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Abstract

Switching power converters are used for voltage-level conversions in various applica-

tions. With progress in device technology, the wide bandgap devices offer smaller

parasitic capacitances and lower switching energy values. Efforts are being made to

use higher frequencies to realize more power-dense converters with smaller volume of

the passive components. The maximum switching frequency is limited by the ability

of the switching devices to dissipate their losses. This thesis presents a framework

for the design and modeling of efficient high-frequency high-energy density DC/DC

converters using soft-switching techniques with wide bandgap devices. Various online

switching loss estimation methods are discussed demonstrating improved accuracies,

enabling a better cooling system design. A comparison is made between various soft-

switching methods and the use of turn-off snubbers to reduce the switching losses. A

linear soft-switching method is proposed and validated for both SiC and GaN devices.

A simplified analytical model is presented which predicts the actual turn-off losses

very accurately. This method is found to enable buck converter operation at 1 MHz

switching frequency and 1 kW output power with switch losses smaller by nearly

five times from a hard-switched system using GaN devices. These losses are further

reduced with the use of SiC schottky diodes, with future scope to achieve higher effi-

ciency using custom inductors designed for high frequency and current ripple values.
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Chapter 1

Introduction

1.1 Power Electronic Converters

Power electronic converters are used to match the properties of the electrical source

with the load. These converters may be categorized based on various parameters.

Depending on the nature of the source and the load, there exist DC-DC, AC-DC

and DC-AC converters. Various applications may need electrical isolation between

the source and the load, or between the different outputs [1], giving rise to isolated

and non-isolated converters. There also exist other topologies derived from the basic

topologies, as listed in Fig. 1.1 [2–4].

For the case of DC-DC converters, linear regulators were initially developed which

vary the impedance of a pass transistor to regulate to a constant output voltage [3]. A

basic circuit for a linear regulator using a bipolar junction transistor (BJT) is shown

in Fig. 1.2 [5].

Linear regulators can only generate a smaller output voltage from a higher input

voltage. The voltage differential between the input and output terminals is placed

1
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DC/DC Converter Topologies

Basic DC/DC Converter Topologies:

  Buck Converter
  Boost Converter

Derived DC/DC Converter Topologies:

  Unidirectional Buck-Boost Converter
  Cuk Converter
  Full-Bridge Converter
  Bidirectional Buck-Boost Converter
  H-Bridge Bidirectional Buck-Boost Converter

Isolated DC/DC Converter Topologies:

  Flyback Converter
  Forward Converter
  Push-Pull Converter
  Half-Bridge Converter
  Full-Bridge Converter

Figure 1.1: DC/DC Converter Topologies

across the pass transistor Q1. The power loss in a device is equal to the product of its

voltage and the current through it [3,6]. Since the input and output current is equal

in a linear regulator, its efficiency is independent of the current, and is given by:

η =
Vout
Vin

(1.1)

where Vin and Vout are the input and output voltage, respectively. It is due to this

reason that a linear regulator exhibits a very low conversion efficiency and needs a

large heat sink to dissipate its losses. It is generally preferred for use in low noise

applications or in cases with small output current Iout.

In pursuit of the design of high efficiency converters, switching power converters

were designed which used a BJT or an insulated gate bipolar transistor (IGBT) as a

2
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Feedback
Reference
Comparator

Rb

RF1

RF2

Q1

Q2Vin Vout

Figure 1.2: Linear Regulator

switch in the saturation and cut-off regions [2,3,7]. An IGBT offers benefits of a high

impedance input at its gate terminal with minimal gate drive current requirements.

A buck converter is one of the simplest switching DC-DC converters, shown in Fig.

1.3.

A buck converter is a non-isolated DC-DC converter used to obtain a smaller

Vout from a higher Vin. These converters enabled power densities of the order of

1.2 kW/L [3]. The switching frequencies with BJTs and IGBTs were limited to

a few kilohertz (kHz). This is because of their slow recovery from saturation re-

gion and losses due to the presence of a tail current [8]. The advent of Silicon (Si)

Feedback
Comparator
& Amplifier

RF1

RF2

Q1

Vin VoutD

L

Figure 1.3: Buck Converter Topology
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Metal-Oxide-Semiconductor-Field-Effect-Transistors (MOSFETs) enabled operation

at higher switching frequencies (Fsw) of the order of few tens of kHz due to their faster

switching characteristics [9]. Moreover, MOSFETs being voltage controlled devices

exhibiting an ideally infinite input impedance at their gate terminal imposed minimal

gate drive requirements [10, 11].

1.2 Losses in Power Converters

There are two types of losses in the switches in a power converter - conduction losses

and switching losses. Conduction losses result from the current through the device

and the voltage across it in the on-state condition. The switching losses occur due to

the overlap of the device terminal voltage and current during transition between the

on/off operating conditions [2, 3, 12].

Fig. 1.4(a) depicts a scenario where both voltage and current transition begin

at the same time, while Fig. 1.4(b) shows the worst-case scenario when the device

voltage stays at its peak value during current transition from zero to its maximum

value at the time of turn-on, and vice versa during turn-off in a power converter [3]. A

real-world application exhibits a switching behavior in between these two conditions.

MOSFET power loss estimation is critical for the estimation of efficiency, thermal

management and cooling system design. With advancements towards use of higher

switching frequencies for power dense designs [13], the switching losses begin to dom-

inate the conduction losses in MOSFETs. While conduction losses are relatively

easier to calculate, switching energies may not be provided at all operating points

in MOSFET datasheets. Switching losses in a device are a result of overlap of volt-

age (VDS) across the device and current (IDS) through the device during a switching

4
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Image Source : Switching Power Supply Design, by Abraham I. Pressman

Figure 1.4: Switching Waveforms

transition [7, 12, 14].

1.2.1 Switching Loss Estimation

There exist a variety of methods for estimation of switching losses. The physical

models use finite-element simulations and report best results, but could take a few

days to run [15]. The behavioral models use circuit simulation softwares, such as

SPICE, are faster than physical models, but exhibit long run times due to small time

step. On the other hand, MOSFET switching losses can be calculated easily using

analytical models, which are mathematical models based on equivalent circuits, and

use values from the product datasheets. In order to estimate switching energies, it

5
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is required to calculate rise-time and fall-time for both VDS and IDS. While on one

hand, current rise-time (tri) and fall-time (tfi) are relatively easier to calculate using

MOSFET input capacitance (Ciss) [16], on the other hand, computation of voltage

rise-time (tru) and fall-time (tfu) uses reverse transfer capacitance (Crss), which varies

significantly as VDS reduces from its maximum (VDS,max) to its minimum (VDS(on))

value during turn-on, and vice-versa during turn-off [17, 18]. This thesis discusses

various methods for arriving at an approximate value for Crss, including a method

for the estimation of switching transition times and switching energies for Silicon-

Carbide (SiC) MOSFETs with varying miller plateau voltage [19]. Fig. 1.5 shows the

characteristic non-flat miller plateau region as seen in CAS300M12BM2 from Cree

Inc. [20].

Image Source : CAS300M12BM2 Datasheet
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Figure 1.5: Varying Miller Plateau Voltage

Soft-switching techniques are discussed in [21, 22] used to reduce the switching

losses in a power converter. These methods turn-on/off the device when either of

the voltage or current are at a very small value. This reduces the degree of the volt-

age/current overlap and the magnitude of the switching energy. The soft-switching

techniques overcome the challenges of resonant converters with their large circulating

6
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energy and the associated conduction losses. There exist a variety of soft-switching

techniques, discussed below.

1.3 Soft-Switching Methods

The soft-switching techniques could be divided into two main categories based on the

parameter being minimized at the switching instant: voltage or current [21–24].

1.3.1 Zero-Voltage Switching (ZVS)

This method minimizes the voltage across a switching device during a switching

instant. ZVS quasi-square-wave-converters (QSC) include a resonant inductor to

discharge the device’s junction capacitance, as shown in Fig. 1.6(a). This method is

used in the control of the flyback switcher UCC28700 from Texas Instruments. While

on one hand, this method results in minimum voltage stresses on both the switches in

the half-bridge in a power converter, on the other hand, it results in high transistor

peak currents increasing conduction losses by nearly 40%.

Another technique used in ZVS-PWM converters includes an auxiliary switch

across the resonant inductor, as shown in Fig. 1.6(b). This switch creates a free-

wheeling stage within the previous quasi-resonant operation. This method suffers

from the disadvantages of high voltage stress on the power switch and the rectifier

diode not being operated in favorable switching condition.

While the above techniques use a series resonant inductor for ZVS operation

with its associated conduction losses, another method used in zero-voltage-transition

(ZVT) PWM converters includes a shunt resonant network across the power switch,

7



M.A.Sc. Thesis - Bharat Agrawal McMaster - Electrical Engineering

Image Source : G. Hua, F.C. Lee, "Soft-Switching techniques in PWM Co-
nverters", IEEE Transations on Industrial Electronics, Vol. 42, No. 6, 1995.

(a) QSC Converter (b) ZVS-PWM Converter

(c) ZVT-PWM Converter (d) ZCS-PWM Converter

Figure 1.6: Soft-Switching Methods

shown in Fig. 1.6(c). This technique requires use of a greater number of additional

components and involves hard-switching in the auxiliary switch.

1.3.2 Zero-Current Switching (ZCS)

These techniques were developed to minimize the losses in converters using IGBTs

with their tail current [8]. Fig. 1.6(d) shows the schematic of a ZCS-PWM converter.

While this method implements ZCS for the power transistor and ZVS for the rectifier

diode, it results in high voltage stress on the rectifier diode with large parasitic ringing

with the power switch. It is also sensitive to line voltage and load change. Another

method used in zero-current-transition (ZCT) PWM converters includes a resonant

branch active for a short switching-transition time to reduce the losses in the main

switch. This method also suffers from its drawback of hard-switched operation of the

8
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rectifier diode and its associated losses, requiring use of a fast-recovery diode.

Apart from these soft-switching techniques, the emerging wide bandgap (WBG)

devices offer lower switching energy values than the conventional Si-devices. This is

due to their small die size and parasitic capacitances [25,26]. These devices extend the

operating range of switching frequencies to a few hundred kHz. This thesis discusses

the use of a linear soft-switching method to extend the switching frequency range of

power converters with WBG devices to MHz range, while remaining within the device

power dissipation limits and a given cooling system design [27]. In this method, the

turn-on losses are replaced with smaller turn-off losses [28–30]. These turn-off losses

are further reduced with the use of additional capacitors between the MOSFET drain-

source terminals.

1.4 Thesis Outline

This thesis develops a framework for the design of efficient high-frequency high energy

density power converters. The report begins with a discussion of the online switching

loss estimation methods, include a novel approach for an improved estimation of the

switching losses in power converters using SiC devices with non-flat miller plateau

region in Chapter 2. The linear soft-switching method is introduced and the reduction

in the turn-off losses with the use of additional capacitors is demonstrated in Chapter

3. The transition time estimation relations for MOSFET current and the analytical

model for the estimation of the turn-off losses are used to realize a buck converter

with Gallium-Nitride (GaN) devices operating at 1 MHz and 1 kW output power in

Chapter 4. Finally, the results are summarized in Chapter 5 including a discussion

of the scope of future work.

9



Chapter 2

MOSFET Switching Behavior and

Loss Estimation Strategies for

Wide Bandgap Devices

MOSFET power loss estimation is critical for the estimation of efficiency, thermal

management and cooling system design. There exist a variety of methods for the

estimation of switching losses. In order to estimate the switching energies using an-

alytical models, it is required to calculate rise-time and fall-time for both VDS and

IDS. While on one hand, current rise-time tri and fall-time tfi are relatively easier

to calculate using MOSFET input capacitance Ciss [16], on the other hand, com-

putation of voltage rise-time tru and fall-time tfu uses reverse transfer capacitance

Crss, which varies significantly as VDS reduces from its maximum VDS,max to its min-

imum value VDS(on) during turn-on, and vice-versa during turn-off [17]. An existing

method estimates tru and tfu using an approximate value for Crss, which does not

10



M.A.Sc. Thesis - Bharat Agrawal McMaster - Electrical Engineering

represent the reverse transfer capacitance well in the whole transition interval, intro-

ducing large errors. Another method divides the transition intervals into very small

sub-intervals, assumes Crss remains constant in each of these intervals, and calculates

transition times for each of these periods [18]. These values are later added together

to determine the total rise- and fall-time as VDS varies between its initial and final

values.

A characteristic feature of few SiC MOSFETs is their non-flat miller plateau

voltage Vp, shown in Fig. 1.5 for CAS300M12BM2 from Cree Inc. [20, 31]. During

tfu, when VDS is dropping towards VDS(on), almost all of the gate current flows through

Crss, but the gate-source voltage VGS also increases slightly for a few SiC devices. This

makes it difficult to determine a unique Vp value to calculate switching transition times

and switching losses using the existing methods. This thesis introduces a method for

the estimation of tru and tfu for SiC MOSFETs with varying miller plateau voltage.

These values are then used to compute the switching energies during turn-on (Eon)

and turn-off (Eoff ). Simulation and experimental results are presented later in this

chapter for the calculation of the transition times and the switching losses for SiC

devices using this method.

2.1 WBG Device Switching Characteristics

A few of the SiC MOSFETs differ in switching behavior from Silicon (Si) MOSFETS.

Switching behavior for Si-FETs are described in [18, 32] and shown in Fig. 2.1(a)

and Fig. 2.1(b). Fig. 2.1(a) shows the ideal switching waveforms for Si devices

at the time of turn-on. When a gate drive voltage Vdrive is applied, Vgs rises from

zero to its threshold value Vth, with no conduction during this period. At this level,

11
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VDS

Vgs

Vth

Vp

Vgs
IDS

VDS

tri tfu t(s)

IDS

VDS(on)

Vgs

tri tfu t(s)

IDS

Vth

Vp2
Vp1

VDS,max

Vth

Vp

VDS

Vgs

tfitru t(s)

IDS

(a) Si FET turn-on (b) Si FET turn-off

(c) SiC FET turn-on (d) SiC FET turn-off

VDS,max

VgsVth

Vp2
Vp1

tfitru t(s)

IDS

VDS(on)

Vgs
IDS

VDS

Vgs
IDS

VDS

Vgs
IDS

VDS

Figure 2.1: MOSFET Switching characteristics

the drain current begins to rise to the specification IDS during tri, till Vgs reaches

Vp. The gate voltage now remains constant at Vp, while VDS reduces from VDS,max

to switch-on value, VDS,on, during tfu. VDS,on is the product of MOSFET on-state

resistance, Rds(on) and IDS. Next, the gate voltage increases further to gate driver

supply level, fully saturating the MOSFET. At the time of turn-off, as shown in

Fig. 2.1(b), VDS first increases from VDS(on) to VDS,max during tru, while gate-source

voltage is at Vp, followed by reduction in IDS to zero during tfi, as Vgs reduces to Vth

and zero, later. A similar behavior is observed in GaN MOSFETs. The switching

behavior is different for a few of the SiC MOSFETs, such as CAS300M12BM2 from

Cree Inc. As shown in Fig. 2.1(c) and Fig. 2.1(d), SiC MOSFETs exhibit a non-flat

gate-plateau voltage region, with Vgs increasing from Vp1 to Vp2, while VDS reduces
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VDS

Cgd

Cgs

Rg

Vdrive

Vgd

Vgs

S

D

G
Igate

Figure 2.2: MOSFET gate charging and discharging equivalent circuit

to VDS(on) during turn-on, and vice-versa during turn-off, which makes it difficult to

calculate switching losses, as given in [33].

Considering the MOSFET equivalent circuit of Fig. 2.2 [18], Eqs. 2.1 and 2.2 rep-

resent the gate current (Igate). Since a MOSFET is a voltage controlled device [11],

and offers very high input impedance, drive current from the gate driver through the

gate resistance Rg flows through gate-source and gate-drain parasitic capacitances,

Cgs and Cgd respectively, to charge and discharge them at turn-on and turn-off, re-

spectively. Eliminating Igate in Eqs. 2.1 and 2.2, along with Eqs. 2.3, 2.4 and 2.5,

leads to Eq. 2.6, which is one of the equations used to estimate current and voltage

transition times during device turn-on and turn-off [34].

Igate =
Vdrive − Vgs

Rg

(2.1)

Igate = Cgs
dVgs
dt

+ Cgd
dVgd
dt

(2.2)

but,

Vgd = Vgs − VDS (2.3)

13
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and,

Ciss = Cgs + Cgd (2.4)

Crss = Cgd (2.5)

Vdrive − Vgs
Rg

= Ciss
dVgs
dt
− Crss

dVDS

dt
(2.6)

Eq. 2.6 is solved for each of the transition intervals to calculate the VDS and IDS

rise- and fall-times.

2.2 Switching Transition-Time Estimation

Depending on the switching characteristics of the MOSFETs, different methods are

used to calculate the VDS and IDS transition times. The existing methods for Si- and

GaN devices assume the time differential of Vgs as zero during VDS transition and a

relatively straightforward calculation for IDS transition time independent of Crss [18].

A proposed method accounts for the change in Vgs during VDS transition [19]. These

methods differ in their approximation of Crss values for computation of the VDS

transition times for the case of constant Vgs in Si- and GaN devices and varying Vgs

in SiC devices.

2.2.1 Si- and GaN Devices

Eq. 2.6 is solved for each of the time intervals to obtain the different switching

transition times, as outlined below.

14
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Drain-Source Current Rise-Time (tri)

Fig. 2.1(a) shows the turn-on transient for a Si MOSFET. In the interval tri, Vgs

increases from Vth to Vp, and IDS increases from zero to its final value, IDS,max. Since

VDS remains unchanged during this time, its derivative with time becomes zero, to

give Eqs. 2.7 from Eq. 2.6:

∫ tri

0

dt =

∫ Vp

Vth

RgCiss

Vdrive − Vgs
dVgs (2.7)

tri = RgCissloge
Vdrive − Vth
Vdrive − Vp

(2.8)

Drain-Source Current Fall-Time (tfi)

Similar to calculations for tri, IDS reduces from IDS,max to zero during tfi, while VDS

remains constant at VDS,max, giving Eq. 2.9 from Eq. 2.6:

∫ tfi

0

dt =

∫ Vth

Vp

RgCiss

Vdrive − Vgs
dVgs (2.9)

tfi = RgCissloge
Vdrive,off − Vp
Vdrive,off − Vth

(2.10)

Drain-Source Voltage Fall-Time (tfu)

Once IDS reaches IDS,max, Vgs remains unchanged at Vp while VDS reduces from spec-

ification VDS,max to VDS(on). IDS remains unchanged during this interval, indicated as

tfu in Fig. 2.1(a). From Eq. 2.6,
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∫ tfu

0

dt =

∫ VDS(on)

VDS,max

RgCrss

Vgs − Vdrive
dVDS (2.11)

tfu = (VDS,max − VDS(on))
RgCrss

Vdrive − Vp
(2.12)

Drain-Source Voltage Rise-Time (tru)

During MOSFET turn-off, similar transitions happen for Vgs, IDS and VDS as during

device turn-on, but in reverse order. Fig. 2.1(b) shows the waveforms for device

turn-off. Vgs remains unchanged at Vp and VDS increases from VDS(on) to VDS,max,

giving Eq. 2.13 from Eq. 2.6,

∫ tru

0

dt =

∫ VDS,max

VDS(on)

RgCrss

Vgs − Vdrive
dVDS (2.13)

tru = (VDS,max − VDS(on))
RgCrss

Vp − Vdrive,off
(2.14)

The calculations for tfu and tru using Eqs. 2.12 and 2.14 need value of Crss,

which varies considerably with change in VDS between VDS(on) and VDS,max. There

exist methods which help to determine an approximate value of Crss for computation

of VDS transition times [18]. A conventional approach, referred to as Method 1

in remainder of this chapter, approximates Crss as the average of reverse transfer

capacitance values, Crss,n and Crss,1 in Fig. 2.3, at VDS,max and VDS(on), respectively.

Since the average value does not represent Crss well in the full transition interval,

this method introduces significant errors, as shown in later sections. An alternate

approach, referred to as Method 2, divides the switching interval into very small
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Figure 2.3: Variation of MOSFET parasitic capacitances with drain-source voltage

sub-intervals, as shown in Fig. 2.3 for Cree’s CAS300M12BM2 half-bridge MOSFET

product, and calculates VDS transition time for each of these small sub-intervals. It

is assumed that these sub-intervals are very small, and that Crss remains constant

during each of these periods. These individual transition times are added to obtain

the total tru and tfu values. Let us assume there exists only one intermediate level,

VDS,mid, for ease of understanding:

tfu = (VDS,max − VDS,mid + VDS,mid − VDS(on))
RgCrss

Vdrive − Vp
(2.15)

tfu = (VDS,max − VDS,mid)
RgCrss1

Vdrive − Vp

+ (VDS,mid − VDS(on))
RgCrss2

Vdrive − Vp
(2.16)

where Crss1 and Crss2 are the approximate values of reverse transfer capacitance,

assumed constant for each of the sub-intervals, and represent Crss well if these sub-

intervals are infinitesimally small. Similar procedure is repeated for calculating tru.
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2.2.2 SiC Devices

When using SiC MOSFETs, the gate-plateau voltage varies between Vp1 and Vp2

during VDS transition interval, shown in Fig. 2.1(c) and Fig. 2.1(d).

Drain-Source Current Rise-Time (tri)

Fig. 2.1(c) shows the turn-on instant for a SiC MOSFET. In the interval tri, Vgs

increases from Vth to Vp1, and IDS increases from zero to its final value, IDS,max.

Since VDS remains unchanged during this time, its derivative with time becomes

zero, to give Eq. 2.17 from Eq. 2.6:

∫ tri

0

dt =

∫ Vp1

Vth

RgCiss

Vdrive − Vgs
dVgs (2.17)

tri = RgCissloge
Vdrive − Vth
Vdrive − Vp1

(2.18)

Drain-Source Current Fall-Time (tfi)

Similar to calculations for tri, IDS reduces from IDS,max to zero during tfi, while VDS

remains constant at VDS,max, giving Eq. 2.19 from Eq. 2.6:

∫ tfi

0

dt =

∫ Vth

Vp1

RgCiss

Vdrive − Vgs
dVgs (2.19)

tfi = RgCissloge
Vdrive,off − Vp1
Vdrive,off − Vth

(2.20)

A few of the SiC MOSFET products exhibit variation in Vp during VDS transition, at

the time of turn-on and turn-off, which invalidates the assumption of constant Vp for
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arriving at Eqs. 2.12 and 2.14 for the calculation of VDS transition times. Product

datasheets do not provide details of variation in Vgs with change in VDS, and a linear

behaviour is assumed for this analysis. As shown in Fig. 2.1(c) and Fig. 2.1(d), it is

assumed that Vgs increases linearly from Vp1 to Vp2 when VDS reduces from VDS,max

to VDS(on) at the time of turn-on, and vice-versa during turn-off, giving relation,

Vgs = K1VDS +K2 (2.21)

where,

K1 =
Vp2 − Vp1

VDS(on) − VDS,max

(2.22)

K2 =
Vp1VDS(on) − Vp2VDS,max

VDS(on) − VDS,max

(2.23)

Eqs. 2.6 and 2.21 are solved below for each of the VDS transition intervals [32,34],

with boundary conditions known for each interval, and parameter values from the

datasheet.

Drain-Source Voltage Fall-Time (tfu)

Once IDS reaches IDS,max, Vgs increases from Vp1 to Vp2 and VDS reduces from speci-

fication VDS,max to VDS(on). IDS remains unchanged during this interval, indicated as

tfu in Fig. 2.1(c). From Eq. 2.6,
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∫ tfu

0

dt =

∫ Vp2

Vp1

RgCiss

Vdrive − Vgs
dVgs

−
∫ VDS(on)

VDS,max

RgCrss

Vdrive − Vgs
dVDS (2.24)

From Eqs. 2.21 and 2.24,

tfu =RgCissloge
Vdrive − Vp1
Vdrive − Vp2︸ ︷︷ ︸

Term 1

+
RgCrss

K1

loge
Vdrive −K2 −K1VDS(on)

Vdrive −K2 −K1VDS,max︸ ︷︷ ︸
Term 2

(2.25)

Drain-Source Voltage Rise-Time (tru)

During MOSFET turn-off, similar transitions happen for Vgs, IDS and VDS as during

device turn-on, but in reverse order. Fig. 2.1(d) shows the waveforms for device

turn-off. When Vgs reduces from Vp2 to Vp1, VDS increases from VDS(on) to VDS,max,

giving Eq. 2.26 from Eq. 2.6,

∫ tru

0

dt =

∫ Vp1

Vp2

RgCiss

Vdrive − Vgs
dVgs

−
∫ VDS,max)

VDS(on)

RgCrss

Vdrive − Vgs
dVDS (2.26)
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From Eqs. 2.21 and 2.26,

tru =RgCissloge
Vdrive,off − Vp2
Vdrive,off − Vp1︸ ︷︷ ︸

Term 1

+
RgCrss

K1

loge
Vdrive,off −K2 −K1VDS,max

Vdrive,off −K2 −K1VDS(on)︸ ︷︷ ︸
Term 2

(2.27)

It should be noted that Term 1 in Eqs. 2.25 and 2.27 is independent of Crss and

VDS, whereas Term 2 includes these factors, which vary significantly during these

transition intervals. A technique similar to one proposed in [18] is used here, by

dividing drain-source voltage transition interval into small sub-intervals, as shown

in Fig. 2.3, calculating ∆tfu and ∆tfu in each of these sub-intervals, and adding

them together to determine the total transition time. Considering the existence of an

intermediate level, VDS,mid, Term 2 in Eq. 2.25 is given by:

tfu,Term2 =
RgCrss

K1

loge
Vdrive −K2 −K1VDS(on)

Vdrive −K2 −K1VDS,max

(2.28)

=
RgCrss

K1

loge

[
Vdrive −K2 −K1VDS(on)

Vdrive −K2 −K1VDS,mid

∗ Vdrive −K2 −K1VDS,mid

Vdrive −K2 −K1VDS,max

]
(2.29)

tfu,Term2 =
RgCrss1

K1

loge
Vdrive −K2 −K1VDS(on)

Vdrive −K2 −K1VDS,mid

+
RgCrss2

K1

loge
Vdrive −K2 −K1VDS,mid

Vdrive −K2 −K1VDS,max

(2.30)
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where Crss1 and Crss2 are the approximate values of reverse transfer capacitance,

assumed constant for each of the sub-intervals, and represent Crss well if these sub-

intervals are infinitesimally small. Similar procedure is repeated for calculating tru,

to give Eq. 2.31 from Eq. 2.27,

tru,Term2 =
RgCrss1

K1

loge
Vdrive,off −K2 −K1VDS,max

Vdrive,off −K2 −K1VDS,mid

+
RgCrss2

K1

loge
Vdrive,off −K2 −K1VDS,mid

Vdrive,off −K2 −K1VDS(on)

(2.31)

2.3 Simulation and Experimental results

Switching times calculated above are used to estimate switching energy values given

by [33,35],

Eon = VDS,maxIDS.
tri + tfu

2
(2.32)

Eoff = VDS,maxIDS.
tru + tfi

2
(2.33)

SiC schottky diodes being majority carrier devices with insignificant reverse recovery

charge, SiC MOSFETs offer advantage of low reverse recovery losses from their body

diodes, and the same is neglected in above equations [36,37]. The additional term to

account for effect of charging/discharging of MOSFET parasitic output capacitance

Coss is ignored, since experimental results indicate a good cancellation between Eon

and Eoff values [34]. The existing methods and proposed method is used to estimate

switching energies from corresponding transition times, and compared with double
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pulse test experiment [38] and simulation values given by manufacturer’s models

in MATLAB/Simulink with PLECS blockset for Cree’s CAS300M12BM2 SiC half-

bridge MOSFET module. Since MOSFET junction thermal time constants are of the

order of a few msec, the double pulse test does not increase junction temperature

significantly, and a value of 25◦ Celsius is assumed for this analysis [39].

2.3.1 Simulation Results

The double pulse test circuit of Fig. 2.5 is simulated using manufacturer’s models

in PLECS blockset of MATLAB/Simulink. Since this is an ideal system, it does not

take into account effect of PCB parasitics, discussed in later sections, and results from

PLECS model closely resemble switching energy values given in product datasheet.

Fig. 2.4(a)-(f) show a comparison of switching energy values from simulation in

PLECS, with results obtained using existing and proposed models, for drain-source

voltage of 300V and 800V. Method 1 and Method 2 are used for calculations with Vp

approximated as the average of Vp1 and Vp2. Method 1 clearly overestimates switching

energy values, by a minimum of 140% and 400% for VDS=300V and 800V, respectively,

and hence not reported in figures. The proposed method exhibits smaller errors from

PLECS models, as compared with Method 2, which underestimates switching ener-

gies and exhibits greater errors at majority of the operating points. For VDS=300V,

Method 2 underestimates Eon values by a minimum of 42%, with a maximum de-

viation of nearly 60% from PLECS simulation. The proposed model, on the other

hand, exhibits a worst case estimation error of nearly 35%, with values of Eon and

Eoff cancelling each other to give total switching energy very close to PLECS val-

ues. For VDS=800V, the estimation errors from the proposed model and Method 2

23



M.A.Sc. Thesis - Bharat Agrawal McMaster - Electrical Engineering

0

1

2

3

4

40 60 100 150 200 250 300 350

Tu
rn

-o
n

 e
n

e
rg

y 
(m

J)

Drain-Source Current (A)

(a) Turn-on energy at Vds = 300 V

0

1

2

3

4

40 60 100 150 200 250 300 350

T
u

rn
-o

ff
 e

n
e

rg
y

 (
m

J)

Drain-Source Current (A)

(b) Turn-off energy at Vds = 300 V

-40

-20

0

20

40

40 60 100 150 200 250 300 350

Tu
rn

-o
ff

 e
n

e
rg

y
 E

rr
o

r 
%

Drain-Source Current (A)

(d) Turn-off energy es�ma�on error at Vds = 300 V

-60

-40

-20

Tu
rn

-o
n

 e
n

e
rg

y
 E

rr
o

r 
%

0

40 60 100 150 200 250 300 350
Drain-Source Current (A)

(c) Turn-on energy es�ma�on error at Vds = 300 V

Proposed Model
PLECS
Method 2

T
u

rn
-o

n
 e

n
e

rg
y

 (
m

J)

Drain-Source Current (A)

(e) Turn-on energy at Vds = 800 V 

0

4

8

12

40 60 100 150 200 250 300 350

T
u

rn
-o

ff
 e

n
e

rg
y

 (
m

J)

Drain-Source Current (A)

(f) Turn-off energy at Vds = 800 V

40 60 100 150 200 250 300 350
0

4

8

12

Vgs = 20/-5 V
Rg,ext = 2.5Ω

Vgs = 20/-5 V
Rg,ext = 2.5Ω

Vgs = 20/-5 V
Rg,ext = 2.5Ω

Vgs = 20/-5 V
Rg,ext = 2.5Ω

Vgs = 20/-5 V
Rg,ext = 2.5Ω

Vgs = 20/-5 V
Rg,ext = 2.5Ω

Figure 2.4: Comparison of switching energy values and errors from proposed model,
Method 2 and PLECS simulation
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Figure 2.5: Double pulse test circuit and waveforms.

approach a maximum of 30% and 50%, respectively. The estimation accuracy of

the proposed model is found to improve significantly at higher values of IDS, as the

relative magnitude of Coss charge/discharge current reduces with respect to IDS,max.

2.3.2 Experimental Results

The double pulse test is used for capturing the switching transitions at the time of

device turn-on and turn-off. Fig. 2.5 shows the double pulse test schematic and wave-

forms for MOSFET M2. Table 2.1 lists the details of the equipment and components

used to perform this test. In this experiment, low-side MOSFET M2 is first turned

25



M.A.Sc. Thesis - Bharat Agrawal McMaster - Electrical Engineering

Table 2.1: Experimental test equipment and component values

Type Specification

Gate Driver Cree CGD15HB62P1, 9A, 1200V, 2-Ch
MOSFET CAS300M12BM2, 1200V, 5 mΩ half-bridge module
Rg,ext 2.5 Ohm
Inductor 80µH
Cin 5 * 500µF, 450V, B25655P4507K000, Epcos
Oscilloscope Tektronix MDO3024, 200MHz/2.5GS/s
Voltage Probe Tektronix P5200A, 50MHz, Differential Probe
Current Probe PEM CWTUM/3/B Rogowski Current Transducer

ON for time ∆t1, during which inductor current IL ramps up to specification IDS.

During this time, IL equals IDS,M2, as shown in Fig. 2.5(c). High-side MOSFET M1 is

permanently OFF, with Vgs of -5V applied between its gate-source terminals. Once IL

reaches IDS,max, M2 is turned OFF for time ∆t2 (2.5µsec here), short enough to allow

only negligible decline in IL due to freewheeling of body diode of M1 and circulation

of IL in the indicated conduction path. On completion of ∆t2, M2 is turned ON again

for time ∆t3 (2.5µsec here), before M2 is finally turned OFF. Due to the benefits of

SiC devices, the reverse recovery losses from body diode of M1 are negligible at the

turn-on of M2, and hence ignored in calculations. The turn-off and turn-on instants

at the beginning of ∆t2 and ∆t3, respectively, are used to calculate Eoff and Eon for

M2, respectively. Switching energy loss occurs due to the voltage/current overlap in

a device during a switching transition, and is the product of VDS, IDS and time-step

(0.4ns here). For computation of Eoff , this product is evaluated from the last instant

when VDS exits 0V, to the first time IDS reaches 0A, and vice-versa for Eon, shown

in the MATLAB script in Appendix B. These calculations of switching energies take

into consideration delays of voltage probe and current transducer.
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Figure 2.6: Comparison of switching energy values and errors from proposed model,
Method 2 and double pulse test experiment

Fig. 2.6(a)-(d) show comparisons of switching energy values from experimental

hardware with estimations using Method 2 and the proposed model. It is seen that

Eoff values from proposed model are closer to experimental results, with overestima-

tions providing for safety margin during cooling system design. Method 2 underes-

timates switching losses at majority of the operating points, by nearly 20%. It may

be noted that switching energy values from experiment are larger than those given in

the datasheet. Fig. 2.7 shows the turn-off and turn-on transitions for VDS=300V and

IDS=200A. A significant ringing is observed in waveforms for both VDS and IDS due
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Figure 2.7: Switching waveforms for VDS=300V, IDS=200A

to stray inductance of the bus bars and the half-bridge module under test, resulting in

greater losses [38]. Since the proposed model does not account for effects of stray in-

ductance, the switching times and energy loss values are calculated for the actual VDS

and IDS transition limits from hardware. The estimation errors are attributed to the

initial approximation of linear variation of VDS with Vgs, and presence of parasitics,

which could be minimized by following the recommended guidelines of layout/PCB

design.
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2.4 Summary

This chapter presented a method for the estimation of switching energies during

turn-on and turn-off of SiC MOSFETs with non-flat miller plateau region. In order

to validate results from proposed model, double pulse test circuit is implemented at

various drain-source currents, in both PLECS simulation and hardware. It is observed

that the proposed model overestimates switching energies, with values close to actual

device characteristics, in comparison with existing methods. The estimation errors are

attributed to Vgs-VDS linear approximation and overshoots due to stray inductance

in the circuit. The estimation accuracy is improved at higher values of drain-source

current. The proposed method could be used for estimation of switching energies for

SiC MOSFETs in cases where these values are not available in the datasheet at all

required operating points.
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Chapter 3

Switching Loss Minimization Using

Soft-Switching Methods

The passive and mechanical components account for a majority of the total cost and

volume of a power converter [13,40,41]. Continuous efforts are being made to operate

at higher switching frequencies to reduce the overall system size. Operation at high

switching frequencies results in greater switching losses, making the cooling system

volume larger [42]. The switching transitions involve charging and discharging of a

MOSFET’s parasitic capacitances. The advent of SiC and GaN technology based

products offer lower switching losses than conventional Si substrate based devices.

This is due to their smaller die size and reduced parasitic capacitances [25, 26]. This

allows the power converters to operate at higher switching frequencies with use of

these WBG devices [43]. Despite these advantages, the maximum switching frequency

is still limited by the maximum allowed junction temperature and the ability of a

MOSFET package to dissipate its losses [27].

In order to operate at even higher switching frequency, a variety of soft-switching
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techniques are used to reduce the switching losses in a power converter. These tech-

niques are discussed in Chapter 1 with their benefits and disadvantages. The turn-on

losses in most MOSFETs are greater than the turn-off losses [44] (with a few excep-

tions such as the CAS300M12BM2 half-bridge module from Cree Inc. at a few of

the operating points [20]). This research emphasizes on the use of a soft-switching

technique which replaces the higher FET turn-on and diode reverse recovery losses

with smaller turn-off losses by maintaining at least slightly negative minimum in-

ductor current [28, 29]. The turn-off losses are further reduced with the use of an

external capacitor across the MOSFET drain-source terminals, in addition to its in-

trinsic drain-source parasitic capacitance. The voltage clamping characteristic of a

capacitor [45] serves to delay the rise in drain-source voltage at the time of turn-off.

This reduces the area of overlap between voltage and current in a MOSFET and the

turn-off switching energy.

There exist other methods including use of turn-off snubbers for reducing the turn-

off losses in the switching devices. [46] discusses the use of a voltage controlled variable

capacitor based snubber for reducing the switch turn-off loss. This technique has a

demerit of moving the location of the power loss by dissipating energy of the switch

output capacitors on a resistor. In another method, the use of a turn-off snubber

across the output diode in the boost converter of [47] enables ZVS characteristic for

the switching device, but results in relatively large output current ripple values. Other

such techniques in [48, 49] include the use of auxiliary circuits with many additional

components with the main power circuit. The proposed method only recirculates

energy between the inductor and capacitors in the circuit with minimal dissipation in

their parasitic resistances while using only a single additional capacitor at the output
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IT

IDS,M2

Figure 3.1: Buck Converter Topology

of each MOSFET.

This soft-switching method is delineated for the buck converter topology and is

validated using analytical models, simulations and experimentation for MOSFETs

from Cree Inc. in this chapter. This method is extended for use with GaN devices in

later chapters.

3.1 Proposed Soft-Switching Method

Switching losses in a MOSFET result from the overlap of the voltage VDS across

the device and the current IDS through it at the time of turn-on (Eon) and turn-

off (Eoff ) [2, 3, 7]. A dead-time is included between the conduction periods of the

complimentary devices in a half-bridge to prevent cross-conduction. The body diode

of a MOSFET may conduct due to freewheeling action during this time [50], which

may incur diode reverse recovery losses in case of a hard turn-on.

For a conventional buck converter shown in Fig. 3.1, the MOSFETs M1 and
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Figure 3.2: Sources of power loss during a switching cycle for a buck converter with
(a) IL,min > 0 (b) IL,min < 0.

M2 switch complementary to each other, with a small dead time, as discussed earlier.

The indicated directions of the currents in the inductor IL and drain-source capacitors

ICDS are assumed positive for the remainder of this analysis. Since in a buck converter,

the input voltage Vin is greater than the output voltage Vout, IL increases while M1

is conducting during on-time Ton and reduces while M2 is conducting during off-time

Toff , according to Eqs. 3.1 and 3.2, respectively.

(
dIL
dt

)
Ton

=
Vin − Vout

L
(3.1)

(
dIL
dt

)
Toff

=
−Vout
L

(3.2)
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where L is the inductance. For a buck converter, Vout is given in terms of Vin and

duty cycle D according to Eq. 3.3,

Vout = D.Vin (3.3)

From Eqs. 3.1 and 3.3, the inductor current ripple is given by,

∆IL =
VinD(1−D)

LFsw

(3.4)

where Fsw is the switching frequency. Since ∆IL is inversely proportional to the

value of L, a buck converter with an inductance large enough such that the minimum

inductor current IL,min is greater than zero will exhibit a switching sequence and

power losses as indicated in Fig. 3.2(a). A buck converter using a smaller L, such

that IL,min is negative, will follow a switching sequence and exhibit power losses as

given in Fig. 3.2(b).

From Fig. 3.1, the output capacitance of the MOSFETs is given by Eq. 3.5,

Coss = CDS + CGD (3.5)

From Fig. 3.2(a), it is seen for cases when IL,min is positive that the energy stored

in the effective output capacitance Coss,M1 is dissipated in the FET channel at the

time of turn-on, resulting in high turn-on loss Eon,M1. Reverse recovery loss Err,D2

also occurs at this switching instant when the conducting body diode D2 is forced

into reverse bias. Assuming 20% inductor current ripple, the losses in this system are
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given as [33],



Econd,M1 = I2LRds,onTon

Eoff,M1 = 0.55VinIL(tfi + tru)

Econd,M2 = I2LRds,onToff

Eon,M1 = 0.45VinIL(tri + tfu)

Err,D2 = QrrVin

(3.6)

where Econd represents the conduction energy loss in the FETs and Err,D2 is the loss

in M1 due to the flow of reverse recovery charge of D2. The values of current and

voltage rise and fall times (tri, tfi, tru, tfu) vary with VDS and IDS in a FET. For

Cree’s C2M0025120D SiC FET product, Eon is nearly twice the value of Eoff at an

operating point. If Eoff for this device for its turn-off from (Vin, IL) is equivalent to

α, then the total switch energy losses for a switching period are given by,

ET = I2LRds,onTsw +QrrVin + 2.9α (3.7)

where,

α = 0.5VinIL(tfi + tru) (3.8)

Alternatively, the proposed method with negative IL,min replaces the higher sum of

FET turn-on and diode reverse recovery losses with a few orders of magnitude smaller

FET turn-off loss Eoff,M2 (and negligible losses due to diode reverse recovery), as

shown in Fig. 3.2(b). The losses for such a system with minimally negative IL,min
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are given by,



Econd,M1 = 1.33I2LRds,onTon

Eoff,M1 = VinIL(tfi + tru) ≈ 2α

Econd,M2 = 1.33I2LRds,onToff

Eoff,M2 ≈ 0

(3.9)

This results in total switch energy losses for a switching period:

ET = 1.33I2LRds,onTsw + 2α (3.10)

Given that the WBG devices have a small Rds,on, the total switch losses when IL,min <

0 are smaller than the losses with IL,min > 0. The ratio Eon/Eoff , at a particular

operating point, is even higher for some devices, such as Cree’s CAS120M12BM2,

enabling greater benefits with use of the proposed method. In a system with varying

Vin and Vout (and hence duty cycle), the feedback loop will vary Fsw in order to

maintain at least a small negative value for IL,min according to Eq. 3.4, while following

the characteristics of Fig. 3.2(b). The turn-off losses Eoff,M1 and Eoff,M2 in M1 and

M2 respectively, can further be reduced with the use of additional capacitance CDS,ext

across the MOSFETs’ drain-source terminals, as shown in Fig. 3.1. Fig. 3.3 shows

representative waveforms for VDS and IDS during the turn-off of a MOSFET. While

on one hand, reduction in IDS is controlled by the gate-source voltage Vgs, on the

other hand, the increase of VDS is also determined by the magnitude of M1 and M2’s

effective output capacitance, Coss,M1 and Coss,M2, respectively. Due to the voltage

clamping property of a capacitor, addition of CDS,ext reduces the rate of rise of VDS,

36



M.A.Sc. Thesis - Bharat Agrawal McMaster - Electrical Engineering

VDS

(a) Without CDS,ext (b) With CDS,ext

IDS

t(s)tf

IDS
VDS

t(s)tf

Figure 3.3: Representative waveforms for voltage across and current through M2 at
turn-off.

reducing the energy loss due to the voltage/current overlap during turn-off. This is

equivalent to a reduction in the multiplication factor of 0.5 assumed while calculating

switching losses for ideal switching behavior in [33]. The non-linear behavior of VDS

at the beginning and end of turn-off transition is due to the variation of the FET

Coss with VDS, with large values in nF range for small values of VDS. The addition of

CDS,ext does not induce additional turn-on losses in the FETs due to the nature of the

waveforms and recirculation of energy between the inductor and the capacitors for

the case when IL,min is negative. The value of CDS,ext is limited by the operating Fsw,

to ensure that the longer turn-off time does not occupy a majority of the switching

period. An analytical approach to model this behavior is introduced in later sections

and its results are compared with simulations using Cree’s LTSpice models for discrete

FET product C2M0025120D and experimentation, to verify the proposed technique

of reduction in turn-off losses.
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3.2 The Analytical Model

A soft-switching technique to reduce the switching losses in the presence of negative

IL,min and use of CDS,ext was discussed earlier.

A linear recursive model to mimic the FET turn-off characteristic and the effect

of the use of additional CDS,ext is presented here. Fig. 3.4 shows the current flow path

at various time instants during the turn-off of M2. Let us assume that the effective

output capacitance of M1 and M2, including additional CDS,ext, is represented by

CDS,M1 and CDS,M2, respectively. Initially, IL is negative and M2 is conducting,

as shown in Fig. 3.4 (a). Fig. 3.4 (b) shows the current path at the moment of

initiation of turn-off of M2, when Vgs,M2 begins to reduce from its ON-level of 20V.

Since an inductor opposes a change in flux (and hence current through it) according

to Faraday’s Law [51], let us assume IL remains unchanged during the small turn-off

interval of the order of a few nsec. As IDS,M2 reduces from its peak value, currents

ICDS,M1 and ICDS,M2 of total magnitude equal to the difference of IL and IDS,M2 flow

through CDS,M1 and CDS,M2 repectively, increasing VDS,M2, according to Eq. 3.11,

IL = IDS,M2 + ICDS,M1 + ICDS,M2 (3.11)

ICDS,M1 = −CDS,M1
dVDS,M1

dt
(3.12)

But,

VDS,M1 = Vin − VDS,M2 (3.13)
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(a) Current conduction when M2 is ON  (b) when IDS,M2 is reducing and additional capacitors are charging during
toff,1-toff;2 (c) when VDS,M2 reaches Vin before IDS,M2 reduces to zero (d) IDS,M2 reaches zero while current flows through
the additional capacitors during toff,2-t off,3  (e) completion of turn-off of M2 and reverse conduction through M1 during 
toff,3-toff,4.

Figure 3.4: Switching sequence and current paths during turn-off of M2 for the buck
converter of Fig. 3.1 and waveforms in Fig. 4.4.
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From Eqs. 3.12 and 3.13,

ICDS,M1 = −CDS,M1
d(Vin − VDS,M2)

dt
(3.14)

Since Vin is instantaneously constant,

ICDS,M1 = CDS,M1
dVDS,M2

dt
(3.15)

ICDS,M2 = CDS,M2
dVDS,M2

dt
(3.16)

from Eqs. 3.11, 3.15 and 3.16,

IL = IDS,M2 + (CDS,M1 + CDS,M2)
dVDS,M2

dt
(3.17)

According to Eq. 3.17, the output capacitance of the two FETs are equivalent to be

placed in parallel for the inductor current distribution. Assuming that IDS,M2 reduces

linearly with drop in Vgs,M2, VDS,M2 rises towards Vin (for an ideal body diode D1).

Once VDS,M2 exceeds Vin, D1 begins to conduct while IDS,M2 continues to reduce to

zero. With addition of a large CDS,ext, it is possible for IDS,M2 to reach zero before

VDS,M2 reaches Vin, as shown in Fig. 3.3 (b). In this case, for the remainder of the time

from the instant IDS,M2 hits zero till VDS,M2 reaches Vin, the output capacitors are

charged by the nearly constant IL, as shown in Fig. 3.4 (d), followed by conduction

of D1 marking the completion of IL commutation from M2 to M1, as shown in Fig.

3.4 (e). A similar process is repeated during current commutation from M1 to M2

with positive maximum inductor current, IL,max.
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Initial Conditions:
          VDS,M2=0
          IDS,M2=IDS,M2(max)

          ICDS
=0

𝛿QCDS,M2 = ICDS,M2.Δt

QCDS,M2(t+1) = QCDS,M2(t) + 𝛿QCDS,M2

VDS,M2 =      QCDS,M2(t+1)

  Coss,L(t) + CDS,ext

Coss,L(t+1) = Coss(VDS,M2)
Coss,H(t+1) = Coss(Vin - VDS,M2)

ΣEoff(t+1) = ΣEoff(t) + VDS,M2.IDS,M2.Δt

ΣEoff(t+1) = ΣEoff(t) + Vin.IDS,M2.Δt

IDS,M2(t+1) = IDS,M2(t) - ΔI DS,M2

VDS,M2 < Vin

IDS,M2 ≠ 0

VDS,M2 ≥ Vin

IDS,M2 ≠ 0IDS,M2 ≠ 0

ICDS
 = IDS,M2(max)-IDS,M2

Figure 3.5: Analytical recursive model.

Fig. 3.5 shows the block diagram for the recursive model implemented in MAT-

LAB for the script in Appendix A. The model begins with M2 conducting and VDS,M2

and IDS,M2 at their minimum and maximum values, respectively. For the infinitesi-

mally small time interval ∆t during the turn-off time of M2 obtained from equations

in [19] using the datasheet parameters, a small charge δQ is delivered to the output

capacitors of the FETs due to the current ICDS
flowing through them. This charge

builds incrementally on the capacitors. The new drain-source voltage is computed,
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Figure 3.6: Reduction in turn-off losses

and values of effective output capacitances are updated, owing to their non-linear

behavior. The turn-off energies from each of the small intervals are added to the

summation from the previous iterations, and the process repeats till IDS,M2 reaches

zero. The results of Eoff,M2 computation using this model are presented in later

sections.

3.3 Simulation and Experimental Results

The proposed soft-switching technique is validated for the buck converter of Fig.

3.1, using the above analytical model, LTSpice simulation using device model for

C2M0025120D from Cree Inc., and experimentation using hardware in [52]. The
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Table 3.1: Test conditions, components and equipment used for testing

Type Specification

Input Voltage 200V
Output Voltage 100V (Duty cycle=0.5)
Switching Frequency 3 kHz
IDS,max 34A
MOSFET C2M0025120D,1200V/90A/25mΩ SiC MOSFET
Gate Driver IXDN609SI, Rg,ext= 6.67 Ω
Inductor 256µH
Oscilloscope Tektronix MDO3024, 200MHz/2.5GS/s
Voltage Probe Tektronix TPP0250, 250MHz, 3.9pF/10MΩ
Current Sensor PEM CWTUM/3/B Rogowski Current Transducer

switching energy values from experiment are calculated using MATLAB script in Ap-

pendix B and are compensated for the delays induced by the probe parasitics. Fig.

3.6 shows the variation in turn-off losses in M2 for different values of additional ca-

pacitance across its drain-source terminals. The results using the three validation

methods match closely. The losses from experimentation and simulation in LTSpice

are slightly different from those predicted by the analytical model since a linear vari-

ation in VDS and IDS is assumed during turn-off, which is not the real case.

This analysis uses test conditions, components and equipment listed in Table 3.1.

In order to observe the switching transitions and the degree of reduction in switching

loss with use of large additional capacitance, the converter is operated at a switching

frequency of 3 kHz with a relatively large value of inductance. For the same value

of output current and negative IL,min, the value of switching losses without CDS,ext is

lower to 68.9% of those with positive IL,min. As the external capacitance is increased

from zero to 5nF , the turn-off losses in M2 are reduced to 37.3% of their original

value, helping to reduce the total switching losses to 25.5% of the case with positive
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Figure 3.7: Switching waveforms for turn-off of M2 for test conditions in Table 3.1.

IL,min. For a custom inductor designed for high switching frequency and large current

ripple values, the increase in the inductor losses due to larger current ripple with

negative IL,min is minimal in comparison with switching energy savings in MOSFETs

with the use of this method. This offers an opportunity to go higher in switching

frequency while staying within the device power dissipation limits to design a higher

power density system. Alternatively, operation at the same switching frequency would

result in lower system losses with need for a smaller heat sink of lower cost. It should

be noted that external capacitance is added only to the output of M2 for this analysis,

and use of a capacitor at the output of M1 would help to reduce losses further. Fig.

3.7 shows the waveforms for turn-off of M2 for the case of zero and 5nF of external

capacitance added across its drain-source terminals. It is seen that due to the voltage

clamping characteristic of the additional capacitor, the voltage waveform is delayed
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and has a smaller rate of increase, reducing the voltage/current overlap to result in

smaller switching energy loss. It also reduces the frequency of resonance between the

stray inductance of the bus bars and FET output capacitances which appears as an

overshoot in VDS, making it easier to achieve EMI compliance.

3.4 Summary

This chapter discussed a soft-switching method to reduce switch losses in a buck

converter with negative minimum inductor current. The turn-off loss is diminished

to 37.3% of its original value, and total switching losses to 25.5% of their value in a

system with positive minimum inductor current and no additional output capacitance.

Results from an analytical model proposed to validate this technique closely match the

switching energy values obtained from simulation using manufacturer’s device models

in LTSpice and experimentation. With a majority of power converter topologies

including a half-bridge, this technique can be extended to reduce losses in other such

systems. It is planned to validate this soft-switching technique in hardware for a

power converter operating at high power and switching frequency with GaN devices

for an estimate of its advantages in terms of the losses and volume of the overall

system in later chapters.
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Chapter 4

Use of Linear Soft-Switching for

Design of High Power Density High

Frequency DC/DC Converters

This chapter discusses the use of a linear soft-switching method to replace the greater

turn-on losses with smaller turn-off losses in a switching cycle with negative minimum

inductor current in a buck converter with GaN devices [28–30]. The use of GaN

devices takes advantage of their even smaller parasitics in comparison with SiC devices

while also extending the use and validation of the linear soft-switching method to

different types of wide bandgap devices. It is called ‘linear’ soft-switching since the

proportionality between duty cycle and output voltage is maintained, unlike few other

soft-switching techniques [53]. The voltage clamping characteristic of a capacitor is

used to further reduce the turn-off losses. The use of an additional capacitor across the

MOSFET drain-source terminals reduces the rate of increase of drain-source voltage
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and the resultant voltage/current overlap at the time of device turn-off. This soft-

switching method requires use of minimum number of additional components with no

added losses in the device channel at the time of turn-on, due to only recirculation of

energy between the passive components in the DC/DC converter.

The linear soft-switching method is used for reducing the switching losses to enable

operation with switching frequency in the MHz range for a buck converter using GaN

devices. A discussion of the soft-switching method and design considerations for

buck converter topology is included. The analytical model in Section 3.2 is used to

understand the various stages of turn-off of a device from GaN Systems Inc. and

reduction in its turn-off losses with use of additional capacitance. The results for the

reduction in turn-off losses with added capacitance are presented, calculated using the

analytical model and validated in hardware. The soft-switching technique is shown to

enable operation at 1 MHz switching frequency with reduced losses per switching cycle

as compared to a traditional buck converter with positive IL,min and hard-switching.

4.1 Linear Soft-Switching Method

The MOSFETs in the buck converter of Fig. 3.1 switch complementary to each other

with a suitable dead-time to avoid cross-conduction. Since an inductor opposes an

instantaneous change in its current according to Faraday’s law, one of the MOSFETs

exhibit reverse conduction characteristic during the dead-time, resulting in ZVS char-

acteristic on the corresponding device. GaN devices do not have an intrinsic body

diode and the associated reverse recovery losses but are capable of reverse conduction

with a relatively larger voltage drop equal to the sum of the gate threshold voltage

and the negative gate drive voltage in off-state condition [30]. This reverse conduction
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Figure 4.1: Switching events and the associated losses during a switching time period
in a buck converter using GaN devices with (a) IL,min > 0 (b) IL,min < 0.

characteristic of GaN MOSFETs in the off-state condition is modeled and referenced

as anti-parallel body diode operation in this paper. Depending on the value of the

output current Iout (equal to the average inductor current IL,0) and the inductance

L, the minimum inductor current IL,min may be positive or negative. Fig. 4.1 shows

the sequence of switching events and the associated losses during a switching cycle

in a buck converter using GaN devices with positive and negative IL,min. In the

linear soft-switching (SSW) method, IL,min is intentionally made negative to enable

ZVS behavior at turn-on for both the switches [28, 29]. The greater turn-on losses

in M1 are replaced with smaller turn-off losses in M2 reducing the total losses per
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(a) Current flow just before turn-on of M1.
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(b) Current flow after M1 is turned-on with 
      excessive losses.

IDS,M2

Figure 4.2: Buck converter using large additional capacitors with MOSFETs and
small dead-time

switching cycle. The degree of reduction in switching losses depends on the ratio of

the turn-on and turn-off losses which varies between devices. For GaN Systems Inc.

GS66516T MOSFET product, the turn-on losses are nine times the turn-off losses at

the 400V/20A operating point in the datasheet [30]. The turn-off losses are further

reduced with the use of an additional capacitance across the MOSFET drain-source

terminals. This reduces the rate of increase of voltage VDS and the resultant voltage-

current overlap. This technique is found to reduce the switch losses to nearly 25.5%

of the losses occurring in a system with large inductor and positive IL,min using Cree’s

C2M0025120D MOSFET product, shown in Section 3.3.

While a negative IL,min is needed to reduce the switching losses, this current

should be sufficiently large to charge and discharge the MOSFET output capacitors

within the dead-time. A system with large additional MOSFET output capacitors

and a small switching dead-time would cause large instantaneous currents through

the MOSFET channel charging/discharging these capacitors, inducing excessive ad-

ditional losses. Fig. 4.2 shows the current paths during the occurrence of such a
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phenomenon during the turn-off of M2. Initially, the negative IL is discharging M1’s

output capacitance CDS,M1 and charging M2’s output capacitance CDS,M2 while M2

drain-source current IDS,M2 has reduced to zero, as shown in Fig. 4.2(a). M2 drain-

source voltage VDS,M2 is at an intermediate value between zero and buck converter

input Vin. At the turn-on instant of M1, the remaining charge on CDS,M1 is instan-

taneously removed through the M1 channel. Another large current charges CDS,M2

to Vin through M1. Both these instantaneous currents cause excessive losses in M1

and increase the system losses, opposite of what is intended with the use of the linear

SSW method. A similar phenomenon would occur during the turn-off of M1. Thus,

the degree of capacitive loading on the MOSFETs and the benefits of reduction in

switching losses are limited by the values of the dead-time and IL,min.

The linear SSW method requires the current ripple to be sufficiently large, i.e.

∆IL > 200%. However, PWM switching in a buck converter leads to the inductor

current ripple:

∆IL =
VinD(1−D)

LFsw

(4.1)

where D is the duty cycle and Fsw is the switching frequency. The inductor current

ripple depends on D and is maximum at D = 0.5 and decreases as D approaches 0

or 1. Hence, a variable Fsw is introduced to keep ∆IL approximately constant. It

is calculated according to Eq. 4.1 requiring a constant ∆IL > 200%. The Fsw is

lower bounded to limit the output voltage ripple ∆Vout and to ensure a high control

bandwidth. Lower bounding Fsw results in hard switching, which is acceptable when

Fsw falls below a certain threshold, e.g. 100 kHz here. The passive components are

sized at the D = 0.5 worst-case operating point with maximum switching frequency
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Figure 4.3: Variation in inductor current ripple, output voltage ripple and switching
frequency with change in duty cycle in a buck converter using linear SSW.

and losses. A deviation from the D = 0.5 point would reduce the switching frequency

and the associated high-frequency losses in the MOSFETs and the inductor for a

better power conversion efficiency. The large high-frequency current ripple leads to

challenges in the inductor design. For instance, the off-the-shelf planar inductor

features significant AC losses in these operating conditions. A dedicated inductor

needs to be developed that is optimized for operation in the given conditions, similar

to ones in [54,55]. Fig. 4.3 shows the variation in Fsw with change in duty cycle and

its effect on the values of ∆IL and ∆Vout, obtained using the simulation of such a

system.

The linear SSW technique is evaluated for a buck converter using GaN Systems

Inc. GS66516T MOSFETs. The advantages of reduction in losses which enable higher

switching frequency operation are discussed in later sections.
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Figure 4.4: Waveforms for the turn-on and turn-off of M2 with use of additional
330pF capacitor with the MOSFETs.

4.2 The Analytical Model

An analytical model in Section 3.2 depicts the different stages of the turn-off of a

MOSFET. For the buck converter in Fig. 3.1, assuming that the inductor current

remains unchanged during a switching transition, its value during the turn-off of M2

is given by:

IL = IDS,M2 + (CDS,M1 + CDS,M2)
dVDS,M2

dt
(4.2)

Fig. 3.4 shows the various stages during the turn-off of M2 for the circuit of Fig.

3.1 and their occurrence in GS66516T MOSFET as shown in the waveforms of Fig.

4.4. Initially, the buck converter is operated with 300V Vin and 200V Vout in no-

load condition (i.e. IL,0 = 0) with inductor current varying between ±13A. Turn-off

of M2 is initiated at time toff,1, when IDS,M2 begins to reduce from its peak value.

CDS,M1 and CDS,M2 begin to discharge and charge, respectively, and VDS,M2 increases,
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shown in Fig. 3.4(b). At time toff,2, M2 ceases to conduct, while there is still

finite current through CDS,M1 and CDS,M2, shown in Fig. 3.4(d). Time toff,3 marks

the completion of the turn-off of M2 with ICDS,M2 reduced to zero, VDS,M2 reaching

Vin and the reverse conduction through M1, shown in Fig. 3.4(e). Reverse current

through M1 during the toff,3− toff,4 interval involves much greater conduction losses,

as discussed earlier. From Eq. 4.2, the value of inductor current IL flowing through

CDS,M1 and CDS,M2 is proportional to their respective values. In this analysis, equal

values of additional capacitors are used across the drain-source terminals of the two

MOSFETs, resulting in equal currents through the capacitors at the time of turn-off.

Since the soft-switching method results in a symmetrical system, the current ICDS,M1

during the turn-off of M2 is similar to ICDS,M2 during the turn-off of M1 between

ton,1 − ton,2, which have the same magnitude as ICDS,M2 between toff,1 − toff,3 when

the magnitudes of IL,max and IL,min are equal. During the turn-on of M2 in Fig.

4.4, CDS,M2 first discharges to zero (represented by finite ICDS,M2 during ton,1− ton,2),

followed by reverse conduction through M2 with a large on-state voltage drop between

ton,2 − ton,3.

Fig. 4.6 shows the waveforms during the turn-off of M2 in a buck converter using

GS66516T MOSFETs. With increase in CDS,ext from zero to 430 pF, the IDS fall-

time changes negligibly while the VDS increase from zero to Vin is slower. The current

ICDS is zero in Fig. 4.6(a) due to absence of additional FET output capacitance.

The magnitude of ICDS increases with increase in value of CDS,ext. A reduced rate of

increase of VDS due to the voltage clamping characteristic of the added capacitance

reduces the voltage/current overlap and the losses during the turn-off of a MOSFET,

as indicated by the analytical model. The analytical model in [19] is modified for the
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Initial Conditions:
          VDS,M2=0
          IDS,M2=IDS,M2(max)

          ICDS
=0

QCDS,M2(t+1) = QCDS,M2(t) + 𝛿QCDS,M2

VDS,M2 =      QCDS,M2(t+1)

  Coss,L(t) + CDS,ext

Coss,L(t+1) = Coss(VDS,M2)
Coss,H(t+1) = Coss(Vin - VDS,M2)

ΣEoff(t+1) = ΣEoff(t) + VDS,M2.IDS,M2.Δt

ΣEoff(t+1) = ΣEoff(t) + Vin.IDS,M2.Δt

IDS,M2(t+1) = IDS,M2(t) - ΔI DS,M2

VDS,M2 < Vin

IDS,M2 ≠ 0

VDS,M2 ≥ Vin

IDS,M2 ≠ 0IDS,M2 ≠ 0

𝛿QCDS,M2 = ICDS,M2.Δt

ICDS
 = IDS,M2(max)-IDS,M2

ICDS,M2 = ICDS
  Coss,L(t) + CDS,ext

  Coss,L(t) + Coss,H(t) + 2CDS,ext

Figure 4.5: Analytical recursive model

use of additional capacitors across the drain-source terminals of both the MOSFETs

in the buck converter, and shown in Fig. 4.5 and the MATLAB script in Appendix

A.

4.3 Simulation and Experimental Results

The linear SSW method is validated using the discussed analytical model and in

hardware with the GaN Systems Inc. GS66516T-EVBDB daughter card used with

the GS665MB-EVB motherboard in a buck converter topology. Fig. 4.7 shows the
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Figure 4.6: Waveforms for the turn-off of M2 with use of additional capacitors across
the MOSFETs’ drain-source terminals.
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Figure 4.7: Buck converter experimental hardware.

hardware used for testing the specifications of Table 4.1. The system is run in open-

loop condition with a duty cycle of 0.67 to generate 200V output from 300V input

voltage. Initially, the buck converter is tested in no-load condition due to the use of

MOSFETs in surface mount package and the presence of a current shunt only with

the low-side switch in hardware.

The waveforms for the drain-source voltage VDS, total M2 switch position cur-

rent IT and the current through the added capacitance ICDS are recorded. These

waveforms are calibrated for the probe offsets and delays. Current through the M2

channel IDS is computed as the difference of IT and ICDS. It should be noted that

IDS still includes the current charging the parasitic output capacitance inherent to

the device at the time of turn-off, but which does not contribute to the actual turn-off

loss. According to Eq. 4.2, since the current through the output capacitors varies

in proportion to their instantaneous values, this current through the internal capaci-

tance could be computed and subtracted from IDS to get the actual current through

the M2 channel for a more accurate calculation of its turn-off losses. The losses from

experiment are calculated as the time integral of the product of the instantaneous
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Table 4.1: Test conditions, components and equipment used for testing

Type Specification

Input Voltage 300V
Output Voltage 200V (Duty cycle=0.67)
Switching Frequency 1 MHz
Output Power No-Load to 1kW
MOSFET GS66516T,650V/60A/25mΩ GaN MOSFET
Gate Driver SI8271GB-IS, Rg,ext(On/Off)= 10 Ω/2 Ω
Inductor 2.1µH
Oscilloscope Tektronix MDO3024, 200MHz/2.5GS/s
Voltage Probe Tektronix TPP0250, 250MHz, 3.9pF/10MΩ
Current Sensor PEM CWTUM/3/B Rogowski Current Transducer

VDS and IDS for M2 using the MATLAB script in Appendix B.

Fig. 4.8 shows the variation in the turn-off losses with use of an additional capac-

itance between zero to 430pF across both the MOSFETs in the buck converter. It is

seen that the turn-off losses reduce on loading with additional capacitance according

to both the analytical model and in hardware. The analytical model predicts a re-

duction in the turn-off losses to 22.1% of those in the unloaded condition with use of

430pF capacitors with both the MOSFETs. The losses from experiment are greater

than the predictions from the analytical model due to the inclusion of the current

charging the intrinsic device parasitic capacitance, as discussed earlier. The aberrant

data point for the experimental turn-off loss with 330pF additional capacitance is at-

tributed to measurement error. The experimental losses, when compensated for the

current through the MOSFET’s inherent parasitic output capacitance, yield values

very close to those from the analytical model. This underscores the utility of the

analytical model for computation of the actual MOSFET turn-off losses and their
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reduction with the use of the additional capacitance for linear SSW. The loss calcu-

lations with compensation in experiment show a reduction by 27.6% from 8.41µJ to

2.31µJ with use of the same capacitor values.

Next, the buck converter is tested at increased output power Pout levels upto 1kW.

The increase in Pout and IL,0 reduces the magnitude of the negative IL,min from the

no-load condition. Fig. 4.9 shows the waveforms for M2 with Pout of 1 kW and

330 pF additional capacitors with the MOSFETs. Since the magnitude of IL,max is

greater than IL,min, the amplitude of ICDS is greater at the turn-on instant than at the

turn-off instant. This causes a faster commutation from M1 to M2 than from M2 to

M1. The values for voltage and current are measured at the buck converter input and

output terminals to determine the overall system losses with increase in Pout. In order
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Figure 4.9: Waveforms for the turn-on and turn-off of M2 with use of additional
330pF capacitor with the MOSFETs in the buck converter at 1kW output power.

to estimate the benefits with the use of the linear SSW method, the buck converter

is also tested with a larger 20.7µH inductance (realized using 23 units of Coilcraft’s

SER2009-901MLB 0.9µH inductors in series) and positive IL,min with hard-switching

(HSW). Due to the large values of the turn-on losses, the HSW system is operated

only upto 500 W with the same 300 V input and duty cycle. For comparison with

the linear SSW results, the values of losses with HSW are extrapolated upto 1 kW,

shown by the shaded region in Fig. 4.10. It is also seen that:

1. The losses in experiment with linear SSW increase marginally with increase in

Pout, shown in figures (a) and (c). This is due to the small change in the values of

MOSFET current with output load at the time of device turn-off.

2. Using linear SSW, the overall losses in the system and the switches reduce with

the use of 330pF capacitors with the MOSFETs, shown in figures (a) and (c). The

degree of reduction in the turn-off losses with use of additional capacitors is not
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Figure 4.10: Losses and efficiency in a buck converter at 1MHz switching frequency
with linear soft-switching and hard-switching.
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clearly evident since these do not dominate the total losses in the switches.

3. For simplicity, the linear SSW testing uses off-shelf inductors from Coilcraft which

have significant AC losses for given large ∆IL values. It is due to this reason

that the inductor losses form a major portion of the overall losses in figure (c).

A dedicated inductor designed for the given Fsw and ∆IL values would cause a

significant reduction in the inductor losses.

4. The losses in the switches with HSW exceed those with SSW for Pout greater than

200 W, shown in figures (a) and (b). The inductor losses, which form a major

portion of the overall losses with SSW, are calculated using the loss models from

Coilcraft [56], and these along with the losses in the input and output capacitors

are subtracted from the overall losses to get the total losses in the switches which

limit the maximum Fsw.

5. The overall losses with HSW exceed those with SSW for Pout greater than 450 W,

as seen in figures (c) and (d).

6. The greater losses in the switches with HSW are concentrated in M1, while these

are evenly distributed between both M1 and M2 in a system with linear SSW,

enabling higher Fsw.

7. Further, the use of anti-parallel SiC schottky diodes (C3D10065E from Cree Inc.)

with small junction capacitance, in addition to the 330 pF capacitors with M1

and M2 reduces the overall losses and improves the system efficiency, as seen in

figures (a), (c) and (e). This is due to their smaller forward voltage drop, lower by

nearly 60-70% of the voltage drop across M1 and M2 during reverse conduction.

This also moves the dead-time conduction losses away from M1 and M2, making
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scope for buck converter operation at Pout greater than 1 kW or use of even higher

switching frequency.

The losses for Pout of 500 W and 1 kW are also estimated analytically with the

sources of contributing losses for operation with both HSW and linear SSW, shown

in Fig. 4.11 using the relations:



Pc(RDS) = RDS,on

[
(IL,0)

2 +
(∆IL)2

12

][
1−

∑
trev

TSW

]
Pc(rev) =

1

Tsw

∑
VSDISDtrev

PCin
= RcD

[
I2L,0(1−D) +

(∆IL)2

12

]
PCout = Rc

(∆IL)2

12

(4.3)

where Pc(RDS) are the conduction losses for current flow through the FET channel,

Pc(rev) are the FET conduction losses during reverse conduction in the off-state con-

dition for duration trev, PCin
and PCout are the losses in the ESR of the input and

output capacitors [57], respectively. The inductor losses are obtained using the Coil-

craft models [56] and the MOSFET turn-off switching losses are computed using the

analytical model discussed earlier.

The analytical estimations in Fig. 4.11 for linear SSW system (with and without

anti-parallel SiC schottky diodes) match closely with the results from experimenta-

tion. These calculations with HSW operation assume linear variation in the turn-on

losses with change in VDS/IDS [52]. This causes an underestimation of these losses

since the turn-on losses for small values of IDS are greater than those given by linear

approximations [44]. It is seen that the turn-on losses in M1 in Fig. 4.11(a) and

Fig. 4.11(b) are replaced with the turn-off losses in M2 as seen in Fig. 4.11(c) and
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Linear So�-Switching with An�-Parallel SiC Diodes

Figure 4.11: Power loss estimation using analytical calculations and models at 1MHz
for different Pout.
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Fig. 4.11(d) with the use of the linear SSW method. Buck converter testing with

330pF capacitors at 1 kW Pout result in overall losses of 44.04W and 95.7% conver-

sion efficiency. The use of anti-parallel SiC diodes with the MOSFETs is shown to

reduce losses further and improve efficiency in Fig. 4.11(e) and Fig. 4.11(f). The

system efficiency would be further improved with the use of gate drive dead-times

just sufficient for the design specifications and the intended capacitive loading on the

MOSFETs or predictive dead-time control techniques [43], unlike the use of large

100ns dead-time values per transition in this analysis to prevent device failure when

loading with large capacitors. This open-loop experimentation is a validation near

the worst-case operating point and the losses in the switches and the inductor will

reduce significantly with reduction in Fsw at points away from the D = 0.5 condition.

Loss predictions of nearly 43.82 W on M1 in Fig. 4.11(b) would cause a device failure

at 27oC ambient.

Fig. 4.12(b) shows the steady state thermal image with forced air cooling at

27oC ambient for the top-view of the buck converter of Fig. 4.12(a) using 2.1µH

inductor and the linear SSW method. The inductors reach a maximum temperature

of 78.4oC due to their large losses. The heat sink with the MOSFETs is at 35.1oC.

Considering the half-bridge module, input/output capacitors and inductors which

form the buck converter unit, a power conversion density of 7.8 kW/L is achieved.

The buck converter of Fig. 4.12(c) with HSW is larger in volume and dissipates

similar losses at a smaller Pout. A reduction in its switching frequency to reduce the

switching losses would require a larger inductance value for same ∆IL which would

make the inductor even bigger. The switch losses in a HSW system are greater than

those in a system using the linear SSW method. For the case with 500 W Pout, the
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(a) (b) (c)

(a) Top-view of the buck converter board using 2.1 μH inductor and the linear SSW
method (b) Thermal image for operation of the top system at 1 kW with forced air
cooling at 27oC (c) Top-view of buck converter using 20.7 μH inductor and hard sw-
itching. Its steady-state thermal image is not captured to avoid system failure due to
large switch losses and the resultant heating.

Figure 4.12: Buck converter setup including inductors with linear SSW and HSW
control

reduction in the losses in M1 by nearly five times from a HSW system with the use of

the linear SSW technique would enable an increase in the switching frequency by the

same ratio with the given cooling system between the different control methods. This

highlights the utility of the soft-switching method in reducing the losses per switching

cycle, to enable operation at higher switching frequencies for a given cooling system

design and smaller size of the passive components.

4.4 Summary

This chapter discussed the use of the linear soft-switching method in extending the

operating switching frequencies of power converters using wide bandgap devices to
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MHz range. An analytical model was validated for GaN System’s GS66516T MOS-

FET product and the reduction in its turn-off losses was verified in hardware. This

reduction in losses per switching cycle was used to realize a buck converter with a

1MHz switching frequency, 1 kW output power and a 7.8 kW/L power conversion

density with forced air cooling. A comparison with the traditional hard-switched

buck converter indicates a potential to use five times higher switching frequency with

the use of this method while staying within the device power dissipation limits and

a given cooling system design. The use of anti-parallel SiC diodes with the MOS-

FETs is shown to reduce losses and improve efficiency further. Since a majority of

the power converter topologies include a half-bridge, this soft-switching method could

be extended to other such systems to realize power converters with high switching

frequency and small size of the passive components.
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Chapter 5

Conclusions & Future Work

5.1 Conclusion

Power loss calculations are critical to a power converter design, helping with esti-

mation of efficiency, switch selection and cooling system design. Power losses in a

MOSFET limit the maximum switching frequency in a power converter. Continuous

efforts are being made for the design of high power density converters switching at high

frequency. Switching energy values aren’t always available in MOSFET datasheets at

all operating points, and calculation of voltage and current rise-time and fall-time is

needed. This thesis discussed various methods for estimation of the switching tran-

sition times and power losses, using datasheet parameters, including SiC MOSFETs

with varying miller plateau voltage. Three methods are used to evaluate a certain

MOSFET product, and calculated values were compared with results from PLECS

simulation and double pulse test experiment. It is observed that the proposed model

overestimates switching energies, with values close to actual device characteristics

with worst-case 30% deviation from experimental values, in comparison with existing
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methods and could be used for the estimation of switching energies for MOSFETs in

cases where these values are not available in the datasheet at all required operating

points.

The advent of Silicon-Carbide and Gallium-Nitride MOSFETs offers potential to

realize power converters operating at even higher switching frequencies. At a given

value of drain-source voltage and current, the turn-on losses in a MOSFET are usually

greater than the turn-off losses. A linear soft-switching technique is introduced for

power converters using wide bandgap devices to replace the larger turn-on losses with

smaller turn-off losses and thus reduce the power dissipation of the overall system.

The turn-off losses are further reduced with use of additional capacitance across the

MOSFET drain-source terminals. An analytical model is realized for estimation of

the turn-off energies and their reduction with the use of additional drain-source capac-

itance. Results from an analytical model, LTSpice simulation and experimentation

are shown to match closely for SiC MOSFETs.

The linear soft-switching method is further evaluated for use with Gallium-Nitride

devices switching at 1 MHz frequency in a buck converter topology. Switching energy

computations from hardware are modified to include the effect of the current through

the MOSFET stray output capacitance, and results from the analytical model are

found to predict the actual values of turn-off energies closely. The proposed method

moves the location of losses from the high-side MOSFET in a hard-switched system to

both the switching devices with use of linear soft-switching, making it possible to use

higher switching frequencies. The results from an analytical model and experimen-

tation show benefits of reduction in the switch losses leading to a possible increase

in the switching frequency and reduction in the values of the passive components
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by five times as compared to a buck converter with a larger inductance and small

current ripple for a given cooling system. The overall losses in a system with linear

soft-switching are shown to further reduce with the use of anti-parallel SiC schottky

diodes with the MOSFETs.

5.2 Future Work

The linear soft-switching is found to have enabled operation at switching frequencies

in MHz range in a buck converter using GaN devices, and use of minimum number of

additional components. The higher reverse conduction losses in the GaN MOSFETs

are reduced with the use of anti-parallel SiC schottky diodes. Unlike the off-shelf

inductors used in this analysis, an inductor designed for large current ripple values

and switching frequencies in MHz range would reduce the core losses seen here signif-

icantly. With use of SiC schottky diodes and a custom inductor, the buck converter

could be tested at output power greater than 1 kW to realize even higher efficiency

and power density.
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A Analytical Model MATLAB Script

%% Read Coss values from the datasheet
Vds Coss = csvread('Coss 66516.csv',1,0);
Voltage = Vds Coss(:,1);
Coss = Vds Coss(:,2)*1e-12;
func = polyfit(Voltage,Coss,10);

%% Test condition and user inputs
Vin=300;
Ids max=18;
Cextra = 330*1e-12;
tfi=20.8e-9;
DeltaT=0.1e-9;
steps=tfi/DeltaT;

%% Initial conditions
Vds=0;
Q=0;
Eoff=0;
Ids = Ids max;

Coss L = polyval(func,Vds);
Coss H = polyval(func,(Vin-Vds));

%% Calculate turn-off switching energy
while Ids > 0

Icds = Ids max-Ids;
IcdsM2 = Icds*(Coss L+Cextra)/(Coss L+Coss H+2*Cextra);
Icds int=IcdsM2*Coss L/(Coss L+Cextra);
if Vds < (Vin+3.33)

dQ = IcdsM2*DeltaT;
Q = Q + dQ;
Vds = Q/(Coss L+Cextra);
Coss L = polyval(func,Vds);
Coss H = polyval(func,(Vin-Vds));
Vds plot=[Vds plot Vds];
Ids plot=[Ids plot Ids];
Eoff=Eoff+Vds*(Ids)*DeltaT;

else
Eoff=Eoff+Vin*Ids*DeltaT;

end
Ids=Ids-(Ids max/steps);

end

1
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B Experimental Loss Calculations MATLAB Script

%% Read experimental data from excel file
Data = csvread('tek0003.csv',1300,0);
Time = Data(:,1)*1e6;

%% Compensate for probe offsets
time offset=Time(1);
Time = Time-time offset;
V R = Data(:,4)-1;
I total = Data(:,3)+0.3; % adding offset to make current value 0
I Coss = Data(:,2)-0.1;
V R = [0;0;0;V R];
I total = [1 ; 1 ; 1 ; I total];
I Coss = [I Coss ; 0 ; 0 ; 0];
Time = Time + 0.0012;
Time = [0; 0.0004;0.0008;Time];
I delay=-0.0032;
I delay samples=I delay/0.0004;

%% Calculate variables of interest
I R = I total-I Coss;

%% Determine last time when voltage exits 0V
for i=1:numel(Time)

if(V R(i)<=0.5)
T1=i;

end
end
T V last0=Time(T1)

%% Determine first time when current reaches 0A
for i=1:numel(Time)

if(I R(i)<=1e-3)
T2=i;
break;

end
end
T I first0=Time(T2)

%% Calculate switching energy
Eoff=0; % Initial Value

for i=(T1+1):1:(T2-I delay samples)
Eoff = Eoff + ((V R(i-1))*(I R(i-1+I delay samples))*(Time(i)-Time(i-1)));

end

1
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