power to drive the electric motor(s).
From a car manufacturer’s point of view, a traction inverter should be energy-efficient,
compact, reliable, highly dynamic, and cost-effective. These requirements pose several
conflicts with design targets because, for instance, energy efficiency and cost call for almost
opposite solutions. Similar trade-offs usually have to be made regarding compactness
and cost. There is a demand for high power density, which enhances the overall vehicle
dynamics, and high efficiency, which increases the driving range of the vehicle [4].
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To achieve high power density and low cost, one possibility is to reduce the DC-link
capacitor of the traction inverter by allowing a very high voltage ripple. This was shown
for a 15 kW inverter with a 10 µF DC-link capacitor in [5]. The problem with this concept is,
however, that EMI increases on both the input and output. Another approach is to reduce
the size and volume of filtering components, ensuring compliance with EMI regulations by
increasing the switching frequency of the power devices [6].

Inverters employing silicon insulated-gate bipolar transistors (IGBTs) as power switch-
ing devices featuring a blocking voltage of 1200 V dominate the business today. However,
IGBTs show high switching losses attributed to bipolar on-state carriers, leading to conduc-
tivity modulation lag during turn-on and tail currents during turn-off [7]. Consequently,
these high switching losses impose limitations on the switching frequency of inverters
utilizing IGBTs, typically ranging from 5 to 20 kHz [8].

At present, silicon carbide (SiC) power electronics have significant advantages to offer
for the electric vehicle business [9]. SiC metal-oxide semiconductor field-effect transistors
(MOSFETs) enable reduced chip sizes, lower switching losses due to their unipolar car-
rier characteristic [10], reduced conduction losses with the help of fundamental material
improvements [11], and operation at a higher switching frequency up to a hundred kHz
or more [12], which reduces the required capacitance/size of the DC-link capacitor and
increases power density [13]. By enabling extremely energy efficient and compact power
conversion, and better thermal performance than for the silicon counterpart, dramatic vol-
ume reductions are possible, which enables considerable freedom to design an overall better
vehicle. However, high-speed switching (which is possible with SiC power electronics) is
also associated with EMI issues [13].

EMI poses a significant challenge to the reliable operation of EVs, affecting various
components such as power electronics [14], electric motors, and charging systems [15]. To
address EMI and reduce its impact, strategies like shielding, EMI filters, proper grounding,
component isolation, and layout design optimization are essential [16]. Adhering to
electromagnetic compatibility [17] standards further enhances reliability. To reduce the
EMI issues in the inverter, soft-switching power converters are often employed.

Soft-switching (SSW) [18] power converters help to maintain low switching losses
even at high switching frequencies, which increases the overall efficiency and reliability
of the system. Soft switching can be achieved by zero-voltage switching (ZVS) and/or
zero-current switching (ZCS). ZVS occurs when the voltage across the switch is made zero
by prior conduction of the body diode of the MOSFET and by using a capacitive snubber at
turn-off [19]. A ZVS technique is used to allow high-frequency operation and minimize
both the noise and switching losses. ZCS results when the current across the switch is made
zero and then allows the switch to turn off at zero-current.

In converter operation, there are three modes of filter inductor current. The first one
is the continuous conduction mode (CCM) in which the filter inductor current remains
positive. The hard switching in CCM results when the output capacitance (Cds) discharges
into the switching element during turn-on. The CCM provides the advantage of reduced
stress on the inductor current. However, it comes with the drawback of larger size for the
inductor and capacitor filter components, resulting in a bulkier system. The second mode
is the discontinuous conduction mode (DCM), in which the inductance of the inductor is
taken low beyond a limit that makes the current zero, which results in ZCS [20,21]. The
third mode is the triangular current mode (TCM) [22], in which the filter inductor current
comprises both positive and negative peaks which helps in achieving turn-on ZVS for both
high-side and low-side switches in a half-bridge configuration [6]. The TCM is also known
as critical conduction mode (CRM) [23] and/or boundary conduction mode (BCM) [24].

The concept of TCM operation has been proposed to attain ZVS in clamped-voltage
concepts for flyback converters [19], power factor correction [21,25,26], as well as in three-
phase rectifiers [27], inverters [28–31], and bidirectional converters [31,32].

In three-phase AC/DC or DC/AC applications, achieving ZVS can be accomplished
either with auxiliary circuits [33] or without auxiliary circuits [22]. Techniques that eliminate



Energies 2024, 17, 1060 3 of 26

the need for auxiliary circuits are gaining more attention due to their simplicity, and one
such method is the TCM. In the context of three-phase four-wire applications, TCM can
be adopted to achieve ZVS like single-phase converters, benefiting from the effective
decoupling of the three phases [28]. For three-wire applications, implementing TCM in
all three phases within a conventional topology (e.g., a two-level voltage source inverter)
is challenging since the sum of three-phase currents must be zero. As proposed in [28],
decoupling the three phases using capacitors enables the implementation of TCM.

TCM modulation provides significant advantages in achieving both high efficiency
and high power density simultaneously [34]. The large ripple in the inductor current offers
two advantages: a reduced inductance value, minimizing the volume of the filter inductor,
and the presence of positive and negative currents, aiding in achieving ZVS during turn-on
and turn-off (if capacitive snubbers are employed) for both high-side and low-side switches
in a half-bridge configuration [6]. The rms current in TCM is approximately 15% higher
than in CCM, resulting in around a 30% increase in conduction losses [34]. The increase
in conduction losses can be counterbalanced by the significant decrease in switching
losses at high switching frequencies. This allows for efficient operation at frequencies
exceeding 100 kHz, ultimately achieving the intended high power density. An additional
way to counterbalance the increase in conduction losses is to increase the chip area, which
reduces conduction losses [35], increases cooling capability, and increases effective snubber
capacitance through increased parasitic output capacitance of the SiC MOSFETs. The latter
may significantly reduce the switching losses (except at very low current levels).

To achieve ZVS in the TCM mode, the control of the main power circuit is executed
through the implementation of digital signal processing devices, such as DSPs and FPGAs,
along with sensing circuits [34,36].

This research aims to design AGDs for TCM-based ZVS three-phase inverters without
using any digital signal processing devices for the modulation and current control. How-
ever, such devices may have to be used to determine the reference values for the AGDs,
but these tasks require much lower bandwidth. The tasks of the AGDs are:

1. Achieve turn-on ZVS by sensing the on-state of the power device on the gate driver.
2. High-speed peak current control by measuring the current of the power device on the

gate driver.

To ensure optimal converter performance, precise timing without delays is important
for the power electronic switches. Traditional methods involve the measurement of volt-
age and current and then sending signals to a controller for decision-making, and then
transmitting switching signals to the gate drivers. This can introduce significant delays,
affecting the soft-switching implementation. In contrast, measuring voltage and current
directly at the gate driver minimizes these delays, allowing for autonomous operation of
the gate driver for modulation of the converter. However, to determine when the power
electronic switches should turn off, a galvanically isolated current reference must be sent to
the gate driver. This isolation is achieved through a galvanically isolated current sensor function-
ing as a signal transmission device. The elegance of this concept lies in the fact that the required
bandwidth for the current reference is significantly lower than that needed for measuring the actual
switch current.

The proposed AGDs offer several advantages to three-phase inverters, including a
simple topology, a current modulation scheme, high power density due to a high switching
frequency and small filter inductor, integration of the controller on the gate driver, high
efficiency by minimizing time delays, and achieving ZVS at both turn-on and turn-off. Addi-
tionally, there is a mitigation of EMI due to sinusoidal output current and voltage waveforms.

The key contributions of this paper are:

1. Analyzing the intended operation of the proposed AGDs for a 10 kW power-rated inverter.
2. Examining ZVS at both turn-on and turn-off by computing the switching losses.
3. Analyzing the sinusoidal output waveforms of currents and voltages.
4. Evaluating the inverter efficiency based on the proposed AGDs.
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5. Assessing the adaptive control features of the proposed AGDs.

The paper is structured as follows: Section 2 introduces the topology and operating
principle of the inverter. Section 3 delves into the details of the proposed AGDs. Section 4
presents the simulation results and discussion. Section 5 concludes the article. Section 6
outlines the future work.

2. Soft-Switched Inverter
2.1. Circuit Topology

The diagram of a TCM-based ZVS two-level three-phase inverter with decoupled
capacitors is shown in Figure 1. The inverter comprises components such as DC-link capac-
itors, SiC MOSFET switches with internal body diodes [37] and parasitic capacitance (Cds),
an LC low-pass filter, and an RL load representing the Permanent Magnet Synchronous
Motor (PMSM).

Figure 1. Schematic representation of the proposed inverter.

Two important aspects should be highlighted in the inverter topology.

1. Each switch is equipped with an external snubber capacitance (Cext). The objective of
this capacitance is to increase the overall capacitance across the switch. This increased
capacitance plays an important role in achieving turn-off ZVS as outlined in [38]. The
intentional presence of this enhanced capacitance serves to deliberately slow down
the rise time of Vds during the turn-off transient, effectively reducing the overlap
between non-zero Vds and Ids by distributing it over time.

2. The star point of the filter capacitors is connected to the mid-point of the dc-bus. This
setup provides low-impedance pathways for high-frequency components within the
inductor currents (ILA, ILB, ILC). Additionally, the wire connecting the dc-bus and
filter capacitors serves as a pseudo fourth wire within the system, making it possible
for the non-zero sum of the filter inductor currents to circulate back to the DC bus [39].
This connection helps in controlling the common-mode voltages of the filter capacitor.
By managing the common-mode voltage in this manner, the EMI issues and leaking
current [40] can be reduced. In motor-drive applications, this strategy can be employed
to effectively reduce bearing currents [41,42]. It is noteworthy that harmonics could
be introduced into this common mode [39], presenting an opportunity to lower both
the required DC link voltage [43] and capacitance [44].

2.2. Principle of Operation

This research aims to achieve ZVS throughout the entire line cycle in a three-phase
inverter by implementing the proposed AGDs. The output capacitance of the MOSFET and
the role of the body diode are crucial in achieving turn-on ZVS through the incorporation
of bidirectional inductor current. To comprehensively grasp the operation of the AGDs, a
fundamental explanation of the single-phase half-bridge inverter is presented here.

2.2.1. Operating Modes of a Single-Phase Half-Bridge Inverter

To understand the operating principle, each switching cycle of the inductor current
is divided into eight distinct modes. These modes are determined by the direction of the
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inductor current and the conduction states of the associated switching devices, such as
MOSFETs and body diodes.

Mode 1

This operational mode is initiated when the high-side switch S1 is in the “on” state,
while the low-side switch S2 is in the “off” state. During this mode, the inductor current
increases linearly due to the presence of positive voltage across it. Accordingly,

L f A
diAL(t)

dt
=

Vdc
2

− VAN(t), (1)

where L f A stands for inductance of phase A filter inductor, Vdc is the dc-bus voltage and it
is supposed that Cin1 and Cin2 are sufficiently large to keep the mid-point of the DC link
constant, and VAN represents the voltage across the filter capacitor. Figure 2b illustrates
one switching cycle of the inductor current, taking the form of a triangle andhence referred
to as triangular-current mode. The shaded region in Figure 2b signifies the positive current
flow through switch S1. The plus sign (+) shows the presence of a positive inductor current.
In Figure 2a, the single-phase half-bridge inverter in phase A indicates that S1 is conducting
a positive current.

Figure 2. Switch (S1) is conducting a positive current. (a) Positive current direction in a single-phase
half-bridge inverter. (b) Highlighted switch current direction in the TCM of the filter inductor.

Mode 2

The high-side switch S1 turns off when the current across the switch reaches the
reference current value. At this moment, both switches are off and this period is known as
blanking time-I denoted by (tb1) as shown in Figure 3b. During this interval, the magnitude
of dv/dt remains nearly constant across both output capacitors. Subsequently, 1

2 IL is
directed to charge the output capacitance of the S1 switch to Vds1, while the other 1

2 IL
discharges the output capacitance of the S2 switch to zero voltage as shown in Figure 3a.

Figure 3. Blanking time-I. (a) Current directions during charging of C1 and discharging of C2 in a
single-phase half-bridge inverter. (b) Highlighted blanking time (tb1) in the TCM of the filter inductor.
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Mode 3

At the end of blanking time-I, the output capacitance of S2 is completely discharged,
resulting in a zero voltage across it. However, the voltage cannot be reduced further due to
the presence of the body diode D2. Hence, the body diode D2 initiates the conduction of a
positive current as highlighted in Figure 4.

Figure 4. Body diode (D2) is conducting a positive current. (a) Positive current direction in a single-
phase half-bridge inverter. (b) Highlighted diode current direction in the TCM of the filter inductor.

Mode 4

As the body diode D2 conducts, the voltage across the low-side switch S2 is zero.
Under ZVS condition, the S2 turns on, causing the inductor current, previously flowing
through the body diode D2, to be transferred to the channel of the S2 switch as shown in
Figure 5.

Figure 5. Switch (S2) is conducting a positive current. (a) Positive current direction in a single-phase
half-bridge inverter. (b) Highlighted switch current direction in the TCM of the filter inductor.

Accordingly, during this phase, as the voltage across the inductor is negative, the
inductor current undergoes a linear decrease.

L f A
diAL(t)

dt
= −Vdc

2
− vAN(t), (2)

where L f A stands for inductance of phase A filter inductor, Vdc is the dc-bus voltage, and
VAN represents the voltage across the filter capacitor.

Mode 5

This operational mode is triggered when the inductor current crosses zero and changes
direction. Subsequently, S2 begins to conduct a negative inductor current as illustrated in
Figure 6. The minus sign (−) shows the presence of a negative inductor current.



Energies 2024, 17, 1060 7 of 26

Figure 6. Switch (S2) is conducting a negative current. (a) Negative current direction in a single-phase
half-bridge inverter. (b) Highlighted switch current direction in the TCM of the filter inductor.

Mode 6

For the ZVS turn-off of S2, the snubber capacitor plays a role here. The higher the
snubber capacitance, the lower the overlap of Vds and Ids due to the increased charging time
required by the snubber capacitance. S2 turns off at ZVS. At this moment, both switches are
turned off. This is the blanking time-II denoted by (tb2) as illustrated in Figure 7. During
this period, the inductor current charges C2 to Vds2 and simultaneously discharges C1 to
zero voltage. The duration of this blanking interval is prolonged compared to blanking
time-I, attributed to the presence of a relatively small inductor current.

Figure 7. Blanking time-II. (a) Current directions during discharging of C1 and charging of C2 in a
single-phase half-bridge inverter. (b) Highlighted blanking time (tb2) in the TCM of the filter inductor.

Mode 7

Blanking time-II ends when C2 is charged to Cds2 and C1 is discharged to zero voltage.
Subsequently, the body diode D1 of S1 triggers the conduction of a negative inductor
current as shown in Figure 8.

Figure 8. Body diode (D1) is conducting a negative current. (a) Negative current direction in a single-
phase half-bridge inverter. (b) Highlighted diode current direction in the TCM of the filter inductor.
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Mode 8

The operation of D1 confirms the presence of zero voltage across S1, initiating ZVS
for turn-on. Consequently, S1 conducts a negative inductor current as depicted in Figure 9.
With the reversal of the inductor current direction, S1 transitions to conducting a positive
inductor current, marking the completion of one switching cycle.

Figure 9. Switch (S1) is conducting a negative current. (a) Negative current direction in a single-phase
half-bridge inverter. (b) Highlighted switch current direction in the TCM of the filter inductor.

3. Autonomous Gate Drivers (AGDs)

The novelty of this work lies in the design of AGDs capable of achieving ZVS both
at turn-on and turn-off of the switches with minimal time delay. The AGD generates the
turn-on and turn-off signals for the switch while effectively controlling the peak output
current at high speed.

3.1. Generation of Turn-on Signal

To achieve turn-on ZVS, the gate driver senses the drain-source voltage (Vds) across
the switch. The AGD generates the turn-on signal for the switch when the voltage across
it is slightly less than zero. This is accomplished using a high-speed comparator to check
Vds, triggering the turn-on signal when Vds < 0. Here, it should be noted that the turn-on
signal is under the control of the AGD. Therefore, duty cycle and frequency variations are
governed by the AGD.

3.2. Generation of Turn-off Signal

Turning off the switch requires sensing the current across it by the gate driver. The
AGD generates the turn-off signal when the switch current (Ids) exceeds the predefined
reference current (Ire f ). To achieve this, the switch current is sensed using a shunt resistor,
as depicted in Figure 10. The voltage across the shunt resistor represents the current
flow through the switch, and this voltage is amplified using a high-speed operational
amplifier. The reference current is converted into a reference voltage for comparison with
the amplified shunt voltage. A high-speed comparator is employed to compare the signals,
generating the turn-off signal when Ids > Ire f . Achieving ZVS during turn-off involves
utilizing the snubber capacitance.

3.3. Generation of Reference Current

The motor control system uses a PMSM and aims to regulate the motor speed. The
current control scheme is depicted in Figure 11. To achieve the required speed, the speed
error between the measured and reference speeds is determined. A speed controller
generates a reference torque (Tre f ) based on the speed error. The reference torque is then
converted into the quadrature component of the stator current (Isq) using a constant (k).
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Figure 10. Schematic diagram of AGDs.

Figure 11. Motor control scheme for generation of reference currents.

The inverse Park transformation converts the stator current components (Isq, Idq) back
to a stationary reference frame (Isα, Isβ). Subsequently, the inverse Clarke transformation
converts the currents (Isα, Isβ) from the stationary reference frame to the reference phase
currents (Ia, Ib, Ic). The reference current for each phase is then converted into a positive
reference current for the high-side switch and a negative reference current for the low-side
switch as shown in Figure 11.
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The control scheme with the proposed AGDs is equally applicable to induction motors
as well as to grid-connected inverters. This underscores the adaptability and relevance of
the proposed strategy across diverse scenarios. However, the focus of this study has been
on PMSM as it is relevant to electric vehicles.

4. Simulation Results and Discussion
4.1. Model Parameters

The inverter equipped with AGDs is designed to operate across various power levels,
whether it is 10 kW, 100 kW, or 1 MW. For this study, a 10 kW power-rated inverter has been
selected. The performance of the inverter is systematically assessed through simulations
using LTspice XVII software, with a specific focus on the full-load operational mode within
an electric vehicle drive system. Table 1 presents the electrical parameters of the proposed
inverter utilized in the LTspice simulations.

Table 1. Electrical parameters of the proposed inverter.

Parameters Values

SiC MOSFET C3M0016120K
On-state resistance (Rds(on)) 16 mΩ
Fundamental frequency ( fo) 50 Hz

Input voltage 500 Vdc
Power rating 10 kW

Modulation index (m) 0.9
Filter inductance 9 µH
Filter capacitance 80 µF

Snubber capacitance 2 nF
Phase voltage (peak) 225 V
Phase current (peak) 35 A

In the real-world scenario, a PMSM is used. However, for simulation purposes, it
has been substituted with an equivalent RL model, which is valid only under steady-state
conditions. This RL load is integrated into the simulation model to provide a specific
voltage. Table 2 outlines the electrical parameters of the PMSM, as employed in the
LTspice simulations.

Table 2. Electrical parameters of the PMSM.

Parameters Values

Power factor (cos ϕ) 0.9
Resistance (R) 5.63 Ω
Inductance (L) 8.83 mH

4.2. Operation of the Proposed AGD

The AGD senses the voltage across the switch. When the voltage is less than zero,
the high-speed comparator generates the turn-on signal for the switch as illustrated in
Figure 12a. The turn-on of the switch is under the control of the gate driver. Therefore, the
AGD determines when to turn on the switch.

For turn-off, the switch current must exceed the reference current value. The com-
parator compares the signals and generates a turn-off signal for the switch, as depicted in
Figure 12b. The turn-off of the switch is determined by the reference current.

The turn-on signal from voltage sensing and the turn-off signal from current sensing
are then sent to the RS latch. The RS latch generates the Vgs signal for the switch as shown
in Figure 12c.
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Figure 12. Operation of the proposed AGD. (a) Generation of turn-on signal. (b) Generation of
turn-off signal. (c) Generation of Vgs signal.

4.3. Impact of Inductor Current on Blanking Time

The AGD provides sufficient blanking time to both switches to prevent shoot-through.
However, there is a variable optimum blanking time for each interval due to the sinusoidal
line cycle. The AGD determines when to turn on the switch at ZVS.

The blanking time varies for different inductor current values. It is short for high
positive or negative currents as it rapidly charges/discharges the output capacitance across
the switch. Conversely, the blanking time is long for low positive or negative currents as it
takes more time for the inductor current to charge/discharge the output capacitance [45],
as depicted in Figure 13.

Figure 13. Adaptive blanking time for high-side (S1) and low-side (S2) switches. The dark blue
rectangle represents Vgs of the low-side switch (S2), while the light blue rectangle represents Vgs of
the high-side switch (S1). The red curve represents the filter inductor current.
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4.4. Reference Current and Inductor Current

To achieve the desired speed of the electric vehicle, the speed controller generates the
reference currents. The reference current defines the upper and lower boundaries of the
filter inductor current which enables ZVS with TCM/BCM [22,24] control. Depending on
the configuration of these current limit boundaries, three distinct modulations of inductor
current can be utilized to achieve ZVS operation: TCM/BCM with fixed reverse current,
TCM/BCM with variable reverse current, and TCM/BCM with fixed bandwidth [28]. The
proposed AGD can work efficiently with all three modes. For this study, the TCM with
fixed bandwidth is taken into consideration.

The reference current values play a crucial role in determining the ripple in the inductor
current. The peak-to-peak ripple of the inductor current consists of sinusoidal fundamental
and high-frequency components as shown in Figure 14a. The sinusoidal component as
phase current in Figure 14b primarily flows to the load, whereas the high-frequency part
(the triangular portion) is predominantly directed towards the capacitors [39].

Figure 14. Filter inductor current with (a) reference currents and (b) average output current.

The ripple in the inductor current is calculated as [19]:

ILpp = K < ILavg >, (3)

where ILpp is the peak-to-peak ripple current, K is a constant, and ILavg is the sinusoidal
fundamental component of current.

From Figure 14, it can be seen that the output current is 35 A for full load, operating at
a rated power of 10 kW with TCM fixed bandwidth. The required peak-to-peak current
ripple is 140 A based on (3).

4.5. Effect of Variation in Switching Frequency on LC Filter

The switching frequency fluctuates throughout the fundamental line cycle, depending
on the inductor current.

1. At the zero crossing point, the switching frequency is maximum [46].
2. At the peak of the fundamental line cycle, the switching frequency is minimum.

The variation in switching frequency at four different points in one fundamental line
cycle is illustrated in Figure 15.

The different values of switching frequency are mentioned in Table 3.

Table 3. Variation in switching frequency with fundamental line cycle.

Time (ms) Switching Frequency (kHz )

20 95
25 26
30 100
35 38
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Figure 15. Variations in switching frequency based on filter inductor current (red) and impact of filter
inductor current on capacitor voltage ripples (dark blue) in one line cycle from 20 ms to 40 ms at
(a) 20 ms, (b) 25 ms, (c) 30 ms, (d) 35 ms.

4.5.1. Ripple in Inductor Current

The amplitude of the inductor ripple current is determined by the reference current of
the AGD. The inductance of the inductor is calculated by the maximum peak-peak ripple
in the inductor current at minimum and maximum switching frequencies.

4.5.2. Ripple in Filter Voltage

The filter capacitor is chosen in such a way that the average voltage ripple on the
capacitor is less than 5% of the output voltage. The ripple in the capacitor voltage is due
to the high-frequency components of the inductor current flowing to the capacitor. The
ripples in the capacitor voltage are calculated for four different points in one line cycle such
as two points at zero crossings (20 ms and 30 ms), one at a positive peak (25 ms), and one
at a negative peak (35 ms), as shown in Figure 15.

• The minimum voltage ripple is at a high switching frequency which is at the zero
crossings. The reason for this is the short time available to charge/discharge the
capacitor by the inductor current.

• The maximum voltage ripple is at low switching and it is less than the desired volt-
age ripple.

4.6. LC Filter Power Losses

In high-power inverters, the most commonly used filtering configuration is the second-
order LC filter. According to this topology, both the inductor and capacitor contribute to
losses. However, in general, the losses attributed to the inductor are relatively larger than
those incurred by the capacitor.
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4.6.1. Filter Inductor Power Losses

The inductor losses can be divided into two parts: copper loss (winding loss) and iron
loss (core loss).

• The copper loss arises from the resistance of the winding and is determined as follows:

Pcu = Rac × I2
L(rms), (4)

where Rac represents the AC resistance and IL(rms) denotes the root mean square (rms)
value of the inductor current.

• Iron loss, resulting from fluctuations in the magnetic field within the core, is divided
into hysteresis loss and eddy current loss. Both hysteresis and eddy current losses
are present, complicating accurate calculations. The hysteresis loop changes over the
fundamental cycle of current, while eddy currents vary accordingly. Moreover, eddy
currents are partly dependent on hysteresis, further complicating the calculation of
iron losses. Therefore, for precise estimation of losses, it is preferable to measure them
at various operating conditions and construct a model based on these measurements.

4.6.2. Filter Capacitor Power Losses

Power losses in filter capacitors primarily stem from two sources: resistive losses due
to the equivalent series resistance (ESR) and dielectric losses. These losses are influenced
by factors such as the frequency of operation, voltage ripple, and the technology employed
in the capacitor.

• Resistive losses: These losses occur as a result of the internal resistance of the capacitor.
When current flows through the capacitor, it encounters resistance, leading to power
dissipation in the form of heat. The formula to calculate power dissipation due to
ESR is:

Pesr = ESR × I2
L(rms), (5)

where Pesr is the power dissipated due to ESR, and IL(rms) is the root mean square
inductor current flowing through the capacitor.

• Dielectric losses: These losses occur due to the imperfect insulation properties of the
dielectric material within the capacitor.

4.7. Power Losses in Inverter

Switching and conduction losses significantly contribute to determining the efficiency
of a three-phase inverter, particularly in applications like motor drives.

4.7.1. Switching Losses

Switching losses in a MOSFET occur due to the overlap of the voltage Vds across the
device and the current Ids passing through it during the turn-on and turn-off [47].

The expression for switching loss is given by the formula:

Psw = fsw × (Eon + Eoff )× 6, (6)

where Eon and Eo f f represent the turn-on and turn-off energies of SiC MOSFET.

1. Turn-On Switching Losses
In the proposed inverter, the turn-on switching losses are almost negligible due to the
ZVS turn-on. Figure 16 illustrates that when the voltage across the switch is less than
zero, the high-speed comparator of AGD detects it. After a delay of 4 nanoseconds,
the AGD turns on the switch at zero voltage. Following the ZVS turn-on, the current
starts flowing through the channel of the MOSFET.

2. Turn-Off Switching Losses

Achieving turn-off ZVS can be accomplished by placing an appropriate snubber
capacitance across the switch. However, there is no single snubber capacitance value that
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can consistently achieve ZVS turn-off due to the variations in the line current. Consequently,
there are instances when turn-off switching losses are high.

A 10 kW power-rated inverter is examined in LTspice to calculate power losses. The
power loss of the proposed inverter at a 10 kW power rating under steady-state conditions
is determined to be 102 W, as calculated by LTspice software. Subsequently, a breakdown
of the power loss (102 W) into switching and conduction losses is conducted.

Figure 16. Turn-on ZVS analysis.

To calculate the turn-on and turn-off switching losses after implementing the ZVS
approach through the proposed AGDs, the one-line cycle (50 Hz, 20 ms) is subdivided into
10 points. All points are equally distributed throughout the entire cycle with a gap of 2 ms
to obtain the best estimation of energy losses during each switching current as shown in
Figure 17. These switching energies are calculated by LTspice simulation software.

Notably in Figure 17, the absence of high current peaks during switch turn-on and
turn-off stages signifies a soft switching operation. Any oscillations observed while the
switch is conducting are attributed to the turn-on of other switches in the remaining two
legs, spaced at 120 and 240 degrees.

To better understand the behavior of switching energies, correlation-regression analy-
sis was carried out for both turn-on and turn-off switching energies, as shown in Figure 18.

The correlation regression analysis shows that the turn-on energies do not depend on
the amount of switch current due to the ZVS turn-on as illustrated in Figure 18a. However,
the turn-off energies exhibit sinusoidal variation with the current as shown in Figure 18b.
When the switch current is high in the positive cycle, the turn-off losses gradually increase
with the switch current. At 25 ms, the switch current is maximum, resulting in higher
turn-off energies. The same pattern is repeated for the negative cycle. However, the turn-off
energies are comparatively lower in the negative half cycle due to the smaller amount of
switch current.

After calculating the turn-off energies at 10 different points of one cycle, the average
turn-off energy is taken into account, which is equal to 74 µJ, whereas turn-on energy is
equal to 1 µJ.

• The average switching energy for one switch is 75 µJ.
• The average switching frequency for one line cycle = 64 kHz

The total switching losses in one line cycle can be calculated by (6) and it is equal to
29 W for 6 switches.
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Figure 17. Turn-off switching losses for one line cycle (50 Hz, 20 ms): (a) 20 ms, (b) 22 ms, (c) 24 ms,
(d) 26 ms, (e) 28 ms, (f) 30 ms, (g) 32 ms, (h) 34 ms, (i) 36 ms, (j) 38 ms.

Figure 18. Estimation of switching energies for one line cycle (50 Hz, 20 ms) with equally distributed
10 points. (a) Turn-on switching energy. (b) Turn-off switching energy.

4.7.2. Conduction Losses

To attain ZVS during turn-on, a bidirectional inductor current is utilized. However, the
inherent high ripples in the inductor current lead to elevated conduction losses, quantified
by the formula:

Pcd = 3 × (Irms)
2 × RDS(on), (7)

where Pcd represents the conduction power loss, and RDS(on) depicts the on-state drain-
source resistance of the SiC MOSFET channel. The value of switch current (Irms) has been
calculated by LTspice software and is equal to 40 A. The total conduction losses in the proposed
inverter are calculated by (7), and it is equal to 77 W for a 10 kW power-rated inverter.
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4.7.3. Total Inverter Power Losses

The total power losses in the inverter calculated by LTspice are 102 W. The total power
losses, manually calculated by individually determining the switching and conduction
losses, amount to 106 W. The total power losses (switching and conduction losses) in the
inverter are mentioned in Figure 19. The losses in the LC filter are not included in the power
loss breakdown as the filter components were assumed to be lossless in the simulation
model. However, in reality, losses in the filter inductor might be greater than the total losses
in the inverter.

Figure 19. Inverter power losses breakdown.

In Figure 19, it can be seen that switching losses account for 27% of the total losses,
nearly equivalent to one-fourth of the total. However, conduction losses have increased
significantly due to the high ripple in the inductor current.

4.8. Sinusoidal Output Waveforms

One of the aims of this research work is to design ideal operating conditions for electric
motor life. Sinusoidal output waveforms will preserve the motor windings and bearings,
thereby enhancing the lifespan of the electric motor. With this goal in mind, the proposed
inverter output waveforms are taken into consideration, as shown in Figure 20.

Figure 20. Sinusoidal output waveforms of phase currents, phase voltages, and line voltages.
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The observed current and voltage waveforms display sinusoidal characteristics. After
observing these waveforms, the next step is to evaluate their quality. This is performed
by analyzing their harmonic content. Harmonic spectra provide crucial insights into the
presence and amplitudes of harmonic frequencies within the waveform. These harmonics,
which are multiples of the fundamental frequency (typically the main frequency such as
50 Hz), can significantly impact the waveform’s characteristics.

To thoroughly assess the quality of the sinusoidal output waveforms, the harmonic
spectra of both the phase current (Ian) and the line voltage (Vab) are depicted in Figure 21.

Figure 21. Harmonic spectrum: (a) phase current (Ian) and (b) line voltage (Vab).

In Figure 21a, the harmonic spectrum of the phase current shows minimized harmonic
amplitudes, indicating a favorable waveform.

The harmonics in line voltage depend on the chosen filter capacitance value. A higher
capacitance value results in lower harmonic components. However, choosing too high
of a capacitance value should be avoided because it will increase the volume of the filter
components in the inverter. Therefore, there is a trade-off between volume and harmonic
content in the line voltage. The harmonic components have a significantly lower magnitude
in the harmonic spectrum of the line voltage, as shown in Figure 21b. The harmonic
spectrum up to the 200th harmonics is considered for ease of analysis. The amplitude of
the harmonics is thousands of times smaller than the fundamental component of the line
voltage. To further reduce the harmonic content, increasing the filter capacitance value
is necessary.

To gain a comprehensive understanding of the impact of harmonic components on
the sinusoidal waveforms, Total Harmonic Distortion (THD) values were calculated using
LTspice software.

• For phase current (Ian), the THD is 0.3%.
• For line voltage (Vab), the THD is 0.5%.

For a capacitance value of 80 µF, the THD of the line voltage is 0.5%, which is much
lower compared to the line voltage of a hard-switched three-phase inverter.
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These findings indicate a significant reduction in harmonic distortions, which is
essential for preserving system efficiency and reliability.

4.9. Adaptive Control Features of Proposed AGDs

The AGD system demonstrates remarkable adaptability to varying conditions. By ad-
justing the reference current, the inductor ripples vary accordingly, as depicted in Figure 22.
The output current is directly influenced by the inductor current ripple, where a higher
ripple leads to higher average output currents, and vice versa, as shown in Figure 23.
Robustness testing with four different reference currents confirms the AGD’s reliability.
The adaptability of the proposed AGD is particularly advantageous in EVs, where low
reference currents result in reduced inductor current ripple.

Figure 22. Variation in filter inductor current ripples due to changes in reference currents: (a) 140 A,
(b) 124 A, (c) 104 A, (d) 80 A.

Figure 23. Variation in phase current (average inductor current) due to changes in reference currents:
(a) 35 A, (b) 31 A, (c) 26 A, (d) 20 A.



Energies 2024, 17, 1060 20 of 26

The phase voltages for four different reference currents are given in Figure 24.

Figure 24. Variation in phase voltages due to changes in reference currents: (a) 225 V, (b) 200 V,
(c) 170 V, (d) 134 V.

4.10. Efficiency

To compute the efficiency of the inverter, LTspice software is employed to calculate
both input and output powers. The input power of a three-phase inverter is derived as

Pin(avg) = Vd · Id(avg). (8)

Here, Vd is assumed to be constant, and Id(avg) represents the average value of the
dc-link current.

The output power of a three-phase inverter is given by

Pout(avg) =
1
T

[∫
Va(t)Ia(t) dt +

∫
Vb(t)Ib(t) dt +

∫
Vc(t)Ic(t) dt

]
. (9)

where Va, Vb, and Vc are the phase voltages of the load and Ia, Ib, and Ic are the phase
currents of the load.

The efficiency (η) of the inverter at steady-state conditions is calculated by

η =
Pout(avg)

Pin(avg)
× 100. (10)

The power losses and efficiency for four different cases are mentioned in Table 4.

Table 4. Effect of variation in reference current on input power (Pin), output power (Pout), power loss
(Ploss), and efficiency (η).

Phase Current (A) Pin (W) Pout (W) Ploss (W) Efficiency

35 10,287 10,185 102 99.00%
31 8451 8375 76 99.10%
26 5838 5790 48 99.17%
20 3690 3660 30 99.20%

The efficiency plot over a wide range of the load power is presented in Figure 25.
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Figure 25. Variation in efficiency with changes in load power.

It can be concluded from the variation of reference currents that:

• By decreasing the reference value for the inductor current, the average value of the
phase current decreases.

• The efficiency increases with a low reference value. This is due to a reduction in
conduction losses as the filter inductor ripple is small now. There is a probability of
reduction in turn-off losses as the current ripple is small and there is less overlapping
of voltage and current at turn-off.

Experimental results have shown that a hard-switched three-phase inverter may
achieve an efficiency exceeding 99.5% [48]. Moreover, there is promising potential for the
proposed soft-switching inverter to achieve efficiency surpassing 99% in the experimental
setup. However, this relies on a well-designed filter inductor, a topic that is not within the
scope of this paper.

4.11. EMI Mitigation

The proposed inverter offers a substantial reduction in both conductive and radi-
ated EMI compared to a conventional two-level three-phase inverter, which represents a
significant advantage.

Upon analyzing the output voltage and current waveforms, it is evident that con-
ductive EMI is virtually absent due to the sinusoidal nature of these quantities. While
the fundamental component remains the primary source of EMI, its magnitude is notably
diminished compared to a standard two-level converter, owing to the negligible presence
of harmonic components.

Similarly, radiated EMI is minimized, primarily originating from the fundamental
component. Despite its unavoidable nature, the magnitude of radiated EMI is signifi-
cantly reduced.

4.12. Hardware Design Recommendations
4.12.1. New Capacitor Technology: Enhanced Inverter Performance

The inverter with proposed AGDs emerges as a competitive technology for electric
vehicles. If realized with new ceramic capacitor technologies [49], it might also be feasible
to operate at comparably high temperatures. This facilitates the removal of the cooling
system, allowing the inverter to be placed almost anywhere in the vehicle, preferably
attached to the chassis. This will increase the power density of the inverter as well.
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4.12.2. Impact of Increased Die Area on SiC MOSFET Performance and Losses

Increasing the die area of SiC MOSFETs leads to a rise in input and output capacitances,
impacting turn-on, turn-off switching losses, and conduction losses. The effects can be
broken down into several key points:

1. Input Capacitance Increase: By increasing the input capacitance, the turn-on losses will
increase for hard-switched converters. This is due to the large oscillations produced
by the LC loop involving the die input capacitance and inductance of the circuit. These
oscillations will increase the EMI issues. To dampen these LC oscillations, the gate
resistance needs to be increased. However, it will reduce the switching speed of the
converter and increase the turn-on switching losses. But for soft-switched converters,
this enhanced input capacitance will not affect the turn-on switching losses as the
switch turns on at ZVS.

2. Output Capacitance Increase: By increasing the output capacitance, the turn-off losses
will be reduced due to the less overlapping of Vds and Ids. Then there will be no need
to use the external snubber capacitance as the elevated output capacitance will serve
as snubber capacitance.

3. Die Area Increase: By increasing the die area, the resistance of the channel decreases
and it will reduce the conduction losses. Another way to reduce the conduction losses
is to use multiple parallel-connected MOSFETs that will reduce the Rds(on).

Figure 26 illustrates that increasing the die area of the MOSFET results in a dramatic
reduction in conduction losses. However, in the case of a hard-switched converter, switch-
ing losses gradually increase. Conversely, for the proposed inverter, both conduction and
switching losses decrease with increasing die area.

Figure 26. Impact of die area on conduction losses (red dash curve) and switching losses (black
dash-dotted curve) for the hard-switched converter.

In summary, SiC MOSFETs with larger chip areas notably reduce conduction and turn-
off losses. However, the impact on turn-on losses is negligible due to the ZVS technique.
Another advantage of a larger die size is the enhancement of the cooling area, contributing
to more effective thermal management.

4.12.3. Filter Inductor Design

In ZVS three-phase inverters, ferrite and Kool Mu cores are vital for filter inductor design:

• Ferrite cores [50] (with litz and/or foil windings) suppress EMI and maintain high-
frequency operation, ensuring clean power output.

• Kool Mu cores [51] offer efficient energy storage with minimal losses, optimizing
power conversion efficiency. Both cores enhance inverter performance and reliability.
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4.12.4. Mitigating EMI in EVs: Shielding Considerations

Shielding is essential from the output of the inverter to the input of the filter to mitigate
radiated EMI caused by large current ripples and voltage slopes. Employing a metallic
screen is necessary to contain these ripples effectively. Furthermore, connections to filter
inductors and capacitors must be shielded to prevent both currents and voltages from
emitting EMI in the electric vehicle.

5. Conclusions

This research investigates the design and implementation of AGDs for TCM-based
ZVS two-level three-phase inverters tailored specifically for EV drive systems. Utilizing LT-
spice simulation software, a thorough evaluation of a 10 kW power-rated inverter equipped
with the proposed AGDs was conducted. The results demonstrate a consistent achievement
of turn-on ZVS throughout the line cycle, with turn-off ZVS dependent on the snubber
capacitance value. Notably, the inverter exhibited remarkable efficiency, exceeding 99%,
making it highly suitable for EV applications. The observed sinusoidal output current
and voltage waveforms, coupled with minimal harmonic distortions evidenced by low
THD values, highlight the inverter’s effectiveness. Furthermore, the significant reduction
in both conductive and radiated EMI compared to conventional inverters, attributed to
the sinusoidal output waveforms, represents a notable advancement in EV drive system
efficiency and reliability. This research represents a significant step forward in advanc-
ing sustainable transportation through the development of efficient and dependable EV
propulsion technologies.

6. Future Work

Future research involves injecting the third-harmonic (zero-sequence) components into
the three current references to enhance the modulation index of the inverter, consequently
increasing the voltages at the filter capacitors. Given the significant losses associated with
the filter inductor in this proposed design, comprehensive optimization of the ferrite core,
incorporating techniques such as litz winding or foil winding, and the utilization of Kool
Mu powder, will be conducted. Currently, the hardware design of the AGDs is in progress.
The initial focus will be on validating the intended operation of the proposed AGDs within
the experimental setup of the inverter. Upon successful validation, the inverter will undergo
a series of comprehensive tests, which will include assessments against EMI standards as
mandated by electric car manufacturing companies.
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Abbreviations
The following abbreviations are used in this manuscript:

AGDs autonomous gate drivers
BCM boundary conduction mode
Cds drain-source capacitance
CM common mode
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CCM continuous conduction mode
CRM critical conduction mode
DCM discontinuous conduction mode
EMI electromagnetic interference
ESR equivalent series resistance
EVs electric vehicles
IGBTs insulated-gate bipolar transistors
MOSFETs metal-oxide semiconductor field-effect transistors
PMSM Permanent Magnet Synchronous Motor
SiC silicon carbide
SSW soft switching
TCM triangular-current mode
THD total harmonic distortion
Vds drain-source voltage
Vgs gate-source voltage
ZCS zero-current switching
ZVS zero-voltage switching
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