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ABSTRACT

With the rise of soft-switched converter topologies which enable high-frequency power
conversion, there has been a premise that these converter topologies can help achieve loss-
less switching in a power device. However, this theory is not completely true as there even
with soft-switching there is some degree of loss associated in the form of output
capacitance-related hysteresis loss, channel turn-off loss, and loss during the dead-time
period in these converter topologies.

The soft-switching converters utilize the existence of the device’s output capacitance
(Coss), which is charged and discharged consecutively at each switching cycle, and a
hysteresis loss exists due to the difference in charging and discharging output capacitance.
In order fully utilize the potential of these novel soft-switching topologies, we need to
investigate further into the origins of these losses or loss mechanisms, methods to measure
or compute these losses, and then devise ways to optimize the loss for a given application.

This work focuses on exploring methods to quantify this loss for different operating
conditions like device current, switching frequency, dV /dT, etc. In this aspect, some
methods have been studied and used to quantify this hysteresis loss for a variety of power
devices like SI and GaN. It is reported that only channel turn-off losses exist in devices
with ZVS transition, however, we found that the charging and discharging of Coss is not

loss-free and thus it is important that we account for this loss in the design process.



Finally, the loss data obtained from these tests are compared with each other for five
different power devices to validate their applicability, and later these test results are used
to get an optimized device selection criterion for the best possible efficiency and minimal

losses for a ZVS application.
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GENERAL AUDIENCE ABSTRACT

Pioneers in power conversion are pushing for higher power delivery, and smaller size
which can be achieved by turning ON and OFF semiconductor switches of a power
converter at a high frequency. However, due to this increased frequency the converter can
exhibit significant losses.

To eliminate power losses in these converters, a soft-switching or zero-voltage
switching (ZVS) was introduced which provides a soft transition of voltage and current for
a semiconductor switch. These switches have a capacitor across their terminals which is
labeled as output capacitance. This capacitor can incur a power loss (hysteresis loss) when
a voltage is applied and removed repeatedly across it at high frequency even if we have
soft switching. This loss can be a significant part of total power loss occurring in the
system; thus, it is important to study it.

In this work, two different test methods are explored to measure this loss, so that we
can quantify the loss for a variety of semiconductor switches which are emerging in today’s
technology, and based on these results a semiconductor switch selection criterion can be
developed to get minimal hysteresis loss, which can also reduce overall power loss of the

power converter and increase its efficiency.



In conclusion, the test results obtained for five different switches are compared for
minimal hysteresis losses, and the one with smallest loss is selected for the power converter

which will help reduce the hysteresis loss in the output capacitance of the switch.
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Chapter 1.  Introduction

1.1 Output Capacitance Loss in a MOSFET

With the technological advancement in the realm of the semiconductor industry, the metal-
oxide-semiconductor field effect transistor (MOSFET) has become an integral part of almost every
technology involving electronics. With the increasing demand for MOSFETs, the industry has
responded with the best technology possible in the last 50 years like Trench FET [1], Hex FET[2],
and Super-Junction (SI) Silicon [3] from manufacturers like International Rectifier (Infineon

Now), ST Microelectronics, and Fairchild Semiconductor (Analog Devices Now), etc.

b v : ~__ ¥ ﬁ\_ Source / Body metal

TRANSISTOR N+ substrate

soulice | [ GATE oxipe”
TRANSISTOR| | DRAIN
CURRENT

DIODE CURRENT

Drain metal

(a) (b) (b)
Fig. 1.1 Cross section of (a) HexFET [2], (b) Trench MOSFET [1], (c) Super-Junction Si

FET [3].

With these technologies comes their unique advantages like better On-state resistance, and
high-voltage blocking, within a smaller chip size, and at an affordable price. However, these
devices are generally evaluated for applications like Buck [4], Boost [5], and their derived
topologies [6], and are mainly aimed toward hard-switching applications. With the rise and

popularity of resonance-based topologies like series resonant converter[7], parallel resonant



converter [8], LLC [9], CLLC [10], and DAB [11]. The wide-bandgap devices like gallium nitride
[7/2] and silicon carbide [ /3] have been inducted into the power electronics application due to their
ability to switch at high-frequency and attain advantages from soft-switched topologies. Structures

for GaN HEMT and SiC MOSFET are shown in Fig. 1.2 and Fig. 1.3, respectively.

It has been assumed that with the incorporation of soft-switching converter topologies or zero-
voltage switching (ZVS), the switching losses can be fully eliminated, which is untrue, as only
turn-on losses can be eliminated with ZVS; turn-off related losses remain in the device which
needs to be accounted for [14], and it also incorporates the channel related turn-off loss which has

been investigated in [15].

Vos Vos
- LY
—iF— ov
A AlGaN Barrier Layer | AlGaN Barrier Layer
- GaN Buffer Layers ZﬁEG Channel GaM Buffer Layers 2DEG Channel
Si substrate Si substrate
Substrate Substrate
ON State OFF State
(a) (b)

Fig. 1.2 E-Mode GaN HEMT structure from GaN Systems [12] (a) when the channel is

turned-on, (b) when the channel is turned-off.

With the increasing switching frequencies for applications like wireless power transfer where
the switching frequency is in several MHz, the Coss-related hysteresis loss might be significant

due to the charging and discharging of Coss at MHz frequency range, like in [/7] where the loss



characterization has been presented for applications like class-DE rectifier in which the losses
related to junction capacitance of a SiC diode is characterized by using Sawyer-Tower (ST) test
method, the dissipated energies are computed using the charge-voltage curves obtained through
ST test, later a device selection procedure based on the loss minimization is presented. In another
literature [ /8], a comparison is performed for the different technology of GaN devices for a class
2 amplifier application. The GaN devices are characterized for different ranges of frequencies 5-
35 MHz with sine, square wave nature, using the similar ST method which is adopted in [/7] as
well. It is also reported that the Coss-related loss data has not been reported in many literatures or

GaN device manufacturers, which needs to be addressed for better designs in the future.

Source Ohmic Contact
Oxide

SRR

N~ Drift Layer

N+ Substrate
AR TS

Drain Ohmic Contact

Fig. 1.3 Cross section of a SiC UMOSFET [13].

Currently, the challenge associated with the optimized design of power converters for ZVS
applications is related to the measurement of Coss which is usually performed using an impedance
analyzer or an LCR meter, where both instruments use a small-amplitude to excite the DUT, and
only measures the impedance at a bias point and chosen test frequency, thereby only computing
the small-signal value of the Coss which is not usable when the hysteresis is present in the device
under test [/9]. Manufacturer’s data only includes the small-signal Coss which can be misleading
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while selecting the switching device for ZVS applications as the Coss contributes majorly to

achieving a soft-switching transition in the device.

1.2 Methods to measure the hysteresis loss related to the output capacitance

Several methods have been explored, which can be used to obtain the large-signal behavior of
the output capacitance and the loss associated with it. Some of these methods are Sawyer-Tower
(ST) circuit test [18][19], Calorimetric Test [20], Non-linear (NR) resonance test [21], and
Unclamped Inductive Switching (UIS) [16].

The ST circuit has been widely adopted to measure hysteresis in the output capacitance of
switching devices, it measures separately measure the charging and discharging behavior of this
non-linear capacitor and gives a charge-voltage curve which can be used directly to get the
hysteresis loss. However, the test needs a power amplifier with sufficient amplitude and frequency
range and an external reference capacitor which needs to be very accurate as it can affect the Q-V
hysteresis curve, and it can only be used with sinusoidal voltage waveforms. Section 2.1 presents
the detailed test procedure and working mechanism for the ST circuit test.

The calorimetric test method is one popular method that overcomes the difficulty of the ST
test by eliminating any need for an external reference capacitor, or power amplifier. The test
charges/discharges the Coss by keeping the channel turned-off and measuring thermal resistance,
and temperature rise during the steady-state operation, which can be used to get dissipated energy
in the Coss of the device. As shown in [20] the test method achieves voltage waveforms like ones
in a soft-switched converter, thus the results are quite close to the actual application. Section 2.2
presents the detailed test procedure for the calorimetric test.

NR test method has gained quite an interest to characterize the output capacitance and its

related losses due to a few advantages like, it doesn’t require a high voltage DC supply unlike ST
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and Calorimetric methods, it can quickly perform the Coss loss characterization unlike the ST and
Calorimetric test where the test must be carried out at steady-state or thermal equilibrium. The
only additional parts required for this test are a gate driver to supply gate voltage to the device,
and an inductor to tune the frequency of non-linear resonance. Section 2.3 broadly describes the
test process of the NR test.

In a further section, we explore the reasoning for the origins of the Coss-related loss in different

device technologies like Silicon, GaN, and SiC.

1.3  Origins of the Soft-Switching Losses in Silicon Super-Junction Devices

The root cause for the anomalous behavior of Coss losses in power devices has not been studied
in the literature until recently [19]. It is evident that even at slow speeds or lower switching
frequencies SI MOSFETs exhibit significant Coss-related losses, rendering them unusable at
higher switching frequencies. In [22] it is reported that the loss mechanism is a result of a stranded

charge between the SI pillars as the depletion layer expands during the OFF-state operation.

Further, mixed mode simulations along with the finite element analysis (FEA) of the
MOSFETs channels are carried out to validate the cause of the loss, the study covers two
technology for the SI-FET, one is Multi-implant multi-epitaxy (MEMI), and the other is the trench-
filling epitaxial growth (TFEG), from an electrical point of view, both SI structures are equivalent,
showing almost identical area-specific Ry o, and the break-down voltage. However, despite this
similarity, they behave differently to the resonant HB test [23], the TFEG structure shows
symmetry while the MEMI structure shows asymmetry in the Vps voltage waveforms shown in

Fig. 1.4.
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Fig. 1.4 Simulated Vsw and I versus time in one cycle for MEMI and TFEG structure (Vpp

=150V and Fsw =400 kHz) [23].

It is reported that there is an irregular depletion front in the MEMI structure where the electron
and hole charges become dynamically stranded (Qsrg), and this stranded charge is concentrated in
undepleted islands along the n and p pillar centers. The Qsrg is removed through a depleted region
with high lateral electric filed (E,). In both structures, the current flows transversal to the E, and
eventually, a high-resistance path induces significant joule heat for the electrons and holes at the
n and p pillars, respectively. It is reported that in MEMI structure, the large-signal Coss shows a
clear hysteresis effect Fig. 1.5 (a), and in conclusion, the MEMI structures are more prone to Coss-

related energy loss, whereas SI-FETs based on the TFEG structures appear to be the best choice

for resonant converters.

In further discussion, enlarging the n pillar for the same given charge reduces the energy loss
in the Coss, indicating that the old technologies, with a larger cell pitch, have more immunity to
the Coss hysteresis. A similar type of conclusion has been mentioned in [/9] where the Coss is

charging, then the n and p pillars initially have mobile carriers; however, when discharging, the n



and p carriers are completely depleted of mobile carriers. During, the charging phase, some mobile
carriers get islanded where the non-uniform spread of the depletion region causes pockets of
undepleted regions along both n and p pillars, which lead to the charge imbalance during charging

and discharging, giving rise to hysteresis effect and thus dissipation of some energy in Coss.
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Fig. 1.5 Comparison between Coss extracted by small-signal and large-signal simulation for

(2) MEMI and (b) TFEG SI-FETs [23].

1.4 Origin of the Soft-Switching Losses in GaN/GaN-on-Si/SiC Devices

The same mechanism of Coss-related hysteresis loss can’t be applied to the GaN HEMTs as
they don’t have SI-type pillars. Thus, there must be some other phenomenon explaining Coss-
related loss. TCAD simulations can be used to analyze the underlying loss mechanism for the GaN
devices [24], where the simulations show the imbalance between the stored and released charges
in the device, which can be further used to point in the direction of exploring the origin of these
losses. Moreover, in [25] a detailed test concludes that the dielectric of the parasitic capacitance

between the drain and the substrate of the device could be responsible for the observed Coss-related
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loss. The simulations can present the transfer of charges between the electron current and
displacement current, which can be used to verify the energy transfer to the Coss and reveal the

underlying loss mechanism.

For the Silicon Carbide (SiC) devices, Coss-related losses occur due to the resistive power
dissipation in the termination region. The variation in the losses with changing the switching
frequency, dV /dT, and device temperature arise from the incomplete ionization which causes the
time-dependent charge storage in the device’s Coss which is usually not reported in the
manufacturer’s datasheet or the SPICE models but can be explained using a 2D TCAD simulation
[22]. Understanding the loss mechanism can help optimize the efficiency of a power converter that

is being used for high-power, or high frequency like wireless power transfer applications [26].

Based on the above discussion, the end application product or design can be optimized, not
completely though, as we still need to evaluate the Coss-related loss to have a design process or a
guide. It is critical to know the underlying physics of the device being used in an application,
however, the focus of this work is mainly to quantify the hysteresis loss in the Coss of the device
and validate the results, which can be incorporated to develop a design criterion for the soft-

switched power converter.

In conclusion of this section, the underlying mechanism for the Coss-related loss for different
device physics is discussed, and it is majorly related to the stranded charge carriers in the super-
junction pillars for the SI devices, for the GaN devices it is mainly due to the unbalance of the
stored and released charges which cause hysteresis, but there still has some work left to get the
exact cause for this loss, and for the SiC devices, the loss arises due to incomplete ionization and

the resistive dissipation in the termination region.



Chapter 2 presents how we can evaluate the Coss-related loss for a variety of different devices
emerging from SI and GaN technology. It is mainly divided into two three subparts which discuss
the three basic methods to analyze the losses in device Coss; namely Sawyer-Tower circuit-based
method, Calorimetric test-based method, and Non-linear Resonance based method. Further, the
chapter presents the fundamental test methodology of each test, the advantages, and possible

disadvantages of each of the methods, and the scope of applicability for each method.

Chapter 3 presents the experimental test setup and practical considerations to implement the
two different test methods to measure the Coss-related hysteresis loss. Further, it includes a
detailed discussion about the hardware setup, mainly the test board-related aspects like the optimal
temperature rise in DUT to get better thermal data to compute losses using the calorimetric test,
PCB layout considerations for the NR test method to get the hysteresis loss in the Coss. In
conclusion, the chapter presents the experimental hardware results obtained using the above-

mentioned methods for Coss-related hysteresis loss.

In chapter 4, the experimental test results obtained in chapter 3 are validated on a ~270W DC-
DC converter using 4 different devices (3 Silicon, 1 GaN), by performing a total loss breakdown
procedure, and identifying the individual loss elements; out of these loss elements, the switching
loss is breakdown into three main losses, Coss related hysteresis loss, channel turn-off loss, and
dead-time loss in the DUTs. Other loss elements are also presented and discussed such as FET
conduction loss, transformer-related core and winding losses, rectifier-related conduction loss,
capacitive loss, bus capacitor-related conduction losses, input-coupled inductor-related core, and

winding losses, and PCB parasitics-related miscellaneous losses. Using the insights from this



chapter, a design approach incorporating a new figure of merit (FOM) for ZVS-based converters

is adopted and used for the optimized design of the power converter.

Chapter 5 presents a design example of a soft-switched LLC resonant converter to highlight
the impact of Coss hysteresis loss on the overall switching loss of the converter, the two main
contributors to the switching loss are compared and it is found that hysteresis loss has significant
contribution in the switching loss compared to the channel turn-off loss. Moreover, the chapter is
concluded by selecting an optimal device which gives smallest total loss using the ZVS FOM

explored in Chapter 4.
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Chapter 2.  Evaluation of Output Capacitance-Related

Loss

2.1 Sawyer-Tower Based Test Method to Measure the Coss-related

Switching Loss

Sawyer-Tower (ST) circuit-based tests methods have been used previously to measure the
hysteresis loss in commercial fixed value capacitors (Film, Ceramic) and MOSFETSs which enables
the direct measurement of the charge voltage characteristics of the device under test (DUT). For
the first time, the Sawyer-Tower circuit was used to characterize the saturation and hysteresis
occurring in a Braun tube with the dielectric material called Rochelle Salt, ultimately to make large
value capacitors [42]. This method is adopted as an alternative to the impedance analyzer or LCR
meter, as these instruments can only measure the device Coss when hysteresis is not present.
However, an ST circuit can be used to measure the Coss irrespective of the hysteresis in the DUT,
and a typical circuit for the ST test is shown in Fig. 2.1 consisting of a function generator that
provides a signal to the power amplifier (boosts the voltage level), a reference capacitor to measure

the charge stored, and the device itself.

There are some advantages of using the ST method as it doesn’t require any external
components (inductors, active switches, gate drivers, or control circuits) other than a reference
capacitor (which provides a DC bias to ensure that the body diode doesn’t conduct) and the DUT
itself. The test setup only measures the input voltage (Vin) and reference voltage V,..r from the
reference capacitor, thus being very accurate even at very high frequencies (VHF) range as the

current measurements often be prone to inaccuracies.
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Fig. 2.1 Sawyer-Tower circuit for Cpgs hysteresis loss measurement.

Qoss = Crerref (2.1
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Vbs

Chargin% l

Charging

QOSS

Fig. 2.2 Charge-voltage hysteresis curve.

The (2.1) presents the output charge of the FET or DUT, where C,..f is the high precision, low
tolerance reference capacitor, and V;..r is the voltage measured across this reference capacitor.

Further, (2.2) can be used to get the voltage across the DUT, where V;y is the voltage across the

DUT and Gy, this can be used to get the charge-voltage hysteresis of something like in Fig. 2.2
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Charge-voltage hysteresis curve Fig. 2.2 which shows the charging and discharging behavior in

the Coss of DUT.

In this work, the ST method has not been accounted for to measure the large signal Coss-related
hysteresis loss in the DUT for a variety of reasons. Firstly, the power amplifier is required to excite
the DUT with desired voltage and frequency which might not be accessible, and if an amplifier
using a Half-bridge or Full-bridge converter is designed to excite the DUT, it is imperative to
match the equivalent load for the given frequency and power. The gain of the power amplifier
degrades with the increase in excitation frequency f,, and thus, the application of pulsed
waveforms is highly limited by the bandwidth of voltage or power amplifier and the value of

equivalent load capacitance C,q [27].

Second, the reference capacitor (Crgr) suffers from frequency, and voltage dependency which
can impact the measured charge-voltage hysteresis and impact the overall loss measurement and

it can also distort the input voltage waveform if not chosen correctly.

Third is the impact of DUT’s Coss as it directly impacts the load impedance, the value of Coss
regulates the current entering the DUT, and if it is too large, it can destabilize the power amplifier,

and there might occur a distortion in the voltage being applied to the DUT.

Fourth, the reverse conduction of the DUT’s body diode; it is assumed that the body diode is
reverse biased during the test (no conduction in III quadrant), but due to the leakage current, there
is an additional loss in the DUT which compromises the use of ST test. However, this adverse
effect is countered by choosing an excitation frequency such that rate of charge build-up due to

leakage current is at least two orders of magnitude lower than the DUT’s Qoss [27]. The authors
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in [27] also proposed a new Q-V curve variation which considers the finite reverse voltage of the

DUT and ensures that the charge when V¢ = 0 is equal to zero.
2.2 Calorimetric Test Method to Measure the Coss-related Switching Loss

This section presents a thermal or calorimetric approach to evaluate the soft-switching losses
of power converters. Calorimetric tests were used to obtain the core loss in the magnetic materials
[29] however, the setup used here for the soft-switching loss measurement is unique from the test
setup used for the core loss measurements. Usually, the electrical measurements for the Coss-
related loss in a soft-switching application are prone to inaccuracies as discussed in the previous

section.

In [20] a calorimetric measurement method is presented to characterize the energy loss due to
hysteresis in Coss, which incorporates the thermal measurements (which are less prone to
inaccuracies) to compute the thermal resistance (Rth,C A) and the dissipated energy (Pgissipatea) In

the device Coss.

The test uses a resonant half-bridge circuit to mimic the actual operation conditions of the
power converter shown in Fig. 2.3 comprising of a half-bridge (HB) converter exciting the two
devices (DUT1, DUT2) connected in series with each other with their gate terminal tied to their
sources to keep the channel turned OFF and connected to the excitation HB circuit via an Inductor
whose value is calculated as per the test requirements like the frequency of excitation, current

going through the device Coss.
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Fig. 2.3 Half-bridge (HB) resonant circuit for Calorimetric test.

In this test, the circuit is operated in steady-state conditions and the temperatures are recorded
for both DUTs and the air they have been soaked in to get the ambient temperature data. The
temperature difference is between the DUTs, and the ambient temperature is recorded to get the

rise in temperature AT, which will be later used to get the dissipated energy loss.

For the other part of this measurement, we need the case-ambient thermal resistance (Ryp,ca)
of the DUT, which can be computed by passing a DC current through the device, using the same
hardware setup with the inductor connection being removed. With this, the temperature rise in the

DUT is recorded along with ambient temperature, voltage and current across the DUT.

R _ ATcapc (2.3)
th.cA lIpurVpurl
ATcass
Pdissipated = Rinca (2.4)
th,

However, there are some practical aspects required to be taken care of just like in the ST

method. It is critical to keep the AT, s larger than 2°C to get sufficient temperature measurement
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resolution and ensure that the self-resonant frequency of the inductor is much larger than the
excitation frequency from the HB circuit. Further design concerns for the calorimetric test will be

discussed in the upcoming sections where we discuss the experimental setup used in this work.

In [28] the calorimetric test is used to evaluate the losses between a SI and two GaN devices
under soft-switching operation at an MHz frequency range, and when compared to the predicted
simulation results showed a significantly lower efficiency, which explains for the unaccounted loss
data in manufacturer’s datasheet and the SPICE model. Thus, it is important to perform
calorimetric tests to get the real picture of the devices which can render quite helpful for optimizing

the design and getting the best performance.

Based on the same principle of calorimetry, [25] made a novel measurement procedure, aiming
to identify the region of transistors where the losses originated, and potentially conclude the cause
behind it, and based on that they present a new GaN-on-Si device which is free from the Coss
related loss and the dynamic Ry, ,,, phenomenon; thereby capable of extracting the full potential

of the GaN-on-Si substrate.

In this work, a similar calorimetric approach to that of [20] has been used to obtain the energy
loss data for the device Coss in a soft-switching application. For this purpose, the circuit of Fig.

2.3 is used to evaluate the dissipated energies in the Coss of the five different devices.
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2.3 Non-Linear Resonance (NR) Based Test Method to Measure the Coss-

related Switching.

This method was used by [30] to measure the large-signal output capacitance of transistors,
MOSFETs, as discussed before that the small-signal values don’t depict the true picture to evaluate
the Coss-related losses in the devices. This method overcomes the limitation of the ST method as,
the fixed value of reference capacitor in ST method can’t be suitable to measure large non-linearity,
as at high temperatures the leakage current can be comparable to the displacement currents in the

Coss and G-

Another restriction that it overcomes is the limitation of the voltage swing/frequency applied
to the DUT before its thermal runaway. This method only requires a low-voltage DC source to
evaluate the charge/discharge behavior of the DUT, therefore eliminating any need for the high-
voltage amplifier unlike the ST method and even the Calorimetric method. Moreover, the test setup

is not complicated unlike ST or even the calorimetric method.

The NR method utilizes the resonance between a pre-calibrated inductor and the Coss of the
DUT, this inductance can be tuned to get the desired frequency and dV/dT in the voltage
excitation applied to the DUT, all of this with just a small DC voltage source connected to the
DUT via this inductor. The frequency of the excitation signal varies inversely with the value of
the inductor used, for small values of inductance, the frequency of the excitation signal will be

higher.

In addition, the test setup can be used to obtain the large-signal Coss and the energy loss

associated with it during the charge-discharge cycle, which eliminates the self-heating of the
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device and does not thermally limit the maximum voltage swing unlike in the calorimetric or ST
test where the device is subjected to steady-state conditions, which can also alter the measurement

due to trapping phenomenon discussed in [22].
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Fig. 2.4 (a) Non-linear resonance test circuit, (b) Vps versus time plot to depict loss-less and

lossy behavior.
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Fig. 2.5 Area under the Vp vs time curve to get the energy dissipated in the Coss during a

single charge-discharge cycle.

The test method uses resonance between the inductor L and the output capacitance (Coss) as

mentioned above. In this test, the gate of the DUT is actively driven using a gate driver and control
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circuit; during this time the inductor is charged through the low-voltage DC source, and when the
gate of the device is turned-OFF, a resonance occurs between the inductor and the Coss of the

device shown in Fig. 2.3. (b)

The charging and discharging energies can be computed using (2.5), and (2.6). The difference
between these two equations gives the dissipated energy (2.7) in the device’s output capacitance.
These equations can be computed in MATLAB to get curves like Fig. 2.6 which depicts the energy

dissipated in the Coss of the device.

. (2.5)
EOSS,Chg = ﬁ I(Vds(t))z
to
1 t1
EOSS,Dchg = ﬁ'[ (Vds(t))z (26)
0
(1 2.7)

0
1
Episs = oL j(Vds(t))z - j (Vds(t))z)
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Fig. 2.6 Dissipated loss in the device’s Coss obtained through of Vj¢ data.
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In [30] it is mentioned that the results for the large-signal Coss were verified using Sawyer-
Tower method-based measurements at 300 kHz, though the measurements were taken at a
maximum voltage of 100V, the supply voltage Vpp was only 100 mV, that is the device was

characterized by using a small voltage input, thus it is one of the advantages of NR test method.

This method is used in a single-pulse mode, which doesn’t heat up the junction or increase the
leakage current in the device and has the nature of resonant power converters. The circuit
minimizes the possible number of parasitics to avoid spikes on the drain terminal of the device,
through resonance smooth charging, discharging curves are obtained. This method can be widely
used for any kind of device like GaN, SiC, and SI with only a few components, and a similar
approach is used in this work to characterize different SI, and GaN devices for Coss-related

hysteresis loss measurement.

In this work, the NR test method is used extensively to evaluate FETs with different device
physics like SI, and GaN, and for different frequencies and thus the dV /dT. The test circuit of [30]

has been incorporated to implement this method for low-voltage SI FETs, and GaN HEMTs.
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Chapter 3. Experimental Test Setup and Results for

Calorimetric and NR Methods

3.1 Experimental Test Setup for Small-signal Coss Measurements

For the first test, we measure the Coss with the DC bias voltage applied to the device, using
the test circuit of Fig. 3.1 with a blocking resistor Ry, to limit the current drawn through the
DC source, and a DC blocking capacitor Cp;,ck to prevent DC voltage entering the input terminals
of the LCR meter to avoid any damage, and only allow small-signal AC voltage to measure the
Coss. The experimental test hardware of Fig. 3.2 is used to implement this test, where the
components of the test are highlighted as, the device itself, Ryjock> Chiocks input DC source

terminal, and the measurement terminal.

Rblock

l—'\N\'—I Vin

i BNC
|_T_ I Cb:!;k©

Fig. 3.1 Test circuit to measure the small-signal Coss.

We can observe the small-signal Coss data tested for two different frequencies (1 kHz, 100
kHz) with the DC bias across the device and measure it using an LCR meter. The two Coss values
match well; however, the datasheet value is a bit different as it was computed with only small-

signal injection at a frequency of 1 MHz.
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Thus, even with this simple setup, we can observe the discrepancy between the datasheet value

and the small-signal (measured with DC bias applied to the device).
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Fig. 3.2 (a) Experimental hardware for small-signal Coss measurement (SI FETs), (b)

Experimental small-signal output capacitance test results for ST FET (BSC037NO8NSS).

DuUT Output Capacitance Measurement
. I Mea: . I ' ' '
Input Voltage oltage Measurement i CC Ccossvinem T
i 21t A - = =COSS Value at 100 kHz
- \ - [ — Datasheet Value at 1MHz
T \
£ \
g ;
g 1.5 y
= .
3 v
Q. v b\
3] VN
&) . -
: 10 Bt i) S e o
DUT COSS 0 20 40 60 80 100
Measurement Voltage (V)
(a) (b)

Fig. 3.3 (a) Experimental hardware for small-signal Coss measurement (EPC 2302), (b)
Experimental small-signal output capacitance test results for GaN FET (EPC 2302).
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A similar test can be performed for the other device technology like GaN (EPC-2302, EPC-
2218) shown in Fig. 3.3 where we can observe that the measured Coss is in accordance with the
datasheet values but with a little deviation for the value at 100 kHz; and for EPC-2218 we can
observe in Fig. 3.4 that the capacitances are deviated from the datasheet values, clearly showing
the shift in Coss values when it is measured with the DC bias applied across the device.

The circuit of Fig. 3.5 is used to carry out the calorimetric test on the SI FETs which is
comprised of a half-bridge evaluation module from EPC (EPC 9034) to supply excitation signals,
a digital C2000 MCU from Texas Instruments to supply PWMs to the half-bridge evaluation board,

SDN-414 high-precision co-axial current shunt from T&M Research, and DUTs.
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Fig. 3.4 (a) Experimental hardware for small-signal Coss measurement (EPC 2218), (b)

Experimental small-signal output capacitance test results for GaN FET (EPC 2218).

In the calorimetric test, we capture the temperature of either of the DUT and monitor the
temperature rise of the DUTs, which can be used to get the dissipated power (2.4) in the Coss if

thermal resistance Ryj, ¢4 1s known as in (2.3) which can be computed using the test mentioned in
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section 2.2 where we forward bias the body diode of the devices so that the channel and Coss
would not conduct and a current is applied through these body diodes which generates a
temperature rise in both DUTSs, we can monitor and record this temperature rise to compute for the

Rip ca as per (2.3).

{Vin

S
' T

Rshunt

Fig. 3.5 Calorimetric test circuit to measure large-signal Coss measurement and energy

loss related to it.

An experimental prototype for the calorimetric test of devices is shown in Fig. 3.6 in which
the half-bridge evaluation board is used to get switched voltage waveforms with desired
frequencies to excite the DUTs, followed by an inductor which is used for controlling the amount
of current entering the device capacitance, and the DUTs in a half-bridge configuration.

The overall test setup acts like a resonant half-bridge converter mimicking the voltage
waveforms across the DUTs to that of a soft-switched resonant converter (LLC [9], IBR-Z [31]).
The current and voltage waveforms for the SI FET BSC037NO8NSS5 [32] are shown in Fig. 3.8

and Fig. 3.9, respectively.
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DUTs

Fig. 3.6 Experimental hardware setup for thermal validation/calorimetric test

Dur

Input Voltage Voltage Measurement

+7V DC

Half-Bridge
Evaluation Board T&M 0.098102
EPC9034 Co-axial Shunt

Fig. 3.7 Experimental setup for thermal validation/calorimetric test of SI FETs

25



Calorimetric Test - BSC037N08NS5
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Fig. 3.8 Measured current through the device Coss for ST FET BSC037NO8NSS.
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Fig. 3.9 Measured voltage across the device Coss for ST FET BSC037NO8NSS.
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Fig. 3.10 Measured current through the device Coss for ST FET ISCO30N10NM6.
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Calorimetric Test - ISC030N10NM6
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Fig. 3.11 Measured voltage across the device Coss for SI FET ISCO30N10NM6.

Further, the test is carried out for different devices as well, like ISCO30N10NM6 [33], and
ISCO60N10NMS6 [34],, both are generation 6 Optimos devices from Infineon Technologies, with
better area-specific on-state resistance, output capacitance, and rugged body diode. Moreover, the
GaN devices from EPC [35] are tested using the hardware setup of Fig. 3.12, and Fig. 3.15, the
current and voltage waveforms for this device are shown in Fig. 3.13 and Fig. 3.14, respectively.

DUT
Input Voltage Voltage Measurement

Half-Bridge EPC 2302
Evaluation Board T&M 0.09812
EPC9034 Co-axial Shunt

Fig. 3.12 Experimental setup for thermal validation/calorimetric test of GaN FET (EPC

2302).
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Calorimetric Test - EPC 2302
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Fig. 3.13 Measured current through the device Coss for GaN FET EPC 2302.
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Fig. 3.14 Measured voltage across the device Coss for GaN FET EPC 2302.

The spikes in DUT current are due to the dV /dT involved with the HB circuit, this dV /dT is
coupled with the parasitic capacitance of the inductor and hence induces a spike in the DUT

current.
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DUT
Input Voliage Voltage Measurement

Half-Bridge EPC 2218

Evaluation Board T&M 0.09812
EPC9034 Co-axial Shunt

Fig. 3.15 Experimental setup for thermal validation/calorimetric test of GaN FET (EPC

2218).

Fig. 3.12 and Fig. 3.15 show the experimental hardware board for the calorimetric test of the
GaN devices (EPC 2218 and EPC 2302) where all the components are the same as of the SI
hardware, except the DUTs. The hardware setup can also be used to extract the large-signal Coss
of the devices by computing the RMS current going through the DUT when the channel is turned-
OFF, the dV /dT across the DUT, and using (3.1) which shows that the large-signal Coss clearly
depends on the sweep direction as the dV /dT would not be identical for charge-discharge cycle,
thereby having different Coss at charge-discharge intervals.

Further, to compute the energy loss, we need the value of large-signal Coss for each charge-
discharge cycle, these are calculated from computing the electrical quantities like DUT current,
and the dV /dT computed through the voltage waveforms across the DUT.

For the computed large-signal Coss, we can observe that there is a difference between the

datasheet values and the obtained large-signal values.
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Fig. 3.16 Measured current through the device Coss for GaN FET EPC 2218.
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Fig. 3.17 Measured current through the device Coss for GaN FET EPC 2302.

This can adversely impact the device selection process as the Coss changes dramatically when
there is a voltage across it, in words, for the ZVS applications, the design as per the datasheet
values of Coss won’t yield the best possible results. The large-signal Coss is computed using the
test setup for calorimetric test and (3.1).

We can compute the large-signal Coss using the available current information from the co-

axial shunt resistor and getting dV /dT from the voltage waveforms as in (3.1).

Cooe = Ipyr 3.1)
055 = AVyyr/dT
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The large-signal Coss values are shown in Fig. 3.18 for (a) BSCO37NO8NSS5 which is a
generation 5 Optimos, 80V SI MOSFET, the datasheet value and large-signal values have quite a
difference in between. Similarly, Fig. 3.18 (b) shows the large-signal capacitance for generation
6 Optimos SI FET, ISCO30N10NM6, however, the large-signal Coss is even greater than the Fig.
3.18 (a), which could be due to the lower Ry ,,, of generation 6 device.

Further, Fig. 3.19 (a) shows the large-signal Coss for another generation 6 Optimos device but
with lower Coss compared to the above two devices which are due to the higher Ry o, of this
generation 6 device. The large-signal Coss for two GaN devices are shown in Fig. 3.19 (b) and
Fig. 3.20, where we can observe that the EPC2302 has higher large-signal capacitance than the

EPC2218 which could result in more Coss-related hysteresis loss in actual applications.
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Fig. 3.18 Large-signal Coss calculation for (a) SI FET (BSC037N08NSS), (b)

(ISCO30N10NM6), showing that there is a significant discrepancy between the datasheet value

and obtained large-signal values, even with the large-signal values the Coss is swept direction

specific.
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Fig. 3.19 (a) Large-signal Coss calculation for SI FET (ISCO60N10NMS6), (b) GaN FET

(EPC 2218), showing that there is a significant discrepancy between the datasheet value and

obtained large-signal values, even with the large-signal values, the Coss is swept direction

specific.
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Fig. 3.20 Large-signal Coss calculation for GaN FET (EPC 2302) shows that there is a

significant discrepancy between the datasheet value and obtained large-signal values, even

with the large-signal values, the Coss 1s swept direction specific.
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3.2 Design Considerations for the Calorimetric Test Hardware

As mentioned in [20] that the temperature rise should be greater than 2°C to accurately get the
temperature rise in the DUTs, the PCB for this test must have either low thermal conductivity or
increased thermal resistance to heat the DUT and a temperature rise can be measured with better
precision. To achieve this, a few slots have been cut out in the PCB to achieve better thermal

resolution, shown in Fig. 3.21.

curT-our

EPC2302 EPC2218

Fig. 3.21 Calorimetric test PCB with cut-outs for three different DUT.

Si ST EPC2302 - EPC2218

-

Fig. 3.22 Temperature rises in PCBs of calorimetric test for different devices.
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Another way to increase thermal resolution is only to have one layer of conduction, that would
resist heat spreading to the other parts of the board and only the area around the DUT will get
heated up. The cut-outs are connected by a 22 AWG copper wire instead of foils to minimize the
area for heat conduction. It is evident in [37] where the area underneath the DUT is replaced by a
wire mesh to increase thermal resolution and get better results for the temperature rise, this is
verified by temperature data in Fig. 3.22 shows a good amount of temperature rise in the DUTs

which can be easily read by an IR Camera [38].

(b)

(©) (d)
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(e)
Fig. 3.23 Temperature rise during steady-state operation (calorimetric test) for 5 different
devices under test; (a) BSCO37NO8NSS tested at 100 kHz, (b) ISCO30N10NM6 tested at 100
kHz, (c) ISCO60N10NMBS6 tested at 100 kHz, (d) EPC 2218 tested at 100 kHz, (e) EPC 2302

tested at 100 kHz.

Vin |

Rshunt

Fig. 3.24 Calorimetric test circuit to measure the R.j ¢4 of the devices by passing a DC

current through the body diodes and disconnecting the inductor Lf.
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The R c4 needs to be computed to get the dissipated energy in the output capacitance of the
devices, for that the circuit in Fig. 3.25, Fig. 3.24 can be used to perform the thermal resistance
test and get the value of Ry, ¢4 which can be used in (2.3) to get the dissipated energy. The

computed thermal resistances for five different devices are listed in Table 3.1.

By using the data from Table 3.1, devices with higher case-ambient resistance would yield a
smaller amount of dissipated energies (2.4) for a given switching frequency. This can be one of

the design selection criteria, but it needs to be validated with other tests as well.

Table 3.1 Ryp, ca for five different devices

Device Under Test  DUT Current DUT Voltage  Temperature Rinca
(DUT) (A) V) Rise (deg. C) (deg. C/W)
BSCO037N0O8NS5 2 1.02 92.7 46.42
ISCO30N10NM6 1 0.58 53.5 91.64
ISCO060N10NM6 0.2 0.63 12.6 97.47
EPC 2218 0.6 1.42 76.6 89.40
EPC 2302 0.7 1.7 90.3 75.88

(a) (b)
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(©) (d)

(e)

Fig. 3.25 Temperature rise, during the steady-state operation (thermal resistance test) for
five different devices under test; (a) BSCO37NO8NSS with Ipyr = 24 and Vpyr = 1.02V, (b)
ISCO30N10NM6 with Ipyr = 14 and Vpyr = 0.58V, (¢) ISCO60N10NM6 with Ipyr = 0.24

and Vpyr = 0.63V, (d) EPC 2218 with Ipyr = 0.64 and Vyyr = 1.42V, (e) EPC 2302 with

IDUT =0.7A and VDUT =1.7V.

These thermal resistance values can be used to compute the energy loss in the output
capacitance of individual devices. By using the temperature data from Fig. 3.23 Fig. 3.23 the
energy loss is presented in Table 3.2 calculated in Watts but to get a better understanding of this
loss, the power loss is converted to energy loss per cycle by dividing by the switching frequency.
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The data in Table 3.1 coheres to the data in Table 3.2 as the device with a higher Ry, ¢4 yields less
dissipative loss in the Coss compared to the other devices. Further, other tests like NR, can be

performed to validate the coherence observed here.

Table 3.2 Energy loss in the Coss for five different devices at 100 kHz

Device Under Test Temperature Ry Power Loss Energy Loss
(DUT) Difference ( degt ,CC;lW) (W) (uJ/Cycle)
(deg. C) '

BSCO037NO8NS5 6.7 46.42 0.144 1.44
ISCO30N10NM6 20.3 91.64 0.221 2.21
ISC060N10NM6 12.6 97.47 0.129 1.29
EPC 2218 22.8 89.40 0.255 2.25
EPC 2302 19 75.88 0.250 2.50

This test concludes the calorimetric test method, which gives us an estimate of large-signal
capacitance results for five different devices, where we observed that the large-signal capacitance
differs from the datasheet value for each of the devices, this indicates that there needs to
mechanism to include this large-signal Coss data into the datasheet of the devices. However, the
large-signal capacitances obtained are not the correct representation as it is difficult to identify the
charging and discharging points in a rectangular waveform unlike a sinusoidal waveform.

Further, the energy loss related to the Coss is also obtained and matched with a two-way
process, by computing the Rp, ¢4 for all devices and then computing the energy loss per switching
cycle for each device, which validates the coherence between the two results.

However, to validate the results obtained in this test needs to be validated with another test
method which will discuss the next method to evaluate the hysteresis loss in the device Coss using

non-linear resonance.
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3.3 Experimental Test Setup for Non-Linear Resonance Method

It is important to incorporate more than one method to measure the hysteresis loss in the output
capacitance of a device as it provides a sense of reliability and two-factor authentication while
evaluating these losses. Moreover, this method has the advantage of being simple and quick to
implement unlike Sawyer-Tower, and Calorimetric tests, which can save the design hours, and
quickly estimate the capacitive losses in a power semiconductor device.

Fig. 3.26 shows the test circuit of the NR method which can be used for all types of devices.
In this test, all the same, five devices have been tested for hysteresis loss in the Coss and later

compared to the results achieved from the calorimetric method.

I’'DD
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Cpar

PWMs l 1ds —»
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“.y DUT

Fig. 3.26 Non-linear resonance test circuit for all DUTs

3.4 Design considerations for the test board used in the Non-linear

Resonance method

Fig. 3.27 shows the actual experimental hardware setup to carry out the NR test, this comprises

of'a test PCB with DUTs (SI FET, GaN FET), isolated gate drivers (Si 8271 shown in white boxes)
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with separate source/sink channels to drive the DUTs, inductors for non-linear resonance between
the Coss and itself, Vpp is a low-voltage DC power supply.

The energy is stored in the inductor when the DUT is turned-on, and utilized for resonance
when the DUT is turned-off; a digital MCU provides a pulse signal, it uses a switch that triggers
an external interrupt in the MCU’s Code to generate a single pulse of desired duration/frequency

for the gate driver.

Pulse trigger
switch . C2000

--------

MCU Inductors

......... .uh- ".'.-.-
507 Ry

s sEssaEEAEEEEE S Se-

Vop Vorvy Voo Vory Vop Vorv Vop Vorvy Vop Vory Vop Vorr

Fig. 3.27 Experimental setup for NR test incorporating all the DUTs in a single PCB.

Key aspects in the hardware design are to keep a small gate drive loop to minimize the loop
inductance which if not kept small can introduce spikes in the gate signal and damage the gate of
the DUT, another concern is to place the inductor as close as possible to the drain terminal of the
DUT to minimize any parasitic inductance which can impact the resonance frequency and DUT’s
voltage adversely. Lastly, it is important to correctly measure the gate and drain voltage, thus we
avoid probes with long ground returns and instead, a ground spring made of conductive copper
wire is used to place a probe and measure the signals which remove any spikes related to the

ground, and can be seen in Fig. 3.28 where the probes have been directly inserting into the slot
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for the ground springs, it is a cost-effective method to measure the signals without any ground
related noise. Another advantage of this test is that it captures only the voltage across the devices

and not the current, which avoids parasitics due to current-related measurements.

This also helps save costs by eliminating any requirement for the expensive current shunts like
the SDN-414 series. For the voltage probes, a 500 MHz passive probe with 10X attenuation is
used to capture the drain and gate voltages, as the DUT in this test is referenced to the ground, it
is possible to use a passive probe, which is quite affordable and is an advantage of using this

method.

Fig. 3.28 Experimental setup for NR test incorporating all the DUTs in a single PCB.

3.5 Experimental test results for Coss-related hysteresis loss

Five different devices are tested for the Coss-related hysteresis loss in them, starting from three
different SI FETs, and two GaN FETs. The test methodology of [20] has been adopted here to
obtain the charging, discharging, and dissipated energies in the Coss of the DUTs.

The DUTs are tested with the NR test setup of Fig. 3.27 to obtain the drain-source voltage

waveforms, which can be used along with the inductor values to extract the energy loss information
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in the Coss starting from Fig. 3.29 these voltage waveforms comprise of a complete charge-
discharge cycle which can be integrated over time, squared, and divided by the twice the value of
inductor used, to get the energy loss as from (2.5), (2.6), and (2.7). The computations performed

for this test are numerically simple and can be implemented in a python script.
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Fig. 3.29 (a) Drain-source voltage across the SI FET BSC037NO8NSS5 for inductor value of
1mH and applied gate pulse of duration 3us, (b) Energy loss in pJ during charge/discharge

cycle for the same FET.
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Fig. 3.30 (a) Drain-source voltage across the SI FET BSC037NO8NSS5 for inductor value of

1mH and applied gate pulse of duration 5us, (b) Energy loss in yJ during charge/discharge
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Fig. 3.31 (a) Drain-source voltage across the SI FET BSC037NO8NSS for inductor value of

1mH and applied gate pulse of duration 10us, (b) Energy loss in pJ during charge/discharge
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Fig. 3.32 (a) Drain-source voltage across the GaN FET EPC 2302 for inductor value of

1mH and applied gate pulse of duration 3us, (b) Energy loss in yJ during charge/discharge

cycle for the same FET.
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Fig. 3.33 (a) Drain-source voltage across the GaN FET EPC 2302 for inductor value of

1mH and applied gate pulse of duration 5us, (b) Energy loss in pJ during charge/discharge
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Fig. 3.34 (a) Drain-source voltage across the GaN FET EPC 2302 for inductor value of

1mH and applied gate pulse of duration 10us, (b) Energy loss in ¢J during charge/discharge

cycle for the same FET.
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Fig. 3.35 (a) Drain-source voltage across the SI FET ISCO30N10NM6 for inductor value of
1mH and applied gate pulse of duration 10us, (b) Energy loss in pJ during charge/discharge

cycle for the same FET.
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Fig. 3.36 (a) Drain-source voltage across the GaN FET EPC 2218 for inductor value of

1mH and applied gate pulse of duration 3us, (b) Energy loss in yJ during charge/discharge

cycle for the same FET.
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Fig. 3.37 (a) Drain-source voltage across the GaN FET EPC 2218 for inductor value of
1mH and applied gate pulse of duration 5us, (b) Energy loss in pJ during charge/discharge

cycle for the same FET.
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Fig. 3.38 (a) Drain-source voltage across the GaN FET EPC 2218 for inductor value of

1mH and applied gate pulse of duration 10us, (b) Energy loss in pJ during charge/discharge

cycle for the same FET.
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Fig. 3.39 (a) Drain-source voltage across the ISCO60N10NM6 for inductor value of 1mH
and applied gate pulse of duration 10us, (b) Energy loss in p/ during charge/discharge cycle
for the same FET.
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Fig. 3.40 (a) Drain-source voltage across the SI FET BSC037NO8NSS5 for inductor value of
22uH and applied gate pulse of duration 10us, (b) Energy loss in uJ during charge/discharge

cycle for the same FET.
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Fig. 3.41 (a) Drain-source voltage across the GaN FET EPC 2302 for inductor value of
22pH and applied gate pulse of duration 10us, (b) Energy loss in pJ during charge/discharge

cycle for the same FET.
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Fig. 3.42 (a) Drain-source voltage across the GaN FET EPC 2218 for inductor value of

22uH and applied gate pulse of duration 10us, (b) Energy loss in uJ during charge/discharge

cycle for the same FET.
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Fig. 3.43 (a) Drain-source voltage across the ISCO30N10NM6 for inductor value of

charge/discharge cycle for the same FET.
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Fig. 3.44 (a) Drain-source voltage across the ISCO60N10NM®6 for inductor value of
22uH and applied gate pulse of duration 10us, (b) Energy loss in uJ during
charge/discharge cycle for the same FET.

NR test has been performed for five different devices (same as for calorimetric test) where we
have measured the drain-source voltage for each DUT and computed the charge/discharge energies
which are plotted adjacent to each Vgwaveform. These energies have been computed for different

values of the inductor L, and the pulse duration applied to the gate of each DUT.

The results give a broad spectrum of energy loss in the Coss depending upon the conditions
mentioned above (L, and pulse duration). These results are tabulated and compared to the loss
obtained in the calorimetric method in Table 3.3 and Table 3.4, respectively. We can conclude that
the two methods are in accordance with each other as the SI device ISCO60N10NM6 has minimal
loss for both test methods.

Table 3.3 Energy loss comparison between Calorimetric and NR test method (10us pulse, and
inductor value of 1mH)

Device Under Test Voltage Energy Loss in Energy qus n
(DUT) V) NR test Calorimetric test
(ud/cycle) (ud/cycle)
BSCO037NO8NS5 80 1.2 1.44
ISCO30N10NM6 100 2.3 2.21
ISCO60N10NM6 100 1.3 1.29
EPC 2218 100 2.2 2.25
EPC 2302 100 3 2.50
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Table 3.4 Energy loss comparison between Calorimetric and NR test method (10us pulse, and

inductor value of 22uH)
Device Under Test Voltage Energy Loss in Energy qus in
(DUT) V) NR test Calorimetric test
(W/cycle) (ud/cycle)
BSCO037NO8NS5 80 6 1.44
ISCO30N10NM6 100 10.5 221
ISCO60N10NMO6 100 3.75 1.29
EPC 2218 100 4.5 2.25
EPC 2302 100 10 2.50
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Chapter 4. Validation of Test Results on a 300W DC-DC

Converter

4.1 Overview of a 300W DC-DC converter Test Board for SI FETSs

A DC-DC converter has been developed and built to be used as a part of a PV optimizer, where
an integrated boost resonant (IBR-Z)[31] topology has been adopted which provides the desired
voltage gain and at the same time it provides galvanic isolation between the input and output for
safety purposes.

This converter is used for the validation of the energy loss data we obtained using the two test
methods (Calorimetric and NR method) for five different DUTs, out of these five, four devices are
tested in this DC-DC converter for efficiency, and consequently, the losses occurring in the

systems.
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Fig. 4.1 DC-DC converter prototype for SI FET validation with its key components.
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Fig. 4.2 DC-DC converter prototype for GaN FET validation with its key components.

Fig. 4.1 presents the experimental hardware prototype for the above-mentioned DC-DC
converter which is used to evaluate SI FETs (BSCO037NO8SNSS5, ISCO30N10NM6,
ISCO60N10NMO).

Fig. 4.2 presents the experimental hardware prototype for the DC-DC converter involving GaN
FET, EPC 2218 (only 1 GaN FET has been evaluated for this prototype).

The main elements of the converter are highlighted in the above-cited figures, where we can
observe that both have elements like input coupled inductor, gate drivers (UCC27211, LM5113),
DUTs with different packages (landing patterns), transformer, silicon carbide diode rectifiers,
resonant/DC blocking capacitors, DC bus capacitors.

The converter specifications are provided in Table 4.1 which are the same for the two different

prototypes each for SI and GaN FET, and the component description is mentioned in Table 4.2.
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Further, the values for the transformer and two coupled inductors (each for SI and GaN FET) are
presented in Table 4.3, Table 4.5, and Table 4.6, respectively. These parameters are used for loss

analysis for the given converter in section 4.4.
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Fig. 4.3 DSP board for both DC-DC converters.

Table 4.1 Operating parameters for the DC-DC converter prototype (both SI and GaN FET).

Parameter Value
Input Voltage 30-45V
Input Current 10A at Full Load
Output Voltage 350-380V
Output Current 0.8A at Full Load
Output Power 300W
Output capacitance 20 uF
Switching Frequency 100 kHz
Dead-Time 50-80ns
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Table 4.2 Description of key components used in both SI and GaN FET-based DC-DC converter

prototype.
Components Part Number Manufacturer
80V DUTI BSCO037NO8SNS5 Infineon
100V DUT2 ISCO30N10NM6 Infineon
100V DUT3 ISCO60N10NM6 Infineon
100V DUT4 EPC2218 EPC
100V DUTS5 EPC2302 EPC
Gate Driver 100V LM5113 Texas Instruments
Gate Driver 100V UCC27211 Texas Instruments
Isolators ISO7420 Texas Instruments
SiC Rectifiers IDH04G65C6 Infineon
MCU TMS320F280049C Texas Instruments

Table 4.3 Transformer parameters for DC-DC converter prototype with SI Devices

Parameter Value
L1 31.2 uH
Lo 206.1 uH
L1 1.104 uH
Lixo 7.28 uH

DCRy, 0.03 Q
DCR,,. 0.10 Q
ACRypy; 0.046 Q
ACRg, 0.039 Q

Table 4.4 Transformer parameters for DC-DC converter prototype with GaN Device

55

Parameter Value
L1 28.4 uH
Lo 192 uH
Ly 0.97 uH
Ly, 6.58 uH

DCR,y; 0.03 Q
DCRg,. 0.10 Q
ACRyy; 0.051 Q
ACR,, 0.047 Q



Table 4.5 Coupled inductor parameters for SI FET-based DC-DC converter prototype.

Parameter Value
Ly 60.8 uH
L, 61.0 uH
Leg 80 uH
DCR;4 0.03 Q
DCR;, 0.03 Q
ACR;, 0.585 Q
ACR;, 0.577 Q

Table 4.6 Coupled inductor parameters for GaN FET-based DC-DC converter prototype.

Parameter Value
Ly 523 uH
L, 522 uH
Leq 60 uH
DCR;, 0.06 Q
DCR;, 0.06 Q
ACR;4 0.785 Q
ACR;» 0.777 Q
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4.2 Test Results of a 300W PV Optimizer Test Board with Different Switching

Devices

The DC-DC converter prototype is tested at the power output of ~270W which is almost 75%
of the total rated power, as the converter is expected to run mostly at this power level. The purpose
of this test is to validate that there is a ZVS condition for the operation, compute the overall
converter efficiency/losses ranging from light-load to full-load, perform loss breakdown, and

validate it with the losses obtained through tests performed in Chapter 3 using the Calorimetric

and NR method.

i---‘ cseseseeseses

DUT

Fig. 4.4 Experimental test bench setup for the DC-DC converter to validate different DUTs.
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Fig. 4.5 Experimental test results for BSCO37NO8NSS (a) steady-state waveforms for

primary current through transformer winding, (b) ZVS turn-on shown for one low-side device

(out of four), (c) hard turn-off for one low-side device (out of four).
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Fig. 4.6 Experimental test results for ISCO30N10NM6 (a) steady-state waveforms for
primary current through transformer winding, (b) ZVS turn-on shown for one low-side device

(out of four), (c) hard turn-off for one low-side device (out of four).
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Fig. 4.7 Experimental test results for ISCO60N10NM6 (a) steady-state waveforms for

primary current through transformer winding, (b) ZVS turn-on shown for one low-side device

(out of four), (¢) hard turn-off for one low-side device (out of four).
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Fig. 4.8 Experimental test results for EPC2218 (a) steady-state waveforms for primary

current through transformer winding, (b) ZVS turn-on shown for one low-side device (out of
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4.3 Application and Validation of Test Results from Calorimetric and Non-

Linear Resonance Test

The results obtained in Chapter 3 are used to validate and compute the switching loss

breakdown (including the Coss-related hysteresis loss) for four different cases of DC-DC

converter. The loss computation procedure is discussed in this section for these four different

cascs.

4.3.1 FET-related switching losses

The switching loss in the FETs comprises three major elements, first, Coss-related
hysteresis loss [20], loss during the dead time, and channel turn-off loss as for ZVS
applications turn-on is loss-free but not turn-off [15].

First, we use the results obtained in Chapter 3 to get the calorimetric and NR test data
for all devices being used in the DC-DC converter shown in Table 3.3 and the power loss
during the Coss hysteresis can be computed as (4.1).

The dead-time power loss is shown in (4.2), where V, is the reverse conduction voltage
across the FET, T, is dead-time duration, I;,,¢; is the instantaneous current during the turn-
off, there is a significant turn-off current through the channel and body diode, thus it is
important to quantify this loss as it can be significant for GaN HEMTs due to non-zero

source-drain Vsp voltage during body diode imitation mode.

P COSS,hys = ECOSS,hystw 4.1)
Pig = VilinstTa 4.2)

Finally, we can compute the channel turn-off loss (4.4) by subtracting the stored energy

(from Chapter 3) in Coss from the total turn-off loss (4.3) where V, ¢ is the voltage across
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the FETSs during turn-off process, I,s is the current through the FETs during turn-off, and
Eoss storea 15 the stored energy in the device Coss during the charging process, which can

be computed using (4.5) or the data from NR test.

Evvrn-orr = 0.5VorrlorfTors (4.3)
Ech,turn—off = Eturn—off - EOSS,stored (4-4>
VDS,max (45)
Eossstorea = j Coss(Vps)VpsdVps
0

4.3.2 FET related conduction losses
Conduction loss can contribute significantly towards the converter efficiency
especially for low-voltage, high-current applications. The conduction loss can be computed

for each the primary side device as (4.6), where Igys r; 18 the primary side RMS current,

and Rps o 1s the on-state resistance of switching devices.
_ 2
PFET,cond - IRMS,pri RDS,ON (4‘6)

4.3.3 Transformer related losses

There are two major losses in a transformer, the first being core losses and the other
being winding or conduction losses. We can divide the winding losses into two different
categories, one due to the DCR of the windings and the other due to the ACR of windings,
each for primary and secondary windings.

Skin effect can be eliminated by using litz wires of appropriate strands and the number
of conductors [43], proximity effects can be present as interleaving has not been
implemented for the design as it also impacts the leakage inductance, resulting in the

reduction of available leakage without any interleaving [43].
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An Mn-Zn-based ferrite core from Ferroxcube [39] is used to have high magnetic flux
density in the core and reduce the core loss in the core. The air gap is introduced in the core
to reduce the chances of magnetic saturation and control the magnetizing inductance well
enough to achieve ZVS [40].

Core loss in the transformer can be presented by (4.7), where P, is the core loss density
for the given material at desired magnetic flux density B, switching frequency F;,,, and
temperature T. The conduction loss can be expressed using (4.8) where Iy pr; is the RMS
current through the primary windings, Irpys sec 18 the RMS current through the secondary
windings, DCR,,; is the DC resistance of primary windings, DCR,, is the DC resistance
of secondary windings, ACR,,; is the AC resistance of primary windings at switching
frequency F;,,, ACR;,. is the AC resistance of secondary windings, V, is the volume of the

core, and Py, 1s the total transformer related losses. Total transformer-related losses are

given by (4.9).
Pcore_xfmr =Bl 4.7
Pcond = IRMS,pTiz(DCRpri + ACRpri) + IRMS,seCZ(DCRseC + ACRsec) (4‘8)
Pxfmr = Peore T Peona (4.9)

4.3.4 Inductor related losses
The input coupled inductor exhibited AC flux in its core thus there is a core loss

associated with the core material, and there is a winding loss in the two different windings
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of the inductor. A high flux density, low core loss material [41] has opted for the design of
an input-coupled inductor.

The conduction loss is expressed in (4.10), where Iy 1 1s the RMS current through
the inductor 1 windings, Igys ;. 1s the RMS current through the inductor 2 windings,
DCR/; is the DC resistance of inductor 1 winding, DCR;, is the DC resistance of inductor
2 windings, ACR; is the AC resistance of inductor 1 winding at the switching frequency
E\,, ACR;, is the AC resistance of inductor 2 windings, and P,,,4;, 1s the total conduction
loss in the coupled inductor.

For the core losses, the core data is used to obtain core loss density P, of the material

for the given switching frequency, and flux density B shown in (4.11).

Peonar = IRMS,le(DCRLl + ACRy;) + IRMS,LZZ(DCRLZ + ACR/;) (4.10)

Pcore_L = Py Vep (4.11)

4.3.5 Rectifier related losses

Rectifiers in a converter contribute to significant conduction loss due to large forward-
voltage drop V; which is multiplied by the amount of current going through the diode to
get the total conduction loss, apart from the conduction losses we also have reverse
recovery losses in conventional diode rectifiers which can contribute to losses equivalent
to that of conduction losses. In this design, we incorporated a SiC Schottky rectifier diode
with zero reverse recovery which helps to mitigate the losses due to the reverse recovery
phenomenon and improve the overall efficiency of the converter. The only loss element in
the SiC Schottky rectifier diode is the capacitive loss which is not significant compared to

the conduction losses.
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The conduction and capacitive loss are shown in (4.12), (4.12) and (4.13) where, Vf is
the forward voltage-drop of SiC Schottky diode, I, is the RMS current going through the
diode, E. is the energy stored in junction-capacitor of the diode, and K, is the switching

frequency.

PCond,rect = Vflsec (4.12)

ch,rect = EFsy, (4.13)

4.3.6 Clamping capacitor-related losses

There are two sets of capacitors that are used for clamping the input of the transformer
to either input voltage or ground, depending on the operating modes of the converter [31].
These capacitors carry the half of RMS current as the primary winding of the transformer;
thus, it is important to compute the loss occurring in two capacitors shown in (4.14), where
Rgsr1 and Rgggr, are the equivalent series resistances of these two capacitors which are

almost equal, and I.;,5 ,r; 1 the primary side RMS current.

(4.14)

Irms,pri

2

I ms,pri

2

Pepus = ( )?Risr1 + ( )?REsr2

4.3.7 Miscellaneous losses

These losses are negligible but still need to be accounted for. They occur mainly due
to the resistance of the PCB traces, the inductance of the traces, and the capacitance in
between the layers which gives rise to capacitive currents in the board. The average

miscellaneous loss for the SI FET-based DC-DC converter is ~60mW whereas, for the
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GaN FET-based converter, it is ~300mWW due to different layouts and the parasitics

involved with the board.

Using the loss elements mentioned above, a loss-breakdown has been presented for total losses,
switching losses (using calorimetric and NR test data), and transformer-related losses. This loss

break-down is presented in a subsequent section.

4.4 Loss Breakdown for a 300W DC-DC converter

The loss elements are identified in the given DC-DC converter and are analyzed for individual
contributions to the total loss in the converter. These loss elements are identified as, transformer
core and winding losses, FET switching loss can be classified into three different loss elements
namely, Coss-related hysteresis loss, dead-time related loss, and channel conduction loss; other
loss elements are inductor core and winding losses, rectifier conduction and capacitive losses, FET
conduction losses, input side bus capacitor losses, and some miscellaneous losses due to PCB
parasitics. These loss elements are evaluated for different DUTs, to justify the loss occurring in
the converter.

Fig. 4.13 presents the loss breakdown for the DC-DC converter employing SI FET
BSCO037NO8NSS5 having a total measured loss of 9.18W and calculated loss of 9.14W with
accuracy of 99.5% or an error rate of 0.5% which can be attributed to the miscellaneous losses
due to PCB parasitics like stray inductance of the traces and capacitance between the traces.

Fig. 4.14 presents the loss breakdown of the DC-DC converter employing SI FET
ISCO60N10NMS6 having a total measured loss of 9.15W and calculated loss of 9.12W with
accuracy of 99.5% or an error rate of 0.5% which can be attributed to miscellaneous losses due to
PCB parasitics. Fig. 4.15 presents the loss breakdown of the DC-DC converter employing SI FET
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ISCO30N10NM6 having a total measured loss of 9.16W and calculated loss of 9.10W with
accuracy of 99.4% or an error rate of 0.6% which can be attributed to miscellaneous losses due to

PCB parasitics.

Fig. 4.16 presents the loss breakdown of the DC-DC converter employing GaN FET EPC
2218 having a total measured loss of 10.98W and calculated loss of 10.90W with accuracy of
99.7% or an error rate of 0.7% which can be attributed to a different PCB layout for GaN FET
and miscellaneous losses due to PCB parasitics. The loss analysis principle can be used to get an
estimate of losses that may occur in a hardware prototype for the FET-related switching loss,

incorporating Coss-related hysteresis.
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Fig. 4.13 Loss breakdown for the DC-DC converter incorporating ST FET BSC037NO8NSS,

(a) Total loss 9.18W, (b) FET switching loss 1.77W, (c) Transformer loss 3.11W.
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Fig. 4.14 Loss breakdown for the DC-DC converter incorporating ST FET ISCO60N10NMS6,

(a) Total 9.12W, (b) FET switching loss 1.37W, (c) Transformer loss 3.11W.
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Fig. 4.15 Loss breakdown for the DC-DC converter incorporating ST FET ISCO30N10NMS6,

(a) Total loss 9.10W, (b) FET switching loss 1.88W, (c) Transformer loss 3.07W.
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Fig. 4.16 Loss breakdown for the DC-DC converter incorporating GaN FET EPC 2218, (a)

Total computed loss 10.90W, (b) FET switching loss 1.83W, (¢) Transformer loss 3.59W.
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Fig. 4.17 Temperature measurement for the DC-DC converter at ~270W for three silicon

devices a) BSCO37NOSNSS (b) ISCO60N10NMS6, (c) ISCO30N10NMS6.
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Fig. 4.17 shows the temperature rise for the three different DUTs when operating at steady-
state without any forced cooling, (a) is the SI FET rated for 80V and an on-state resistance of
3.7m{}, which shows a temperature rise on the region where devices are soldered, this temperature
rise is mainly due to the conduction losses occurring in the device, similarly for the (b) the device
has even higher on-state resistance of 6.1m{) which means there would be higher conduction losses
but smaller losses related to the Coss of the device, for the part (c) the temperature rise for the
devices is little as the on-state resistance 3mf{) is smallest of the two other devices, which will
increase the Coss related loss as the output capacitance will be highest in this device.

It is important to have a design criterion that is optimized for the converters with ZVS
applications, such one type of optimization is presented in the form of a new figure of merit (FOM)
for converters with soft-switching or ZVS applications [20].

This work also incorporates the same type of techniques used but for low-voltage FETs, having
aZVS FOM can help to optimize the design by selecting the best possible FET among the available
ones. This new ZVS FOM (4.15) uses the Coss loss data (Egjssipatea) Obtained from either the
Calorimetric or NR test, which can be used to get a new FOM that would serve our purpose of
having an optimal device selection process. Cjss is the input capacitance of the DUT and Ejgs 1s
the energy loss per switching cycle [44] associated with the input capacitance C;gs. However, the
loss related to the C;g5 can be eliminated if a resonant gate drive is incorporated into the design
[20].

FOMzys = Rpson(Eagissipatea + Eciss) (4.15)

1 4.16
Eciss = E (Qg - di)Vgs ( )
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We can observe that the hard-switched (HS) and ZVS FOMs are computed and listed for five
different DUTs which were used in the Calorimetric and NR tests; we can observe that even though
some DUTs may have lower HS FOM, but they aren’t suited for ZVS applications as they have
higher ZVS FOM compared to the other DUTs. It is also reported that there is no such correlation
between the HS and ZVS FOM, a device having a smaller HS FOM need not necessarily perform
well in ZVS applications.

Table 4.7 ZVS and non-ZVS FOM comparison for five different DUTs using data obtained from
Calorimetric Test

Part Number Rbps,on Ciss Coss Qep  Vbs HS-FOM ZVS-FOM
BSCO037NO8NS5 3.2mQ 3200pF 530pF 10nC 80V 0.010nJQ 5.76nJQ
ISCO30N10ONM6 2.6mQ  4000pF 900pF 9.1nC 100V  0.023nJQ 6.93nJQ
ISCO60N1IONM6 5.1mQ  1900pF 430pF 4.5nC 100V 0.022nJQ 7.67nJQ

EPC2218 24mQ  1189pF 562pF 1.5nC 100V  0.003nJQ 5.58nJQ

Table 4.8 ZVS and non-ZVS FOM comparison for five different DUTs using data obtained from
non-linear Resonance Tests at L = 22uH

Part Number  Rbps,on Ciss Coss Qesp Vps HS-FOM ZVS-FOM
BSCO037NO8NS5 3.2mQ  3200pF 530pF 10nC 80V  0.010nJQ  20.38nJQ

ISCO30N10ONM6 2.6m€Q  4000pF 900pF 9.1nC 100V  0.023nJQ  28.49nJQ
ISCO60NIONM6 5.1m€Q  1900pF 430pF 4.5nC 100V 0.022nJQ  20.22nJQ
EPC2218 24mQ  1189pF 562pF 1.5nC 100V  0.003nJQ 12.10nJQ2

Table 4.9 ZVS and non-ZVS FOM comparison for five different DUTs using data obtained from
converter tests

Part Number Rps,on Ciss Coss Qesp Vps HS-FOM ZVS-FOM
BSC037NO8NS5 3.2mQ  3200pF 530pF 10nC 80V  0.010nJQ  33.15nJQ

ISCO30N10ONM6 2.6mQ  4000pF 900pF 9.1nC 100V  0.023nJQ  27.19nJQ
ISCO60NIONM6 5.1mQ  1900pF 430pF 4.5nC 100V 0.022nJQ  27.10nJQ
EPC2218 24mQ  1189pF 562pF 1[.5nC 100V ~ 0.003nJQ2  24.18nJQ
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From data of Table 4.7 we observe that the new ZVS FOM is computed using the data obtained
in the calorimetric test, and we can conclude that as per this data, best choice for our device would
be EPC2218, which has smallest ZVS FOM.

From data of Table 4.8 we observe that the ZVS FOM is computed using the data obtained
from NR test with the inductance selection of 22uH, we can conclude that the best devices of
choice would be EPC2218. From the data of Table 4.9 we observe that the ZVS FOM is computed
using the data obtained from actual converter testing and yield the same device as an optimal
choice as before.

However, we would like to mention that though the best device to be selected for this
application is EPC2218, the device with minimal Coss-related hysteresis loss will still be
ISCO60N10NMSG as depicted by the calorimetric and NR test results.

The reason that the test prototype couldn’t achieve best efficiency and minimal losses with the
EPC2218 is that the originally converter was designed to be tested at much higher frequency
(~140 kHZz), and that would not have been a fair comparison with the silicon (SI) device, thus the
converter was tested at 100kHz with the magnetics optimized for~140kHz, as a results the input
RMS current increases in the test prototype and induces loss greater than expected when being
operated at 100kHz. Thus, we believe that operating the GaN prototype at frequency, which is

optimized for the magnetics, will yield best results.
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Chapter S. Design example of a soft-switching converter

with the impact of hysteresis loss in Coss

To highlight the importance of capacitive hysteresis loss for converters with soft-switching,
we will present a design example involving a soft-switched topology that can be impacted by the
existence of Coss-related hysteresis loss.

Fig. 5.1 shows the path of the drain current during the turn-off transition where it separates
into channel current and Coss current. It is shown in (5.1) that during the turn-off switching
transient, the drain current divides into channel current I j, and the current I, that charges the
output capacitance. The total turn-off energy in the device can be expressed as per (5.2) where
Ech 055 1s the channel turn-off energy, and E¢, ., is the energy stored in Coss of the device during

turn-off transition [15].

1
< ICOSS
-—||<— ——t
|_

Fig. 5.1 Device current during switching transient

Id == Ich + [COSS (51)

Eoff = ECh,Off + ECOSS (52)
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Ecnorr = Eorr — Ecyss (5.3)

In the total turn-off energy, the energy is lost only in the channel due to resistive dissipation,
for ZVS applications the Coss is charged, discharged, and utilized to achieve ZVS turn-on
transition [45]. Thus, the only energy loss during a turn-off transition should be channel turn-off

related shown in (5.2), where E, ¢ is the turn-off energy of the device which can be obtained from

a double pulse test (DPT) performed in LTspice using the SPICE model of the devices, the circuit
to perform DPT is shown in Fig. 5.2

However, in addition to the channel turn-off loss, it is found that the charging and discharging
of output capacitances are not free of losses as they exhibit hysteresis [19][20] which needs to be
accounted for when performing device selection for a ZVS application as the hysteresis loss can
contribute significantly to the switching losses even in under ZVS switching.

The Coss hysteresis energy can be included with the channel turn-off energy for a device under
ZVS as (5.4), and the loss can be computed by multiplying the (5.4) by switching frequency F;.
We can refer to the turn-off energy, energy stored in the Coss, and the channel turn-off energy as

in Table 5.1.

Eloss = Ech,off + Ehysteresis (54

PSW,ZVS = (Ech,off + Ehysteresis)Es (5.5)

Before we proceed to the design example, some prerequisite data has been presented to
compute the channel turn-off loss (4.4) for the devices we selected in the previous chapters. These
devices are also evaluated for Coss-related hysteresis loss using the two test methods (Calorimetric
and Non-linear resonance) in Chapter 3. The energy loss relating to Coss hysteresis is presented in

Table 5.2 which will be used for this design example.
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PwM

Fig. 5.2 Test circuit used to perform double pulse test in LTspice for different devices with

L = 47uH,C; = 220nF,C, = 100uF, Ry, = 1002, Rysp = 10,Vpp = 50V

Table 5.1 Turn-off energy, energy stored in Coss, and channel turn-off energy data obtained for
each device at 50V using a double-pulse test (DPT) in LTspice using the SPICE models

Device part Coss Ef Ec,g E chofs
(Datasheet)
BSCO37NO8NS5 530pF 3.07ul 0.66ul 241u]
ISCO30N10NM6 900pF 1.94ul 1.13uJ 0.85u]
ISCO60N10NM6 430pF 0.97ul 0.53uJ 0.43ul
EPC2218 562pF 1.02uJ 0.70ul 0.31u]
EPC2302 1000pF 1.66ul 1.25ul 0.41u]

Table 5.2 Energy loss in the Coss-related hysteresis using NR and Calorimetric tests

Device part Epysteresis Ehysteresis using
using NR Calorimetric
BSCO037NO8NS5 1.8uJ 1.44u]
ISCO30N10NM6 3.2uJ 221w
ISCO60N10NM6 1.5p) 1.29uJ
EPC2218 2.0p 2.55u)
EPC2302 3.2u] 2.50pJ
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5.1 Design Example of an LLC (DCX mode)

It is important to characterize the hysteresis loss in the Coss of the devices as it often goes
unnoticed and later accounts for unexpected losses in the converter. In this section, we will explore
an LLC-DCX which works on the resonant frequency with a voltage gain of unity [46]. The
operating parameters are selected in a way that the voltage and frequency range somewhat match
the devices we tested for hysteresis loss in previous chapters.

The resonant tank can be designed using the process presented in [47] where we select the
transformer turns ratio N, followed by optimal dead-time t;, magnetizing inductance L,, required
for minimal conduction losses, and optimal L,, to achieve the required peak gain (unity for the case
of DCX). However, in this task, we focus on the impact of Coss-related hysteresis loss on overall
switching losses in primary side devices.

Moreover, we can use the expressions provided in [47] for the primary (5.10) and secondary
(5.11) RMS currents to obtain optimal dead-time and magnetizing inductance for each switching
device.

Table 5.3 Operating parameters for LLC-DCX converter

Parameters Values
Input Voltage 48V
Output Voltage 12V
Output Current 25A
Output Power 300W
Switching Frequency F; 100kHz
M=1,N=;/—;Z,N=2 (5.6)
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Equations (5.6), (5.7), (5.8), and (5.9) can be substituted into (5.10), and (5.11) which can be

swept for a range of dead-time t; to select a value which gives smallest current to minimize the

conduction loss. For switches achieving ZVS turn-on, the loss is contributed by channel, and

hysteresis in the Coss of the devices which will be compared to the channel turn-off loss to

highlight the impact and importance of evaluating the switching devices for hysteresis loss when

using ZVS applications.

Table 5.4 On-state resistance of the devices at I; = 254, Q4, and Qg4q

Device part Coss Rgson Qq Qg4
BSCO037NO8NSS 530pF 4.4mQ 46nC 10nC
ISCO30N10NM6 900pF 3.1mQ 55nC 9.1nC
ISCO60N10NM6 430pF 6.2mQ 26nC 4.5nC

EPC2218 562pF 2.4mQ 10.5nC 1.5nC
EPC2302 1000pF 1.4mQ 23nC 2.3nC
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We can compute the conduction loss in the primary switching devices using the expression for
RMS current Ip.; gys~13.94 in (5.10) and using the on-state resistances for the devices from
Table 5.4 and substituting the values in (5.12). The primary devices are being driven by supplying
the required gate charge, this loss is labeled as driving loss and can be computed using (5.13)
where Q is the gate charge, Q44 is the miller charge, and Vg, is the gate-source voltage applied to
the device.

The switching loss P, in the primary devices can be computed using channel turn-off energy

loss and hysteresis energy loss obtained in Table 5.1, Table 5.2, and substituting it in (5.14), (5.15),

and (5.16).
Peona,rers = pri,RMSZRds(on) (5.12)
Pdrv,FET = (Qg - di)Vgst (5.13)
Penorrrers = EcnorfFs (5.14)
P hys,FETs — Ehysteresist (5.15)
Psy rErs = PenorfreTs + PhysFETS (5.16)

Table 5.5 On-state resistance, conduction loss, and driving loss of individual primary devices at
full-load

Device part Rison  Pconarer  Parvrer
BSCO037NO8NS5 4.4mQ 0.85W 0.043W
ISCO30N10NM6 3.1ImQ 0.60W 0.055W
ISCO60N10NM6 6.2mg) 1.20W 0.026W

EPC2218 2.4mQ 0.45W 0.006W
EPC2302 1.4mQ 0.27W 0.013W
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To highlight the impact of hysteresis loss on the overall switching loss of the primary side

devices, the channel turn-off data and hysteresis loss data are plotted for this design example,

where both losses are computed for a Vg = 50V in Fig. 5.3 where we can observe that the

hysteresis loss in the Coss shares a large percentage of the switching losses, thus it is important to

include this loss while selecting the devices for ZVS applications.

Table 5.6 Coss hysteresis loss, and channel turn-off loss of individual primary devices at full-
load for Vpg = 50V

Device part Phys,FETs Pch,off,FETs
BSCO037NO8NSS5 0.18W 0.241W
ISCO30N10NM6 0.32W 0.085W
ISCO60N10NMO6 0.15W 0.043W
EPC2218 0.20W 0.031W
EPC2302 0.32W 0.041W
0.2 BSCO037N0O8NSS5 ISC030N10NM6
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Fig. 5.3 Comparison between the channel turn-off loss and hysteresis loss in Coss for a
single switching device (a) BSCO37NO8NSS5 SI FET, (b) ISC030N10NM6 SI FET, (c)

ISCO60NT10NMSG6 SI FET, (d) EPC2218 GaN HEMT, (e) EPC2302 GaN HEMT.

We can recall the design paradigm to select the devices for ZVS applications using the novel

ZVS FOM mentioned in Chapter 4 to compare the different devices we evaluated for hysteresis
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and channel turn-off loss in this design example. For a fair design comparison, only the devices
with similar voltage ratings are compared for hard-switching (HS) FOM and ZVS FOM. It can be
observed in Table 5.7 that the best-performing device obtained through the HS FOM is ~7 times
better than the worst-performing device, and when we adopt ZVS FOM, the best-performing
device is about ~2 times better than the worst-performing device, this reduction indicates that the
inclusion of energy dissipated in Coss due to hysteresis can impact the device selection process
significantly. It can be verified from the total loss data for the primary device in Table 5.8 that the

ZVS FOM gives the best-performing device as EPC2302.

Table 5.7 Hard-switching FOM vs. ZVS soft-switching FOM comparison for devices rated for

Vps = 100V
Device part Vps HS-FOM 7ZVS FOM
ISCO30N10NM6 100V 0.028 11.34
ISCO60N10NM6 100V 0.027 10.63
EPC2218 100V 0.0048 6.54
EPC2302 100V 0.0041 5.94

Table 5.8 Total loss in an individual primary device (w/ hysteresis loss included)

Device part Peonarer  Parvrer  Physrpers  Pchoff FETs Piotal
ISCO30N10NM6 0.60W 0.055W 0.32W 0.085W 1.06W
ISCO60N10NM6 1.20W 0.026W 0.15W 0.043W 1.41W

EPC2218 0.45W 0.006W 0.20W 0.031W 0.68W
EPC2302 0.27W 0.013W 0.32W 0.041W 0.64W
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Table 5.9 Total loss in an individual primary device (w/o considering hysteresis loss)

Device part Peonarer  Parvrer  Pchoff FETs Piotal Mismatch
ISCO30N10NM6 0.60W 0.055W 0.085W 0.74W 30.18%
ISCO60N10NM6 1.20W 0.026W 0.043W 1.26W 10.63%

EPC2218 0.45W 0.006W 0.031W 0.48W 29.41%
EPC2302 0.27TW 0.013W 0.041W 0.32W 50%

Table 5.9 shows the total loss if we don’t include the impact of hysteresis, as a result, the
mismatch in total loss is significant for each device. Thus, with this design example, it is shown
that the hysteresis loss in Coss is crucial to incorporate in a design for soft-switching applications
to have an explanation of losses that may not be present if we exclude the Coss-related hysteresis
loss from the design process. Moreover, it drives the ZVS FOM which would give an optimal

device selection, by incorporating the impacts of Rys on, Eciss, and Epys pers-
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Chapter 6. Conclusion and Future Work

In this work, the issue of output capacitance-related hysteresis loss has been identified, and
different methods are explored to observe and measure this loss in the different switching devices
like ST FET, and GaN HEMT. The origins related to Coss-related hysteresis loss are discussed,
and some reasonings explaining the origins of this loss are found which can be quite useful when
it comes down to improving the structure of the device to avoid this hysteresis loss.

The loss in SI devices is caused by the accumulation of stranded charge at the top and bottom
of n and p pillars in the depletion layer, in SiC FETs and diodes the Coss losses occur due to
resistive power dissipation in the termination region, and incomplete ionization causes time-
dependent charge storage in the device’s Coss, which is the main cause of Coss related hysteresis
loss in SiC devices. In GaN devices, the Coss-related loss is due to the imbalance of stored and
released charges depicted by dynamic trapping [24].

Methods to measure the hysteresis loss in Coss are found (NR and Calorimetric test) and
implemented for five different DUTs, including both SI FETs and GaN HEMTs. This work
quantifies the Coss-related hysteresis loss in the form of tabulated data from the calorimetric test,
and energy loss curves from the NR test which are used to explain losses in devices exhibiting
ZVS transitions.

The test results obtained from the NR method and Calorimetric method are used to validate a
DC-DC converter hardware prototype, explaining the switching loss breakdown for four different
devices (3 SI FETs, 1 GaN HEMT), and presenting a device selection paradigm (ZVS FOM) for
converters having ZVS transitions.

The only loss reported for the ZVS of the devices was channel turn-off loss and it was assumed

that the energy dissipated in the output capacitance is zero [15]. However, with this work, we
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found that charging and discharging of Coss is not loss-free and exhibit hysteresis loss, which
should be included in the design to account for unexpected losses. To shed some more light, a
design example has been presented in Chapter 5 which highlights the impact of hysteresis loss on
the overall switching and total loss of a device, and how it impacts the device selection process for
ZVS applications.

For future work, a few more things can be incorporated into the test procedures, first, the
calorimetric test procedure can be further refined by performing it on an actual converter prototype
by making provisions to place low-inductive co-axial shunts for current measurements, which
would enable much better evaluation of the losses in the devices and give more accurate results.
Further improvements can be made to the setup by integrating high-precision temperature sensing
in the converter itself and performing an online computation using a digital MCU to get run-time
results for the hysteresis loss.

However, for applications with very high switching frequencies like ~MHz the required
inductance is much smaller, and only the PCB trace inductance may serve the purpose of an
inductor, which can save some board area, and the test method can be implemented with the
converter prototype. An online test method can be implemented for the NR test as long as the Vg
1s sinusoidal.

Also, an automated design tool can be developed where the user needs to enter the data from
the datasheet, converter parameters, and Non-Linear or Calorimetric test data, to estimate the
hysteresis loss in the DUTs and return an optimized device selected which can be used in the

converter prototype.
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Chapter 7. Appendix

7.1. LTspice simulation results for double pulse test (DPT) of devices

This section presents the test results for the turn-off loss obtained using a double pulse test in

LTspice using the SPICE models of the devices. The test is conducted using the test circuit of Fig.

5.2.
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45v_ ......................... ....................... _10|G4TA
BBV ............. ~-10.641A
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Fig. 7.1 Turn-off loss data obtained using a double pulse test circuit in LTspice for (a)
BSCO37NO8NSS E,rr = 3.07u/, (b) ISCO30NTONMS6 E,rr = 1.941/, (c) ISCO60N10NM6
Eorr = 0.97u/, (d) EPC22128 E,fp = 1.021/, (¢) EPC2302 E, s = 1.664]
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