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Abstract— For certain field-effect transistors (FETs) in soft-
switching operation, the large-signal behaviour of their output
capacitance (C,) has shown to deviate considerably from the
datasheet values. This can have a significant effect on hard-
switching losses if the output charge value is also different
for a given voltage. However, standard hard-switching tests
are incapable of fully setting apart the contributions from C,,
whereas existing methods tailored to characterize C, losses in
soft-switching operations subject C, to a fundamentally different
charge—discharge process, and hence, might not predict the
correct behaviour for hard switching. To address this, first we
analyse and establish the particular charge-discharge conditions
that C, undergoes in hard-switching circuits by considering a
half bridge at no-load conditions. We show that the channel
of the switching device incurs a fixed energy loss during the
turn-oN process, which is separated into co-energy and stored
energy components of the top and bottom devices, respectively.
Exploiting this, a new measurement technique is developed to
obtain charge versus voltage (QV) curves of devices subjected to
actual hard switching. Experimental results for commercial Si,
SiC and GaN devices show that the effective charge-capacity of C,
for hard switching can considerably vary from the values based
on datasheets or the Sawyer—Tower circuit; this could greatly
undermine efficiency and thermal optimizations in design phases.

Index Terms—co-energy, hard switching, no-load circuit, out-
put capacitance (C,), QV curves, Sawyer—Tower, switching losses.

NOMENCLATURE
Cic dc-link capacitance.
Co Output capacitance (of a field-effect transistor).
Coss Small-signal output capacitance.
d Duty ratio in hard switching.
E, Energy stored in device output capacitance.
E; co-energy related to device output capacitance.
Eoss Small-signal value of E, reported in datasheets.
Eon Total turn-on energy loss of a switching device.
Eon-c, Contribution of device output capacitances to the total
turn-oN energy loss of a device in leg-configuration.
Eqonvi  Turn-on energy loss related to external load current.

f = 1/T. Frequency of ac excitation signals.
fsw = 1/T4. Switching frequency.

icH Channel current.

iDs Drain current.

ico Current through output capacitance.
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iin Total instantaneous input current.

I Average input current.

iL External load current (assumed constant at Ip).
Pin Average input power.

0o Output charge.

Qoss  Small-signal output charge.

Ren Instantaneous resistance of device channel.
Rps(on) ON-state resistance of device channel.

Rgy  External gate resistance in turn-oN path.
Rgr  External gate resistance in turn-orr path.
Si Bottom device in leg-configuration.

S Top device in leg-configuration.

T4 Dead time.

VDS Instantaneous drain—source voltage.

Vbs dc-bias voltage on drain—source terminals.
VGS Instantaneous gate—source voltage.

Veshy Gate—source threshold voltage.

Vie dc-link (or bus) voltage.

Vi Peak value of small-signal ac excitation voltages.
Vo Peak value of large-signal voltages.

I. INTRODUCTION

IGH-frequency (HF) power converters play an important

role in high-power-density applications [1]-[3]. For soft-
switching circuits operating in such frequencies, large-signal
hysteresis losses caused by the output capacitance of certain
field-effect transistors (FETs) can be a major hindrance [3]-
[5]. In 30-A devices for example, these losses vary from
a few tens of nanojoules to a few microjoules at 400-V
operation, for frequencies below 1 MHz [4]. In contrast, hard-
switching energy losses, dominated by the turn-on loss [6],
are typically around 50-500 uJ at 400 V for the same devices.
But more importantly, in hard-switching converters, the role of
C, is fundamentally different as opposed to in soft-switching
operation. Therefore, the effects of any large-signal anomaly
in C, for hard-switching operation—for instance, a change in
output charge—first need to be understood from a topological
perspective. This article introduces an energy-based method to
capture and isolate the losses related to output capacitance in
hard-switching circuits. Based on the proposed concepts, an
experimental technique relying on average electrical measure-
ments is developed to obtain the output-charge versus voltage
(QV) curve for a given FET, which is true to the charge
capacity of C, in actual hard switching. The technique can
create different switching speeds and is independent of dead-
time, switching frequency and device on-resistance, making it
a potent tool to characterize QV behaviour and C, losses.
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Fig. 1. (a) Model of a FET showing its output capacitance, C, = Cpg +Cps.
The channel of the FET can be represented as a variable resistance Rop(vgs)
dependent on vgg. (b) Variation of datasheet-given small-signal output capac-
itance, Cogss, With Vg for the commercial power FETs tested in this study,
which have a current rating in the vicinity of 30 A (see Table I).
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Our previous work [7] on the subject presented the inter-
pretation of the capacitive co-energy loss in hard-switching
circuits, and a no-load method to decouple and separately
calculate both stored and co-energy components. The method
was experimentally validated with a thermal loss-estimation
technique. Building upon this previous work, here we analyse
in detail the role of output capacitance in hard-switching
circuits and deliver important findings by comparing C,-
characterization methods. Section II of the article gives a re-
view on C, and different circuit mechanisms that dictate its be-
haviour, followed by motivations for this work. In Section III,
the charging process of C, and the co-energy component is de-
tailed, developing the first principles to identify Q, - V4. as the
loss contribution of C, for a hard-switched device. The unique
behaviour of the no-load circuit configuration is analysed in
Section IV, highlighting its different operating modes; then the
experimental method to obtain QV curves is presented and ver-
ified. In Section V, we provide a comprehensive comparison
of the QV behaviour of Si, SiC and GaN devices in small-
signal, soft-switching and hard-switching conditions, which is
followed by a discussion in Section VI and conclusions in
Section VII. Appendix A gives a summary of the Sawyer—
Tower method and Appendix B provides mathematical details
of the co-energy theory. An extensive discussion on practical
and measurement considerations is given in Appendix C.

II. BACKGROUND, MOTIVATION AND GENERAL PRINCIPLES

With the growth of power mosreT technology, HF soft-
switching converters have been widely researched to push
existing power density limits [3], [8], [9]. In doing so, Fedison
et al. found an unexpected loss mechanism related to the
output capacitance [Figure 1(a)] of silicon super-junction (Si-
SJ) mosrets [9], which could not be explained with the
capacitance versus voltage (CV) curves from datasheets.

In device datasheets, output capacitance is given as a small-
signal parameter, typically notated as Cog. Fig. 1(b) plots Cogg
versus Vpg curves for the set of commercial devices that are
studied in this work. These small-signal plots are obtained
using impedance measurements based on a mV-level excitation
voltage (vac) on top of a large dc-bias voltage (Vy4.) as Fig. 2(a)
illustrates. Evidently, with such an excitation, the process of
storing (and discharging) electric charges into (and from) C,
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Fig. 2. (a) Small-signal output-capacitance versus voltage curves are generally
measured with impedance analysers or curve tracers. A small sinusoidal-
excitation-signal v,c in mV range, with a peak—peak value of 2Vy, and
frequency f = 1/T, on top of a dc-bias voltage V. is applied to the device
drain—source terminals, while vgg is kept at 0 V. The imaginary part of the
measured impedance is used to derive Cogs versus Vpg values. (b) Sawyer—
Tower circuit (see Appendix A for additional details) can be used to observe
the large-signal behaviour of C, at the same frequency, but with the excitation
signal having a peak—peak value V,, > 2Vy,, approaching the value of Vic.

is dictated by vy, and hence the term small-signal excitation.
However, the anomalies observed by Fedison et al. [9] could
only be explained by the subsequent investigations on the
large-signal behaviour of C,, where the related losses were
attributed to a hysteresis loss in the charge—discharge paths
of C, [10]. Methods like the Sawyer-Tower circuit were then
adapted to subject C, to large-signal excitations [11]. In these
methods, as Fig. 2(b) depicts, C, is subjected to a much larger
ac excitation voltage in comparison to small-signal methods,
with peak—peak voltages reaching to values such as 400 V.

Recent research has also shown C, anomalies in GaN and
silicon carbide (SiC) devices in soft-switching circuits [3]-
[5], [12], [13]. Then it follows logically to investigate the
large-signal behaviour of C, in hard-switching circuits. For
example, an error in the estimation of Q, could translate
to a considerable change in power loss at f;, of several
hundreds of kilohertz. Additional research has shown that
the QV curves of certain device types, obtained with small-
signal methods at different frequencies, and with the Sawyer—
Tower circuit, exhibit a large offset in Q, in comparison to
datasheet curves [3], [14]. This is an important sign that C,-
related losses in hard switching could also be different in
actual large-signal operation. Several recent research efforts
have investigated such behaviour [15], [16]. Section III-B of
this article discusses their implications and limitations.

A better perspective on the role of output capacitance in
creating losses could be gained by realizing that the charge—
discharge process of C, is topology-dictated, as illustrated in
Fig. 3. In conventional PWM switching, the charging and
discharging of C, are confined to the switching transitions
[marked by blue and red highlights in Fig. 3(c)]. For example,
in the double-pulse-test (DPT) circuit, C,s2 gets charged by
the dc voltage source during the turn-on transition of S; where
the channel of S acts as a series resistance, Rchs1; this creates
an additional energy loss in Ry s; known as the co-energy
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Fig. 3. Behaviour of C, in different topologies. (a) During the charging and discharging processes, C, traverses the paths A-B and B-A, respectively. (b)
The channel resistance (R.p) of the device takes the paths C-D and D-C during its oN and oFF transitions, respectively. The coincidence or non-coincidence
of the paths of C, and R, and their nature, are topology-dependent. This is highlighted by the events indicated in sub-figures (c), (d) and (e). For a given
device, the output-capacitance losses are dependent on how the charge—discharge process is dictated by the circuit (i.e., the voltage waveform across C, is
determined by the topology and energy source). In this regard, and generally speaking, three different scenarios can be found: (c) conventional PWM switching
(note: Cy 51 and C, s> are bottom- and top-device output capacitances, respectively); (d) load-resonant switching; and (e) resonant-transition switching.

loss [7], which is discussed in Section III. In contrast, the
charging of C,gs; is dictated by the inductor L which does
not create the same co-energy loss situation. In the class-E
inverter [Fig. 3(d)], which is a load-resonant soft-switching
converter [17], the complete charge—discharge cycle of C, is
spread through the orf state, unlike in conventional PWM
converters. More importantly, here the process is dictated by
the resonant load-inductance, and not the dc voltage source.
Thus, any resulting losses are purely due to the hysteretic
behaviour of C,. In resonant-transition switching [Fig. 3(e)],
the charge—discharge process is again dictated by an inductance
used to achieve zero-voltage-switching (ZVS) [18], although
this process happens only during switching transitions; and
any resulting loss related to C, is purely hysteretic [19].

This analysis shows that a generic measurement technique
would not correctly capture the loss related to C,, as the
loss depends on how C, is being treated in a topology.
On the one hand, methods like the Sawyer—Tower technique
and its variations [11], do not recreate the actual hard-
switching process, and hence, are unsuitable to characterize
hard-switching losses. In the Sawyer-Tower circuit, device
drain—source terminals experience an excitation similar to what
is shown in Fig. 3(d), and a basic operational difference exists
as an ac voltage source is used to charge and discharge C,. On
the other hand, the standard methods used for hard-switching
tests cannot separate the individual contribution of C, from the
total switching loss; this is due to the existence of load current
that complicates the analysis as well as any measurements [20],
[21]. To find a comprehensive solution, first, we investigate the
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fundamental concepts related to the charging process of C, in
hard switching (Section III) and then extend the developed
concepts for a suitable measurement technique (Section IV).

III. CHARGING OF A CAPACITOR AND CO-ENERGY Loss
A. Stored Energy and co-energy Concepts

A typical charge versus voltage curve of a transistor output
capacitance is shown in Fig. 4(a), where an example for a real
transistor is given in Fig. 4(b). For the charging process from
0 to Q,, the energy stored in the capacitance is given as

QO
E, =/0 vps dQ. (1)

E, is also equal to the discharge loss when C, is discharged.
The integral given in (2) defines the co-energy component
related to the output capacitance [7], [22].

Vie
E;= 0 dvps 2)
0
Fig. 4(a) also shows that the addition of E, and E} results in
Eo + E; = Qovdc~ (3)

The detailed derivations of these equations are given in
Appendix B. Fig. 5 shows a circuit where C, of a field-effect
transistor is charged with a dc voltage source, in series with
a resistor R. The energy distributions for the charging process
show that irrespective of the value or the time variation of R,
both the stored energy (Ec) and the energy loss in R (ER)
converge to fixed values at the end of the transient. More
importantly, Er converges to the co-energy of C,, E;. The
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Fig. 4. (a) Stored energy and co-energy components related to the output
capacitance of a FET (which is a nonlinear function of vpg) can be identified
on a charge versus voltage (QV) plot. (b) QV curve of a GaN HEMT
(GS66508T) based on the data extracted from the manufacturer simulation
model (version 4.0) for LTspice XVII.
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Fig. 5. A GaN HEMT (GS66508T) model, with its gate—source terminals
shorted, is put in series with a resistor, R, and an ideal dc voltage source
Vge =400 V. The circuit is turned on at r = 0, and C, of the FET is charged.
An LTspice simulation is carried out for five different fixed values of R, and
for a case where R is made to behave as a time-dependent function R(t). The
energy stored in C,, lost in R, and supplied by the voltage source are denoted
as Ec, ER, and Ej;,, respectively; each component converges to a fixed value
irrespective of the value or the time dependence of R.

results also show that the energy (Ej,) supplied by the fixed
voltage source is only determined by the product Q,Vic.
This analysis indicates that when a power electronic topol-
ogy dictates an operating condition where C, is charged with
a fixed voltage source, such as the case presented for C, s>
in Fig. 3(c), an energy loss equivalent to the co-energy is
dissipated in the resistive path, irrespective of the value of
resistance; in this regard, the co-energy can be considered as
a charge loss. If the stored energy is also lost due to hard turn-
oN in a subsequent operating mode, then all of Ej, (= QoVac)
is completely lost in the circuit. This is the basis of the
presented no-load technique (Section IV-A). Note that if either
the charging or the discharging of C, is achieved by a transfer
of inductive energy through resonance [19], [23] as in the
cases shown in Figs. 3(d) and 3(e), or with an ac voltage
source [Fig. 2(b)], any related loss is of hysteretic nature.
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B. Historical Background on co-energy and QoVq. Loss

The co-energy component creates a real energy loss when
a capacitor is charged by a fixed dc voltage source [7],
[23].1 While this loss looks quite foreign—and even counter-
intuitive—for a power electronic circuit,? it is a known topic
in switched-capacitor circuits [26], [27], and in the research
on optimal charging of capacitors [28], [29].

A profound discussion on the losses associated with the
charging and discharging of C, is found in an article by Gauen
in 1989 [23]. The article specifically addresses, and separates,
charge and discharge losses based on small-signal capacitance
curves, with individual attention to the contributions from Cpg
and Cpg. The more recent articles by Miftakhutdinov [15]
and Deboy et al. [30] consider the co-energy component as
a charge loss and a Q-related loss, respectively; the works
also describe Q, - Vy. as the total C,-related loss for hard
switching. The two articles also emphasize the importance of
the use of large-signal capacitance curves to estimate these
losses, with particular reference to the large-signal anomalies
reported by Fedison et al. for Si-SJ devices [10]. In relation to
a DPT circuit, Jones et al. [31] and Hou et al. [25] analysed
the effects of co-energy loss, however treating it as a ‘Qoss
loss mechanism’ occurring at the switch-node.

In the domain of soft-switching converters, in 2012, Elferich
used the terms ‘co-energy’? and ‘dual energy’ to represent
the energy associated with the area below a QV curve [as in
Fig. 4(a)] in relation to an analysis on ZVS transition energy
[22]. The ideas were also discussed by the subsequent work
by Oeder et al. [32] in the estimation of switching losses in
resonant converters.

Using energy balance for a switching period in ZVS op-
eration, Kasper et al. showed Q, - V4. as the upper limit of
partial-ZVS operation, which reflects a fully hard-switched
condition [19]. This is the basis for the subsequent works
by Azura Anderson et al. [33], [34] and Guacci et al. [16]
on the analysis of minimum hard-switching losses in bridge
and multi-level topologies. The authors employ calorimetric
measurements to assess switching losses in both soft- and
hard-switching conditions. The test circuits possess a special
mode with zero-current switching—a half-bridge operating
at no load—which permits the calculation of Q, - Vg, loss.
Regarding the electrical measurement of C,-related losses in
hard switching, Miftakhutdinov utilized (in 2014 [35] and in
2017 [15]) a half-bridge circuit without any load to evaluate
QoVqc loss. However, the details of the circuit operation, and
measurement technique and its limitations were not discussed.

1t should also be noted that the standard gate-loss equation Pg = fiw -
QG - Virive is based on the same principle [24].

2]t is possible that the observation of the co-energy loss had been veiled
by another apparent discrepancy in conventional loss analysis in relation to
measured and theoretical switching energies: the externally measured ips - vps
underestimates the turn-on loss and overestimates the turn-orr loss [20]. This
was eventually clarified in several works by distinguishing between channel
and drain currents [6], [20], [21], [25].

3We prefer the term co-energy as it provides the much-needed distinction for
this energy component; the terms charge loss and Qs loss are often confusing
and do not set themselves apart from the stored energy in a meaningful way.
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Fig. 6. No-load topology consists of a half-bridge circuit where the bottom
and top devices (S; and S;) are switched complementarily with asymmetrical
gate driving. A dc-link capacitance Cy is placed very close to the switching
devices. C, of each device is represented as a capacitance in parallel with
drain—source terminals. Any third-quadrant operation (denoted by the diodes)
is inhibited due to the non-existence of any load current at the switch-node.

Although all these research works have addressed either the
Q, - V4 loss or the importance of large-signal measurements,
a comprehensive synthesis of these ideas with a clear focus
on basic hard-switching operation is missing. In particular, a
theoretical explanation as to how the co-energy loss takes place
in a simple inverter leg needs to be clarified from a circuit
perspective. And finally, we believe a comparison of the QV
curves based on small-signal and Sawyer—Tower methods to
that of related to hard switching could bring forth additional
insights. We address these considerations in as follows.

IV. ANALYsIS OF THE NO-LOAD CIRCUIT AND EXPERIMENTAL
VERIFICATION

In this section, stored energy and co-energy concepts are
applied to a no-load circuit. The circuit is then experimentally
verified and utilized to generate QV curves.

A. No-load Circuit

The no-load circuit is shown in Fig. 6. The switch node is
left floating, involving zero load current. The channel, drain,
and output-capacitance currents are also shown [7]. The circuit
features an asymmetrical gate-driving scheme, the importance
of which is described in Section VI-C. The operation of
the circuit can be analysed through six operating modes as
Fig. 7 illustrates, where important waveforms during switching
transitions are given in Fig. 8. Throughout this work, the
following is maintained for the external gate-driver resistor
values: Rgui = Rguz and is denoted by the general term Rgy;
RgL1 = RgLe and is denoted by the general term Rgy.

During the turn-on transition of S; (¢#1—t, in Fig. 7), no
current commutations take place as there is zero load current.
Therefore, as soon as vgs approaches Vgsny, the voltage com-
mutation commences, unlike in a DPT circuit [7].# Since the
channel of S| is now conducting (although not fully enhanced
as Fig. 1(a) depicts), its output capacitance C,s; discharges
through its own channel, adding a current component ico s to
the channel. While this self-discharge happens in Sy, the output

4An analysis for the DPT circuit can be found in our previous work [7].
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Fig. 7. Operation of the no-load circuit can be divided into six modes, where
Tow = 1/ few is the switching period, Ty is the dead-time, and d is the duty
ratio. During the dead-times (fo—t; and t3—t4), as well as during the oN-periods
(tr—t3 for Sy and t5—t¢ for Sy), no charge or discharge process related to output
capacitances occurs; such a process would only take place during switching
transitions. During t;—t>, C,s1 gets discharged while C, sy gets charged;
during #4—t5, Co 51 gets charged while Cy s> gets discharged. The fixed voltage
source Vg acts as the energy source for the two charging processes.

capacitance of Sy, C, 52, gets charged by the dc voltage source;
this causes an additional second current component to pass
through the channel of S; such that icus1 = icosi + (—ico.s2)
(see Fig. 8). For this charging process of C, s, the channel
of S; acts as a resistance (variable in nature as both Fig. 1(a)
and Fig. 5 describe) in series with the dc voltage source; thus,
this loss is independent of the value or nature of R,.

At the end of the voltage commutation period, two loss
components are identified in the channel of S;, which are
caused solely due to device capacitances. The first is the
discharge loss of C,s; that is equal to the energy that was
stored in C, 51 at orF-state (equal to E,s1). The second is the
loss incurred due to the charging of the output capacitance
of the complementary device (C,s») that is equal to the co-
energy of C, o, Ez,sz' Thus, the total energy loss in S at its
turn-oN transition in the no-load circuit—due to the charging
and discharging of device output capacitances—is equal to

Eonc,NL) = Eos1 + Egg)- 4

And for the case where S| = S,, which is the typical case in
half-bridge configurations, using (3) and (4) we get

EoncoNL) = Eo + E5 = Qo Vic. @)

The same analysis can be carried out for the turn-on transition

of Sy (ta—ts in Fig. 7). As Fig. 7 illustrates, all the other
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Fig. 8. LTspice simulation results showing the turn-on and turn-oFFr transitions
of Sy and S, in the no-load circuit, where Vg, = 400 V, fow = 100 kHz, d =
0.5, Ty = 20 ns, Rgy = 20 Q and RgL, = 0.1 Q. During the dead-times, the
voltages vpss1 and vpssy stay at their before-dead-time values as there is
no load current to charge or discharge the switch-node capacitance. When a
device turns on, it experiences a channel current larger than its drain current
due the discharge of its output capacitance; the already-orr device experiences
zero current in its channel.
operating modes in the circuit are inactive> modes that do not
involve any charge—discharge processes of C,, and therefore
assume no change in vpg, as Fig. 8 also shows. Thus, the total
energy
Einny) = 2 QoVae (6)
drawn from the dc voltage source in each switching cycle
is completely dissipated as heat. It is important to note that
during practical operation, Cy. acts as the dc voltage source
that supplies the energy (Eon.c,ni)) required for a single
switching transition. Cq. then gets charged by the external
voltage source before the next switching transition takes place;
this process however involves negligible energy loss. This is
because as Cy is very large, the voltage drop caused by the
extraction of an amount of charge equal to Q, is insignificant.
The above analysis shows that the input energy in the no-
load circuit is independent of 1) the time variations of R
and its on-state value Rps(on) (see also Section VI-C); 2) dead-
time and duty cycle, as energy-transfers take place only during
voltage-commutation periods; and 3) switching frequency, as
long as Q, does not show any frequency dependence [4].

5Note: during the dead times, the topology does not allow any transfer of
charge, and thus, only one device holds off the dc-link voltage. The reasons are
as follows: 1) as the circuit involves no load-current, any external charging or
discharging does not take place through the switch node; 2) the input supply
Vie, for example during #3—#4, cannot charge C,s1, as Coys2 is holding a
voltage equal to Vj, not allowing a charging current to commence.

© 2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/republishing this material

2 - — 2 - —
-0~ Electrical ‘Sl # SQ‘ -0~ Electrical ‘S] = Sz‘
15 =%~ Thermal 15 2 Thermal )
€ = f
=} 9
&1 = I EPC2001C ;@”/ i
E 5 S
m 1
0.5 0.5 o
3 g GS66508T
( b=t Lt 0 Bt hnd
0 10 20 30 40 50 0 20 40 60
Voltage (V) Voltage (V)
(@ (b)

Fig. 9. (a) Experimental verification of the presented concepts with thermal
loss measurements. Energies dissipated in S; and S, in the no-load circuit
during a switching cycle are denoted as Eg; and Egy, respectively. Here, Sy
is an EPC2001C GaN HEMT; and S; is an EPC2037 GaN HEMT, which has
negligible C, compared to an EPC2001C device, making E, g = E;Sz ~ 0.
Thus, Es; represents the stored energy in C, g1, whereas Eg) represents the
co-energy of C,s1. Conditions: Rgy = RgL, = 1.1 Q, fow = 500 kHz, Ty =
40 ns. The addition of thermally measured Eg; and Egp agrees well with
electrically measured total input energy, Ej,, validating the presented concepts.
(b) Thermal validation for the case of S; = S,, which is the basis for the
proposed QV measurement method: one half-bridge is made with EPC2001C
devices while the other is made with GS66508T devices. Conditions: Rgy =
RgL =22 Q, few =500 kHz and Ty = 40 ns.

Moreover, Eiynry is not affected by any C,-hysteresis as it
is determined by the final Q, value.

B. Verification of Concepts and Experimental Approach

Here, we experimentally demonstrate the existence of co-
energy using the thermal loss estimation method utilized in
our previous work [7]. Then using the same thermal technique,
we verify the electrical measurements used in the proposed
QV measurement technique, before applying it to compare
commercial devices, as presented in Section V.

A special device selection in the no-load circuit is used to
verify the co-energy concept. If the devices are chosen such
that Qo s2lv,, < Qosilv,., then Eqso = E:,sz ~ 0. This means
that the total loss in Sy, Esj, is only caused by E,s; and the
total loss in Sy, Egy, is only caused by Ez,sr Thus, S; and S,
become two physically-separate heat sources representative of
E,s1 and E;,51 , respectively. Two GaN HEMTs were selected
where Q0,51|50v = 30.55 nC (EPCZOOlC) and Q0,52|50v =
0.59 nC (EPC2037). Then the energy losses in S; and S, were
calculated [7] and are plotted in Fig. 9(a). The separation of
E,si and E;,Sl shows the existence of co-energy loss.

The developed QV measurement method is based on the
measurement average electrical input power Pj, (see also the
Appendix C). The input energy Ej, is then calculated by
Pin/ fsw- Electrically measured Ej, for the circuit in Fig. 9(a)
shows very good agreement with the total input energy calcu-
lated based on the thermal measurements (= Es; + Eg»), thus
validating the accuracy of electrical measurements. Measure-
ments for two no-load circuits for the case where S; = S,
are shown in Fig. 9(b); the thermal and electrical results show
excellent agreement. Using (6), we obtain that Pi, = Eiy - fsw =
2 QoVic - fsw- Thus, the QV curves are obtained by calculating

0, at each sweep-step of Vy. as
1 Piy
Oo=7> : (7N
¢ 2 Vdcfsw
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Fig. 10. Experimental test system with electrical measurements. The gate-
driver supply voltages and the PWM signals were isolated using two dc-dc
converters and digital-signal-isolators.

TABLE I
DEvices EVALUATED IN SEcTION V

Label Part Number Voltage (V)  Current Rating (A)
@ Tc=25°C
GaN-1 TPH3212PS 650 27
GaN-2 GS66508T 650 30
SiC-1 MSC060SMAO070B 700 39
SiC-2 C3M0065090D 900 36
Si-1 STW38N65M5 650 30
Si-2 NTHL110N65S3F 650 30

Fig. 10 shows the experimental system with measurement
equipment, the control unit and one of the no-load circuits.
A MAGNA Power TSD800-18/380 power supply was used to
supply dc-link voltages up to 400 V. The dc-link capacitance
was 2.2 uF. The average input current lj, and voltage are
measured using Fluke 87V digital multimeters (DMMs).

V. Maix Resurts: QV CurvEes IN HARD SWITCHING

The developed measurement method was applied to com-
pare GaN, SiC, Si devices with similar voltage and current
ratings (Table I), and the obtained QV curves are shown
in Figs. 11 to 13, respectively. The datasheet-based curves
(marked by solid black lines) were obtained by integrating
Coss With vpg. The Sawyer—Tower measurements (marked by
red and blue dashed lines for charge and discharge processes)
were performed at an excitation frequency of 100 kHz and a
peak voltage (V},) of 400 V [4].

The hard-switching results for the two GaN devices closely
follow the datasheet values (with a maximum deviation of 9
% for device GaN-2 at 100 < Vg, < 200 V). The Sawyer-
Tower curves also exhibit good agreement up to 300 V but
tend to deviate moderately beyond that. Sawyer—Tower results
for device GaN-1 from a previous work have shown that the
hysteresis pattern emerges suddenly after V,, > 100-150 V [4],
when different V,, values were tested; in Fig. 11(a), the hard-
switching curves do not show any abrupt deviation in their
trends above 100 V, affirming that Ej,i) depends only on
the final Q, value and that C,-hysteresis has no effect on it.
The tests were repeated using different samples of the devices®
and the results (marked by additional circles on the two plots
in Fig. 11) further confirm the validity of the measurements.

SThe variation between the results for different pairs (2x of GaN-1 and 3x
of GaN-2) of samples is not significant and is around 2-5 % for the whole
range of Vy.. The slight differences are due to the small variations in device
properties between different samples of the same product, as small-signal
measurements in Fig. 14 indicate.
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Fig. 11. Experimental QV curves obtained using the proposed hard-switching
method (marked by circles) for two different GaN HEMT device types, where
fsw = 100 kHz, d = 0.5 and Ty = 100 ns. Results are also compared with
curves based on datasheets and Sawyer—Tower method. To show that the results
are repeatable, a device-sampling was carried out for (a) two pairs (solid and
dashed circles) of GaN-1 devices with Rgyg = Rgr. = 47 Q, and (b) three
pairs (solid, dashed, and dotted circles) of GaN-2 devices with Rgyg = 10 Q
and R, = 1 Q. For both device types, the results for hard-switching follow
the datasheet-based values quite closely.
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Fig. 12. Experimental QV curves obtained using the proposed hard-switching
method for two different SiC device types: under the conditions (a) fsw = 100
kHz, d = 0.5, Tg = 100 ns, Rgy = 47 Q and Rgp = 1 Q; (b) fsw = 20 kHz,
d=05,Ty =2 us and RgL = 1 Q. For device SiC-2, the switching speed
in hard switching was varied by changing Rgy: 47 Q (solid circles), 470 Q
(dashed circles) and 4.3 kQ (dotted circles). The results show that the QV
curves exhibit no dependence on switching speed. The slowing down of the
switching speed with increasing Rgy can be seen in (c) the vpg waveforms.

Results for the two SiC devices (Fig. 12) indicate that
the O, values in hard switching is considerably different in
comparison to the datasheet values. Although the Sawyer-
Tower measurements agree well with the datasheet curve for
device SiC-2, it is not the case for device SiC-1. This shows
that neither the small-signal curves nor the large-signal soft-
switching curves can correctly predict the actual charge capac-
ity for hard switching. To understand if this difference is due
to any high-frequency effects, as hard switching is achieved
at large dv/dt values, the switching speed was decreased for
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Fig. 13. Experimental QV curves obtained using the proposed hard-switching
method for two different Si-SJ device types are compared with respective
curves based on datasheets and Sawyer—Tower method. The conditions are:
d=0.5,T3 =100 ns, Rgyg =47 Q and RgL, = 1 Q. A low fiw of 20 kHz was
used to keep the power dissipations in the devices low as the Si-SJ devices
have much larger Q, values (= 300 nC at 400 V).

device SiC-2 by increasing the Rgy value up to two orders
of magnitude as Fig. 12(b) shows. The corresponding vps
waveforms are given in Fig. 12(c), where the slowest speed
(for Rgy = 4.3 kQ) corresponds to charge and discharge times
of ~ 5 us each, which matches in frequency for a 100-kHz
excitation in the Sawyer-Tower circuit. The results indicate
that Q, stays unchanged with switching speed. One possible
explanation of this lies in the topological difference between
hard-switching and Sawyer—Tower circuits. In the former, C, is
allowed a considerable fully-oFr state after the transient (where
vps is settled at Vy.), which allows the stored charge to settle
to the dc electric field created by Vy. In the latter on the other
hand, the orr-state voltage is continuously changing and a flat
top in vps is never achieved, and the charges are subjected
to a time varying electric field; this might create a different
overall charge capacity in C,.

For the Si-SJ devices (Fig. 13), the O, values in hard switch-
ing are significantly larger in comparison to the datasheet
values beyond the knee-point voltages (marked by squares).
The Sawyer-Tower curves lie close to the hard-switching
curves, indicating that the large-signal behaviour of C, is
considerably different to datasheet values. This observation
is in agreement with the works by Zulauf et al. [3], [14],
where the Sawyer—Tower measurements showed considerable
discrepancies for Q,, in comparison to datasheet values. Our
results further indicate that the hard-switching charge capacity
in Si-SJ devices could vary from the Sawyer—Tower curves as
can be observed for device Si-2.

VI. Discussion
A. Interpretation of the Results

As datasheet values could differ from the tested batch
of devices, small-signal CV measurements on five samples
of each device type were performed. The measured small-
signal output charge values for each transistor, normalized with
respect to their corresponding datasheet values, are plotted in
Fig. 14. All devices are contained within a 10 % variation
from datasheet values, apart from device Si-1, which shows a
20 % variation. The results for the samples of the GaN devices
and device SiC-2 stay very close to their datasheet values.
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each tested device-type were measured with a Keysight BIS05A curve tracer
at an excitation frequency of 100 kHz. The light-grey areas correspond to a
+ 10 % variation from the datasheet values.
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Fig. 15. Comparison of measured (hard-switching method) and datasheet-
based Eyy.c, at 400 V for the devices studied in this work. Eyy.c, based
on the small-signal measurements in Fig. 14 are also shown (only the cases
with lowest and highest Qg5 values are included). The percentage differences
between the datasheet and measured hard-switching results are not negligible
for SiC and Si-SJ devices. This directly affects the accuracy of Eoy as Eqn.c,
is a load-independent contribution—see (8).

Fig. 15 compares Eqn.c, at 400 V for the tested devices,
evaluated using the small-signal methods (datasheet and mea-
sured) and the hard-switching method (measured). For the
two GaN-devices, all three methods show good agreement
with differences contained within 5 %. On the other hand,
for example, device SiC-2 shows a 21.1 % difference between
datasheet and measured hard-switching values, which trans-
lates to a 0.211 x 25.56 wJ = 5.39 wJ difference in energy
loss; and at a fiy of 200 kHz, this means an additional power
loss of 1 W, which is not negligible. The devices Si-1 and
Si-2 show significant differences around 64.9 % and 35.6 %
between methods 1 and 3, which cannot be explained even
by the measured small-signal values. These results reveal two
very important aspects about the large-signal behaviour of Q,
in hard switching:

1) highly dependent on the semiconductor technology and

the structures used within a given technology.

2) for certain devices, it cannot be predicted correctly with
either the datasheet, or the large-signal curves related to
soft-switching operation.

In addition, the proposed measurement technique could be
utilized to identify if Q, exhibits any frequency- or dv/dt-
dependence in hard switching by changing the value Rgy to
control the switching speed (as was shown for device SiC-
2). For a device without such dependence, the energy related
to the turn-oN process stays independent of Rgy, and hence
of the switching speed, as Fig. 16 shows. This is because,
although the increase of Rgy increases the time duration of
the voltage commutation period, at the same time it decreases
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TABLE II
CoMPARISON OF Eqy AND Eqy_c, VALUES OF THE TESTED DEVICES
Device Conditions for E,, Measurement [Datasheet] Eon (uJ) Eonc, (ul) Eonc, (ul)
Datasheet]'  [Datasheet, at 400 V]>  [Measured, at 400 V]?
Vae V) LA Vaieos V) Vaseox (V) R (@ L (uiy  [Datasheet] [Datasheet, at 400 VI7 - [Measured, at 400 V]

GaN-1 - - - - - - - 37.7 36.6
GaN-2 400 15 0 6 10/1 40 47.5 25.8 272

SiC-1 470 20 -5 20 4 - 130 339 433

SiC-2 400 20 -4 15 2.5 65.7 343 25.6 31

Si-1 400 20 - - 10 50 260 82 135.2

Si-2 - - - - - - - 100 135.6

'Value directly given in datasheets; ZValue calculated based on Cyss curve from datasheet; >Measured using experimental no-load circuit.
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Fig. 16. LTspice simulation results detailing the turn-on transient of Sy in the
no-load circuit for different switching speeds, achieved by sweeping the value
of Rgy. GS66508T GaN HEMT spice models were used. With increasing
Rgy, the duration of the transient increases, whereas the peak values of the
channel current decreases. This effectively makes the energy dissipation in
the channel, E¢p 51, the same for all Rgy values (i.e., E¢p g1 is independent
of the switching speed). The relevant variation of channel resistance is also
shown, which also has no effect on E¢p s1. Conditions: Vge = 400 V, fow =
100 kHz, d = 0.5, Ty = 20 ns and Rg, = 0.1 Q.

the peak value of the channel current. The variation of the
channel resistance is also shown in Fig. 16.

B. Hard-Switching Losses in Loaded Conditions

In a hard-switching half-bridge with an external load current
i, at the switch node, the total turn-on energy loss in a FET
can be described as

Eon = Eonc, + Eon-v1.

®)
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The existence of E,n.c, depends on the topology and its
value is solely determined by the Q, value of the device. For
example, in the DPT circuit [Fig. 3(c)], Eonc, for Sy is equals
to Ey+E;. However, the turn-on process for S, is different and
depends on Ty: if Tj is large enough, S, achieves ZVS turn-on
(facilitated by ir), and hence, Eon.c, would be zero; and if Ty
if too small, then S, undergoes a partial-ZVS condition.

In contrast to Eon.c,, the quantity Eopyy is a result of the
product between vpg and iy, [25]. For a constant load current
(iL = Ip), the magnitude of E,,v; mainly depends on the
value of dvpg/dt during the miller plateau, which can be
controlled by the gate-driver circuit [21]. For this case, a
quadratic equation in Iy, can be used to model E,, as

Em=a+b-I+c- I, 9)
where a = Eq,.c,, and b and c are circuit-specific coefficients.
Such a modelling is used in the recent work by Guacci et al.
to experimentally characterize hard-switching losses in 200-V
Si and GaN devices [16].

Table II lists Eon (given in datasheet) and Eon.c, (calculated
based on datasheet Coss and measured) of the tested devices.
For most of the devices, Eon.c, is a considerable portion of
Eon. And the lower the value of I, the less significant the
Eqn.y1 component in (8) becomes, increasing the significance
of Eon.c, in the total turn-onN loss. Thus, it is important that
manufacturers provide large-signal Q, (or C,) curves in device
datasheets. It is favourable that the E, parameter (if given) is
separated into two parts in the datasheets as given by (8); this
distinguishes between the effects of C, and Iy, on the turn-
oN loss. These efforts help the circuit designers to make an
informed decision on device selection for optimum designs.

C. Gate-driver Voltage and Asymmetrical Gate Driving

For the experiments in Section V, the gate-driver supply
voltages were set to Vpp; = Vpp2 = Vpp = 5 V (see Fig. 6).
For all the tested devices Vgsmy < 5 V. In addition, we tested
Vbp values of 9, 12 and 15 V for the devices Si-1 and SiC-
2. The resulting QV curves matched well with the 5-V case;
as different Vpp values create different Rpson) values, this
further proves the independence of Q, - V4. on Rpsen) for a
given device.

Asymmetrical gate driving is extremely important, espe-
cially for GaN devices, when Rgy values of 10 Q or lower are
used. The low Qg of GaN devices and low Rgy values create
very large dvps/dt values for the device that turns on. This
could eventually cause a false triggering (partial turn-on event)
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Fig. 17. Simulation results for device GaN-2 showing how Ey,c, could
deviate from expected values due to the cross-conduction events resulting
from the false triggering of the orr device. The lower the value of Rgy, the
greater the dvpg/dt value, increasing the current due to Miller effect. By
using an asymmetrical gate driver with low Rgr values, this could generally
be solved. The reason Eyy.c, > QoVye for Rgy < 10 and Rgr, = 0 is the
internal-gate-terminal resistance (= 1 Q) used in the device simulation model.
in the orr-state device, which results in a cross-conduction in
the inverter leg.” As Fig. 17 shows, such a condition causes for
observations where Eon.c, > QoVac: the increased switching
energy observed by Guacci et al. [16] for a 200-V Si device
in zero-current operation is due to this reason. Asymmetrical
gate driving with a very-low Rgp value is required to keep
the oFr-state device’s gate-voltage spikes below Vggm). In all
our experiments this was achieved by using an Rgp, of 1 Q.
Although Fig. 17 suggests using an Rgr, < 0.1 Q for device
GaN-2, 1 Q was enough as the current limit of the gate driver
inhibits very large dvps/dt conditions. The minimum value of
Ty is limited by the value of Rgr; Ty should be large enough
to fully accommodate the turn-orr transients of vgs.

VII. CoNCLUSION

In this article, we have revisited the fundamental concepts
of hard switching and shown the distinct role of device
output capacitance in creating switching losses. It was shown
that when a device is fully hard switched during its turn-
oN process, a fixed energy loss is incurred in the device
channel equal to Q, - V4., which is separated into co-energy
and stored energy components of the top and bottom device
output capacitances. Based on this theoretical foundation, an
easy-to-implement technique to obtain large-signal QV curves
of the output capacitance of FETs under actual hard switching
was presented. The method uses a no-load half-bridge circuit
with asymmetrical gate driving and is independent of dead-
time and device Rps(n). It was then applied to characterize
commercial Si, SiC and GaN devices. The results showed that
for certain device types, neither the datasheet nor the Sawyer—
Tower values represent the actual charge capacity of C, in
hard-switching operation. We emphasize that

e Qo - Vg is the proper measure for a fully hard-switched
device, such as the switching device in a DPT circuit.

» small-signal values of charge or stored-energy related to
C, do not necessarily translate to large-signal values.

o large-signal behaviour of Q, in soft-switching operation,
does not correspond to the large-signal behaviour in hard
switching. This is because the two operations subject C,
to fundamentally different charging mechanisms.

"The spikes in the gate voltage vgs sy observed in Fig. 16 are due to this
high dvpg/dt condition and can be seen to reduce with increasing Rgy.
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APPENDIX A
SAWYER-TOWER TECHNIQUE

The Sawyer—Tower circuit is traditionally used for the char-
acterization of ferroelectric capacitors [36], [37]. Recently, the
technique has been adapted to study hysteresis losses in the
output capacitance of FETs [3], [10], [11]. A summary of the
technique is presented as follows.3

A signal generator, high-voltage amplifier, fixed linear ca-
pacitor (termed as the reference capacitor Cr), and the device
under test (DUT) constitute the circuit as shown in Fig. 2(b)
(Section II). The technique relies on only two voltage measure-
ments: viy and vreg.? In this circuit, the DUT is effectively
a capacitance equal to C, for positive vpsg values [11], as the
gate—source terminals of the DUT are shorted, i.e., vgs =0 V.
The signal-generator output is amplified by the high-voltage
amplifier to a large-signal voltage (vin), which is then applied
to the series combination of the DUT and C¢. The circuit
creates a dc bias (Vrgr) across Crer in steady state [11], causing
vps to vary between 0 V and V,, [see Fig. 2(b)]. Thus, the ac
voltage (Vier = VREF — VREF) across Cier is proportional to the
variation of charge in Ciet: A Qref = Cref - Vief- As the same ac
current flows through Cr and C, in steady state, we get

Qo ¢ Cref * Vref. (10)

The QV curves are obtained by mapping Q, to vps (=
VIN — VREF) in time domain, using a computer program such
as MATLAB® or Origin.

APPENDIX B
MATHEMATICAL DERIVATION OF CO-ENERGY Loss

Fig. 18 shows a circuit where a capacitance C (either linear
or non-linear) is being charged by an ideal dc voltage source
Ve, in series with a resistance R. The current (i) and charge
(Q) delivered from the supply are both functions of time z.
The charging process starts at = 0 and ends at + — oco. The
following analysis shows that the final energy components in
the process are functions of only V4. and the charge capacity
of C, which we denote as Q.

The total energy supplied by the dc voltage source at the
end of charging is,

Ein:/ Vdc’idIZVdC/ idt.
0 0

Realizing that fooo i dt is equal to the total charge (Q) supplied
by the source at the end of the charging process, we get
Ein =01 - Vyc. (12)
This indicates that the energy supplied by the source is
independent of R and depends only on V4. and Q.
Next, the energy stored in the capacitance is calculated as

ECZ/ ve - idt.
0

8For additional details on the operation of the circuit and its usage, please
refer to our recent work on this technique [11].

9The two voltages can be measured with a standard oscilloscope and
passive voltage-probes: in our experiments we used a Tektronix MDO3104
oscilloscope (1 GHz) accompanied by TPP1000 passive voltage probes (1
GHz). The probe-end uses the MMCX square-pin adapter 131-9717-xx.

(1)

13)
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Fig. 18. (a) An ideal dc voltage source, Vy., charges a capacitance C in
series with a resistance R. The circuit is turned on at ¢t = 0. At # > RC, (b)
the charging process is complete with vc = Vj, and a total charge equal to
Qg is supplied by the source, which is stored in C. (c) QV curves showing
the energy distribution for linear and nonlinear C.
+  Vadop —

Fig. 19. Placement of voltage and current measurement units to measure the
average input power. Ry is the dc resistance of wires from the dc power
supply to the dc-link capacitance Cgyc; R is the insertion resistance of the
ammeter and was measured to be 1.8 Q in the mA-range setting.

Using the definition of current, i.e., i = dQ/dt, a variable
change is applied for the above integral as idt = dQ, where
QO=0attr=0,and Q = Q; at t = co. This gives

Qi
ECZ/ ve - dQ. (14)
0
Finally, the energy lost in R is calculated as
ERZ/ vR-idt:/ (Vdc—VC)-idl

ERZ/ Vdc‘idt—/ ve - idt.
0 0

Identifying that the two integrals on the RHS of (15) are given
by (12) and (14), we get

ER = Ein— Ec = Q1 - Vae — Ec (16)
Since Q; - Vq is the total area in a QV plot [see Fig. 4(a)],
according to (16) ER, can be expressed as

Ve
Qch.
0

The integral on the RHS in (17) is defined as the co-energy
of C. This shows that the energy loss in R is independent of
the value of R, but depends only on the QV curve of C.

Eg = A7)

AppeENDIX C
MEASUREMENT AND PRACTICAL CONSIDERATIONS

1) Average Current and Voltage Measurements: The cur-
rent ij, drawn from the input power source contains high-
frequency components at 2 f;,, and above. Thus, if the measure-
ment hardware does not contain any averaging process before
ADC sampling, the measurements could be erroneous. We
have used a Fluke 87V DMM as it contains an analogue 2-pole
filter (with poles around 5 Hz) that implements an accurate
averaging process before the ADC sampling takes place. Both
the average voltage and current measurements have very good
accuracies and high resolutions (see Table III).
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TABLE III
SPECIFICATIONS OF AVERAGE MEASUREMENTS WiTH FLUKE 87V DMM
Measurement Type Used Range  Resolution Accuracy!
Ve Average 0-600 V 0.1V + (0.05 % + 1)
I Average 0-60 mA 0.01 mA + (02 % + 4)

! For a measured value M, a = (X % + Y) accuracy means an absolute
error of + [0.01MX + (Y - Resolution)].

TABLE IV
DATASHEET-PROVIDED DRAIN—SOURCE LEAKAGE CURRENTS
Device _pss (A Vos (V)
Typical ~Max [vas =0 V]

GaN-1 3 30 650
GaN-2 2 50 650
SiC-1 - 100 700
SiC-2 1 100 900

Si-1 - 1 650

Si-2 - 10 650

2) Loading Effects of DMMs: As shown in Fig. 19, the volt-
age measurement takes places before the current measurement.
This means that the ammeter measures the actual current going
into the circuit. Therefore, any current (Iy.jeax) flowing through
the voltmeter does not affect the measurements. Furthermore,
the voltage-drop across the line (= i, - (Ra + Ryire)) 1S
negligible compared to the measured input voltage range
used in this work (50400 V). Note that the average input
current [, is less than 30 mA in our measurements (based
on our observations, the instantaneous current i;, could have a
peak of two times [j,). An example can be considered: for
iim = 0.1 A and Ryire = 3 Q, which is an extreme case,
Va-drop = 0.1 X (1.8 +3) = 0.5 V. Thus, line resistances have
negligible effects on the measurement results.

3) Probing of the Switch Node: 1t is advised not to place
voltage probes across the switch-node during the Pj, mea-
surements; the added capacitance of the probe increases the
switch-node capacitance and hence the measured ;. The error
in AQ,/Avps could be quite significant at high vpg values
where device capacitances could be as low as 50 pF; the probe
capacitances are usually around 5—-10 pF. For instance, we have
observed an 8 nC increase in Q, at 400 V for device SiC-2
when a Tektronix THDP0200 differential voltage probe was
placed across the switch-node.

4) Drain—Source Leakage Current (Ipss): In the OFF state
of a device, Ipss creates a power loss equal to Ipss - Vic.
Ideally, this loss should be deducted from Pj, to get the C,
related losses. For the devices tested in this work, Ipss is less
than 100 uA (see Table IV), where the measured [j, is around
3-20 mA at V4. = 400 V. Generally, typical Ipgs values are
much lower than the maximum values. Thus, the effects of
Ipss are negligible. In addition, we measured Ipgs of several
samples of the tested devices using a power device analyser;
all values were below 20 uA for V4. = 400 V.

5) Selection of dc-link Capacitance: The value of Cgyc
should be large enough not to cause a large drop in voltage
during the switching transients. A large ripple voltage in Cgc
could cause additional losses in the circuit due its equivalent
series resistance (ESR). Also, Class-II multilayer ceramic
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(MLC) capacitors such as X7T and X7R types exhibit a
decrease in their capacitance at high voltages [11]; this should
also be considered when selecting the type and value of Cyqc.
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