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Abstract—This paper derives a variable-frequency critical soft-
switching control method for nonisolated DC/DC converters
using wide-bandgap devices. The critical soft switching control
technique under maximum frequency trajectory is introduced to
maintain zero voltage switching over a wide range of modulation
ratios according to the load variation. The concept prevents turn-
on losses that are typically much larger than the turn-off losses
in SiC and GaN FETs and the latter can be further reduced
by adding external drain-source capacitors. We have derived the
boundary conditions for critical soft switching operation. For the
reduction of inductor value and volume, a maximum available
switching frequency is applied to the converter within the
constraints of device requirement and soft switching boundary
conditions. We demonstrate experimentally that the proposed
concept reduces the power losses in the wide-bandgap devices
by a factor of approximately 3, enables an increase of the
switching frequency by a factor of about 5, and a decrease of
the main inductance by a factor of about 10. Then variable
frequency critical soft switching control method is proposed
with the constraints to maintain the maximum frequency within
soft switching operation. Since our test bench uses off-the-shelf
inductors, the inductors are subject to significant high frequency
losses. Despite this, the converter efficiency increases by 1%.

Index Terms—DC-DC power converters, electric variables
control, pulse width modulation converters, soft-switching, zero
voltage switching

I. INTRODUCTION

Hybrid and electric vehicles require a range of power
electronic converters. A typical drivetrain requires one (or
two) inverters to interface electric machines, an optional DC-
DC converter to interface the battery, an auxiliary power
module to power the auxiliary 12V system and charge the
low voltage lead-acid battery, and a battery charger [1]. Full-
sized DC-DC converters tend to have a large volume and
weight due to the DC filter requirements. Therefore, several
drivetrain implementations omit a DC converter and interface
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the battery directly with the inverters. However, this approach
requires the motor drive to operate with variable DC since the
battery voltage can vary up to 40% between empty and full.
Consequently, the motor drive needs to be designed such that
it can provide the rated torque and power at minimum voltage
resulting in higher-than-necessary current requirements and an
increased VA rating of the motor drive.

Hence, the use of a DC-DC converter to interface the
battery has advantages but improvements in terms of power
density are required. The Department of Energy (DoE) and US
automobile manufacturers specify the power density targets
as >3.0kW/L for 2020 and 4.6kW/L for 2025 [2]. Typical
strategies to increase the power density are 3-level converter
designs [3], interleaving [4], or increasing the switching
frequency, e.g. using wide-bandgap devices. Each approach
results in challenges. Multilevel converters tend to increase
the system complexity; interleaving reduces the size of the
output capacitor requirements but does not affect the size of
the filter inductor, which is typically the largest components;
and large switching frequencies increase the power losses
in the semiconductors that must be limited according to
the thermal device limits. This paper proposes a variable-
Frequency Critical Soft-Switching (VF-CSS) for nonisolated
DC/DC converters using wide-bandgap devices. VF-CSS has
the potential to significantly increase the switching frequency
without causing significant losses in the switching devices.

Power electronic devices feature conduction and switching
losses. Conduction losses result from the device on-state
current and voltage, and are independent of the switching
frequency. The switching losses, on the other hand, depend
on the switching transition values for the device voltage and
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Fig. 1. FET buck converter topology with optional additional output capaci-
tors for critical soft-switching.
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Fig. 2. Switching events and the associated losses during a switching time
period in a buck converter with (a) I7, ymin > 0 (b) I min < O.

current, and increase with switching frequency [5]. While the
values and size of the passive components reduce with increase
in switching frequency [6], the maximum switching frequency
is limited by the ability of the device package to dissipate the
losses occurring in it.

A transition from Silicon to Silicon-Carbide (SiC) or
Gallium-Nitride (GaN) materials based wide bandgap (WBG)
devices offers potential to go higher in switching frequency,
with the given device power dissipation limits. This is due to
the smaller die size and parasitic capacitances of the WBG
devices which reduces the losses incurred in each of the
switching transitions [7, 8]. In order to achieve operation at
even higher switching frequencies, soft-switching techniques
are used to reduce switching losses. These techniques reduce
the voltage-current overlap by switching on/off the device at an
instant when either of the device voltage or current is at a small
value [9, 10, 11]. These techniques suffer from sensitivities
to line or load voltage change or are restricted to a limited
voltage conversion range. Alternative techniques use turn-off
snubbers that move turn-off losses from the semiconductor
to an external device [12, 13, 14, 15] and require auxiliary
circuits that increase the system complexity and cost.

Variable-Frequency Critical Soft-Switching (VF-CSS) re-
places the greater turn-on losses with smaller turn-off losses
(FET turn-on losses tend to exceed the turn-off losses by a
factor two to ten) in a switching cycle with negative minimum
inductor current in a buck converter [16, 17, 18]. The existing
methods either change the switching on/off instants of the
device when the V-1 overlap is small or introduce auxiliary
circuits to transfer the switching losses from main circuit
to external device. The former method may be influenced
by the load variation and the latter method can increase the
controlling complexity and system cost compared to the VF-
CSS. Unlike many alternative soft-switching techniques [19],
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Fig. 3. FET buck converter hard switching due to insufficient time to discharge
the output capacitors (a) current flow just before turn-on of M7 (b) current
flow after M is turned-on with excessive losses.

the proposed method retains proportionality between duty
cycle and output voltage such that traditional converter control
techniques can be employed. Turn-off losses tend to be small
due to the voltage clamping characteristic of the device output
capacitor that can be further enhanced. An additional capacitor
across the FET drain-source terminals further reduces the
rate of increase of drain-source voltage and the resultant
voltage-current overlap at the time of device turn-off. This
soft-switching method requires use of minimum number of
additional components with no added losses in the device
channel at the time of turn-on, due to only recirculation of
energy between the passive components in the dc-dc converter.
Compared to the traditional methods, the controlling complex-
ity of the VF-CSS is simpler because only extra maximum
frequency control is needed to achieve a large constant current
ripple. And the system cost is lower because only paralleled
capacitors are added to further decrease the turn-off losses
without extra circuit to deliver the switching losses. Lastly,
because the variable frequency critical soft switching method
applies the highest available freugency within the critical soft
switching boundary conditions, the inductor value can be
further decreased and the power density can be accordingly
improved.

This paper derives the boundary conditions and critical soft
switching control method with maximum frequency control
to reduce switching losses and operate a 1kW buck converter
using GaN devices in the MHz range. In Section II, the paper
begins with a discussion of the soft-switching method and
design considerations for buck converter topology. In section
I, the different working stages during the soft switching
operation of the buck converter are shown in detail to illustrate
the zero voltage turn-off soft switching mechanism from GaN
Systems and the reduction in its turn-off losses with use
of additional capacitance [17]. The derivation of boundary
conditions for critical soft switching operation is analyzed. The
VE-CSS boundary conditions are derived with dead time and
peak/valley inductor current according to the device data sheet
and integrations. Also, the soft switching ranges of typical
GaN and SiC devices are shown for analysis and comparison.
In Section IV, the VF-CSS controlling method is introduced
based on the boundary conditions. The highest frequency can
be achieved in every operating point to ensure the critical soft
switching. Section V presents the results for the reduction
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Fig. 4. FET buck converter critical soft switching: analytical representation of the different stages during M> turn-off shown on the right-hand side of Fig. 5:
current conduction (a) before .77 1 when M is ON, (b) between t,7r 1 and t,f 2 when Ipg pra is reducing and the output capacitors are charging, (c)
between t,fr 2 and 55 3 when Ipg ar2 reaches zero while current flows through the additional capacitors, (d) between t,¢ ¢ 3 and t, ¢ 4 completion of
turn-off of M2 and reverse conduction through M7 , (e) current conduction after ¢,y 4 when My is ON.
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Fig. 5. Waveforms for the turn-on and turn-off of M2 with use of additional
330pF capacitor with the FETs. Vpg, Ips and Iopg are the drain-source
voltage, drain-source current and the current through the additional output
capacitance with Mo, respectively.

in turn-off losses with added capacitance, calculated using
the analytical model and validated in hardware. The critical
soft-switching variable frequency control method is shown to
enable operation at 1 MHz switching frequency with signifi-
cantly reduced losses in the switching devices as compared to
a traditional buck converter with positive minimum inductor
current and hard-switching. The conclusions in Section VI
summarize the benefits of the proposed control method and
the potentials to develop in different applications.

II. CRITICAL SOFT-SWITCHING OPERATING MECHANISM

The FETs in the buck converter of Fig. 1 switch com-
plementary to each other with a suitable dead-time to avoid
cross-conduction. Since an inductor opposes an instantaneous
change in its current according to Faraday’s law, one of
the FETs exhibit reverse conduction characteristic during the
dead-time, resulting in zero-voltage switching (ZVS) on the
corresponding device. GaN devices do not have an intrinsic
body diode and the associated reverse recovery losses but
are capable of reverse conduction with a relatively larger
voltage drop equal to the sum of the gate threshold voltage
and the negative gate drive voltage in off-state condition [16].
This reverse conduction characteristic of GaN FETs in the
off-state condition is modeled and referenced as anti-parallel
body diode operation in this paper. Depending on the value
of the output current I,,; (equal to the average inductor
current Iy o) and the inductance L, the minimum inductor

current Iy, ,,;, may be positive or negative. Fig. 2 shows the
sequence of switching events and the associated losses during a
switching cycle in a buck converter with positive and negative
I7, min. In the linear soft-switching (SSW) method, Iz, iy, is
intentionally made negative to enable ZVS behavior at turn-on
for both the switches [17, 18]. The greater turn-on losses in
M, are replaced with smaller turn-off losses in M, reducing
the total losses per switching cycle. The degree of reduction in
switching losses depends on the ratio of the turn-on and turn-
off losses which varies between devices. The turn-on losses
of the GaN Systems GS66516T GaN FET are nine times the
turn-off losses at 400V/20A [16]. Similarly, the turn-on losses
of the Wolfspeed C2M0025120D SiC FETSs exceed the turn-
off losses by a factor of three at 800V/20A. Turn-off losses
can be further reduced with an additional capacitance across
the FET drain-source terminals that reduces switching losses
by 25% or more [17].

While a negative I, ,,,, is needed to reduce the switching
losses, this current should be sufficiently large to charge and
discharge the FET output capacitors within the dead-time.
A system with large additional FET output capacitors and
a small switching dead-time would cause large instantaneous
currents through the FET channel charging/discharging these
capacitors, inducing excessive additional losses. Fig. 3 shows
the current paths during the occurrence of such a phenomenon
during the turn-off of M,. Initially, the negative I, is dis-
charging M;’s output capacitance Cps a1 and charging Ms’s
output capacitance Cpg, 2 While My drain-source current
Ips, a2 has reduced to zero, as shown in Fig. 3(a). M, drain-
source voltage Vpg a2 i at an intermediate value between
zero and buck converter input V;,,. At the turn-on instant of
M, the remaining charge on Cpg a1 is instantaneously re-
moved through the M; channel. Another large current charges
Cps,m2 to Vi, through M. Both these instantaneous currents
cause excessive losses in M7 and increase the system losses,
opposite of what is intended with the use of the VF-CSS
method. A similar phenomenon would occur during the turn-
off of M;. Thus, the degree of capacitive loading on the FETs
and the benefits of reduction in switching losses are limited
by the values of the dead-time and Ir, ynin.



Ips Ipg

VDS VDS

— >
— “«— tg —

(a) (®)

« g

Fig. 6. Turn-off drain-source voltage and current with limited parasitic output
capacitance: (a) inherent switching waveforms, (b) waveforms with additional
output capacitor.

III. DERIVATION OF BOUNDARY CONDITIONS FOR
CRITICAL SOFT SWITCHING

A. Analytical Model

The different stages of the FET turn-off behavior are de-
scribed with an analytical model [17] and depicted in Fig. 4
for the turn-off of device Ms. The black arrows and red
arrows represent the reference directions and actual directions
of the current flows. And the default directions of the drain-
source output capacitor voltage and current are both from
drain to source. For buck converters, the inductor current is
approximately constant during a switching transition and has
the value

dVps a2
T a 1
TR (N

during the turn-off of Ms. The experimental GS66516T FET
turn-off waveform is shown in Fig. 5. Initially, the buck
converter is operated with 300V V;,, and 200V V,,; in no-
load condition (i.e. I, o = 0) with inductor current varying
between £13A. Turn-off of M, is initiated at time f,¢y 1,
when Ipg a2 begins to reduce from its peak value. Cpg a1
and Cpg, 2 begin to discharge and charge, respectively, and
Vbs, a2 increases, shown in Fig. 4(b). At time .57 2, Mo
ceases to conduct, while there is still finite current through
CDSJMl and CDS,]\JQ, shown in Fig. 4(d) Time toff)g, marks
the completion of the turn-off of My with Icpg o reduced
to zerom Vpg o reaches Vj,, and the reverse conduction
through M7 is shown in Fig. 4(e). Reverse current through
M, during the t,5f3 — tof 4 interval involves much greater
conduction losses, as discussed earlier. From (1), the value
of inductor current I, flowing through Cpg a1 and Cpg, a2
is proportional to their respective values. In this analysis,
equal values of additional capacitors are used across the drain-
source terminals of the two FETs, resulting in equal currents
through the capacitors at the time of turn-off. Since the soft-
switching method results in a symmetrical system, the current
Icps, v during the turn-off of My is similar to Icpg, mo
during the turn-off of M; between t,, 1 — ton,2, Which have
the same magnitude as Icpg, a2 between o551 —%o5r,3 When
the magnitudes of Iy, 4 and I, 4, are equal. During the
turn-on of M, in Fig. 5, Cpg are first discharges to zero
(represented by finite Icpg o during to,,1 —ton,2), followed
by reverse conduction through M5 with a large on-state voltage
drop between 25, 2 — ton,3-

I, = —Ipsm2 — (Cps.vi + Cps,aiz)

Besides the VF-CSS method for ensuring the critical soft-
switching operation, the additional capacitors in parallel with
the switches can further decrease the turn-off losses. The
mechanism of the additional capacitors is shown in Fig. 6. To
reduce the turn-off losses, the overlap of drain-source current
and voltage should be addressed. During the transient of
turn-off, the decrease of drain-source current, Ipg, is mainly
dependent on the gate-source voltage, Vgs. However, the
increasing slope of the drain-source voltage, Vpg, is largely
determined by the effective output capacitance of the switches,
Chpss- By adding external capacitors, the effective switching
capacitance can be increased. Thus, the increasing rate of the
drain-source voltage, dVpg/dt = Icps/Closs, can be slowed
down. So, the overlap of the Ipg and Vpg is decreased and the
turn-off losses will be correspondingly reduced. However, the
value of the additional capacitor cannot be too large because
a big external capacitor can slow down the turn-off time of
the switch. If the turn-off transient period is larger than the
dead time, the soft switching operation will be influenced and
extra losses may occur due to the failure of zero voltage soft
switching. Thus, the value of the additional switch capacitor
should be designed considering both the overlapping area of
drain-source current/voltage and the dead time for critical soft
switching operation. The critical soft switching is based on the
boundary conditions of dead time and inductor current which
will be analyzed in detail in section III. And the boundary
conditions should be derived based the external capacitor and
the intrinsic switch capacitance. For the additional capacitor
design of this paper, the turn-off losses are mainly taken into
consideration to guarantee the critical soft switching. In the
following section, an optimal external capacitor value is shown
for reference.

Fig. 7 shows the My turn-off waveforms of GS66516T
FETs. Adding an external drain-source capacitance Cpg, ext
with values from zero to 430 pF, the Ipg fall-time changes
negligibly while the Vpg increase from zero to V;,, is slower.
The current Iopg is zero in Fig. 7(a) due to absence of
additional FET output capacitance. The magnitude of Iopgs
increases with increase in value of Cpg eqt. A reduced rate
of increase of Vpg due to the voltage clamping characteristic
of the added capacitance reduces the voltage-current overlap
(the overlap of cyan line and red line in Fig. 7) and the losses
during the turn-off of a FET, as indicated by the analytical
model. The analytical model in [17] is modified for the use of
additional capacitors across the drain-source terminals of both
the FETs in the buck converter, and shown in Fig. 8.

B. Boundary Conditions

The critical soft switching operation of the buck converter
can be guaranteed by restricting the dead time and peak/valley
inductor current to a certain range. As is shown in Fig. 4,
for the turn-off switching transition period of M5, a large
current ripple is required to ensure negative valley inductor
current to be lower than a threshold current level. When Ms
is turning off, the negative inductor current will discharge
the output capacitor of upper switch, Cpg ari. The zero
voltage switching (ZVS) of the upper switch can be achieved
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Fig. 7. GaN and SiC FET waveforms showing the turn-off of Mg with use of additional capacitors across its drain-source terminals; GaN FET with
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Cps,ext = 470pF (h) Cpg,cat = InF, Vpg, Ipg, and Icpgs are the drain-source voltage, drain-source current and the current through the additional

output capacitance with Ma, respectively.

Initial Conditions:

switches and the value of inductor valley current. According

Vosmz2=0 to Fig. 4(b), the inductor valley current is
|Ds,M2=|DS,M2(max)
leps=0 It min = —Ips,m2 + Icps,m1 — Icps,va, (2)

:

leps = los,m2(max-lps,m2
Coss,L(t) + CDS,ext
Coss,L(t) + Coss,H(t) + 2CDS,ext

5QCDS,M2 = lcps,mz2-At

leosmz = leps

where Ipg a2 is the drain current, Icps, a1 and Icpgs, e are
the current through the switch output capacitance of switch
M, M, respectively

dVps, a1

l Icps,m1 = Cps,mi T (3a)
dVps, a2
[QCDS,MZ(t"'l) = Qcos,ma(t) + <5Qcos,M2j ICDS,MZ = CDS,M2T~ (3b)

!

Vosmz = Qcpsma(t+1)
CDSS,L(t) + CDS,ext

[ Coss,L(t+1) = Coss(VDS,MZ) ]

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

R E———

l Vosmz < Vin

| #0
los malt+1) = lps () - Al DSVMZJL‘

Vosmz = Vi

Ipsmz = 0

vy losm2# 0
TEou(t+1) = ZEu(t) + Vin-IDs,Mz-Atj

Fig. 8. Estimation of M> turn-off losses with zero and non-zero external
drain-source capacitance Cp g, ext-

if the Cpg n is fully discharged before it turns on. The
ZVS operation depends on the interlock time between two

Since (Vps,m1+Vps,m2) equals to the constant input source
voltage Vi, Ir, min 1S expressed as

dVps, a2
dt

The above current equations can be further analyzed by the
integral calculation over time and Vg, respectively.

4)

It min = —Ipsm2 — (Cps,mi1 + Cps,m2)

Tq
/ Timin + Ips.ara(8) dt = Quupn — 5)
0

Vi
/ —Cps,m1(Vps,m2) — Cps,m2(Vps,arz) AVps, vz,
0

where Qi < 0 is the total charge moved in the output
capacitors. Assuming that ;s is varying linearly with time,
the left-hand side of (5) becomes

I L,min 1
L,min 11 min —t | dt = I minTa. (6
/ ’ < s T > 9 L, d ( )

Therefore, the M, turn-off sequence shown in Fig. 4 achieves
critical soft switching when



Similar, the maximum positive inductor current for M; turn-
off sequence is achieved when %I Lomazld 2> Qmaz > 0,
where Qmou = |Qmm‘ and IL,ma;c = _IL,min-

The design of the converter should satisfy the two inequal-
ities to guarantee the critical soft switching operation. The
integral of switch output capacitance to drain-source voltages
can be calculated based on the datasheet provided by the
device manufacturer.

Then, the model of critical soft switching method can
be expressed with the function image in Fig. 9. It can be
shown that the blue regions are the feasible soft switching
range according to the constraints of inequalities (7) with the
maximum and minimum dead time requirement. Also, the soft
switching ranges of typical GaN and SiC devices are given in
Fig. 9. During operating in the following sections, the dead
time and peak/valley inductor current can be controlled within
the critical soft switching region to reduce the switching losses
with maximum frequency.

IV. CONTROL METHOD

The operating principle of the VF-CSS is based on a double
loop controller. As is shown in Fig. 10, the controlling block of
the DC/DC converter includes a double loop voltage-current
controller and a variable-frequency controller. In the double
loop controller, the output voltage is adjusted with a reference
value, V,*. The error of the outer loop voltage controller
will provide the reference for the inner loop inductor current,
i1, *. The desired duty cycle, d*, will be calculated for PWM
signal and the variable-frequency controller. The variable-
frequency controller can tune the frequency to maintain a
large constant current ripple based on the calculated duty
cycle, sampled output voltage and pre-defined inductor current
ripple. The calculation of frequency is based on equation (7) to
ensure the critical soft switching. In the frequency controller, a
maximum available frequency will be traced according to the
boundary conditions of critical soft switching operation. The
value of frequency is adjusted in every sampling period based
on the marginal soft switching trajectory to meet the zero
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Fig. 10. The controlling blocks for the VF-CSS method.

voltage turn-off with high frequency. The frequency trajectory
is shown in Fig. 11. Then, the calculated frequency will be
limited within a range considering the device and switching
loss requirements.

In this section, the proposed frequency control method
is introduced. The control law is based on the critical soft
switching boundary constraints derived in section IV and the
rated operating condition with specific current parameters. The
soft switching strategy is implemented to reduce the value of
passive filter components by introducing a large current ripple,
e.g. Aip = 220% — 300%. In the meantime, the high turn-
on losses are replaced by the lower turn-off losses, thus the
efficiency can be further improved. The following subsections
show the detailed method of controlling the frequency to
achieve soft switching based on the boundary conditions.

A. Feasible working regions for soft switching control with
fs,min and fs,maw

The limitations of max/min frequency for control mainly
include two parts: (a) peak/valley current constraints caused
by the device limitation and soft switching threshold; (b)
switching frequency constraints caused by the dead time and
sampling requirement.

1) Peak/valley current constraints: For a given device,
the peak/valley current cannot exceed the maximum current
provided by the datasheet which is related to the ripple and
the average current:

A
IL,peak = IL,ave + QZL < IL,mar
Ai

QL > _IL,max

(8a)

IL,walley = IL,ave - (8b)

17, peak/valiey 18 the peak/valley inductor current, and I, o
is the maximum allowable current for the device. Because the

fS fs,max
| 4 By

Soft Soft
switching switching
boundary Soft Soft boundary

switching | switching
/ region region \
¢ 2 2
s,min
>
-l L rated IL,rated I

Fig. 11. Maximum frequency trajectory for critical soft switching control.



inductor current ripple is expressed as:

. d(1 —d)Vj
Aip = ———— 9
L 7L )

So, the minimum allowable frequency can be derived as:
AZ.L,maz = 2(IL,maac - IL,aue)a IL,ave >0 (loa)
AiL,nmJ) = 2(IL,m,(mt + IL,(we)7 IL,(we < 0 (10b)
1 —dys5)dosVs

oz U dos)dosls (11

AiL,vrl(J,wL
where dj 5 is the midpoint of the duty dy 5 = 0.5.

The function between frequency and inductor current is
reciprocal and the feasible region for frequency should be
above the reciprocal curves. Because in every sampling point,
our control law will choose the maximum frequency (mini-
mum ripple) to meet the soft switching constraints, this lower
boundary of reciprocal function can be easily satisfied. So, we
just substitute the rated value in table (taking C2M0025120D
as example) and the fs 4, is calculated as 61 kHz.

For the soft switching operation, as is illustrated in the pre-
vious section, the minimum/maximum of the inductor current
should be lower/higher than a specific threshold value, I;j:

It peak = I1ave + 535 > Iy, (12a)
— Al < Iy, (12b)

where I;; is the threshold current derived from the soft
switching constraints.

According to the soft switching constraints in Fig. 9, for a
given device, if the dead time is known, then the minimum
value of I, can be derived. Thus, for the design of controlling
blocks, the maximum allowable frequency, fs maq, should
satisfy the soft switching boundary of I;; with the rated
current as is shown in Fig. 11:

IL,va,lley = IL,(we

AiLmLin = 2(IL,H,1)e + Ith)a IL,cwe > 0 (1321)
AiL,'min = 2(_IL,ave + Ith)a IL,aUe <0 (13b)
1-— ;

1. < (1 —do.5)do.5Vs (14)

AZ’L,minL

Similarly, the function between f; and iy is reciprocal
and the feasible region for frequency should be lower than
the reciprocal curve. According to the parameters of typical
device, the f; 4 is calculated as 612 kHz on the rated point.
In this situation, a fixed ripple current is controlled by the
frequency in the steady state when the average current is
equal to rated value. If the frequency is constrained below the
maximum frequency according to the soft switching boundary,
the soft switching operation will always be satisfied within the
rated current.

However, if we want to further expand the boundary of
fs,maz» the soft switching boundary of I, can be satisfied in
a smaller value of average current within the rated bandwidth.
So, as is shown in Fig. 12, if the converter is operating
within a smaller current than the rated value, a smaller ripple
current is needed by the soft switching constraints. Then
the maximum frequency boundary will be increased to some
extent. However, in this situation, the increment of f .4, is
constrained by other factors: power dissipation, dead time and
sampling requirement.

2) Switching transient and sampling constraints: Firstly, if
the fs mae 1S to be increased, for the accuracy of duty cycle,
the dead time should be decreased accordingly. However, in
the proposed method of soft switching boundary conditions,
the dead time is set to be constant. To limit the influence of
switching transients on the effective duty cycle, the switching
frequency is upper bounded to a maximum value:

fs < fs,maac

The switching frequency is an integer multiple of the sampling
frequency. A given control implementation requires a mini-
mum sampling frequency that is achieved by lower-bounding
the switching frequency:

fs Z fs,min

In this working condition, the 100 kHz is set to be the
minimum frequency, fsmin, Which will satisfy the least re-
quirement of sampling.

To conclude the above four types of frequency constraints,
the allowable range of frequency is [100 kHz, 600 kHz] in
the condition of fixed duty cycle (duty=0.5). If the converter
is working under a wide range of output voltage, the duty cycle
is becoming another variable for the constraints of frequency
range. So, considering the above two main constraints that
influence the frequency, every value of inductor current and
duty cycle will determine a maximum and minimum allowable
frequency. Thus, a 3D frequency constraint diagram is derived
and shown in Fig. 13 according to the above inequanlities in
this section:

After considering the variation of duty cycle, the allowable
inductor average current is related to the frequency and ripple
current according to equation (8)-(16) and the 3D diagram of
the frequency range is shown in Fig. 13(a). For the purpose
of illustrating the 3D ranges of frequency with the function

15)

(16)

A current
IL,max

R I N \

0

T \/ \/ \t
'IL,ratcd ( )
a
4 current
IL,max
IL,rated ,,,,, . /\ /\

ave,new -

A A N .
TN "
7 4

= IL,raled

(d)

Fig. 12. (a) device constraints and lowest ripple maintaining the soft switching
boundary at a given average current and (b) expanded frequency when the
average current is lower than the rated value
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Fig. 13. The soft switching, frequency and device current constraints (a) of
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of duty cycle and inductor average current, equation (9) is
used for substituting the ripple current with duty cycle. The
frequency 3D ranges are shown in Fig. 13(b). And the ranges
in Fig. 13(b) are applied in the frequency controller to limit the
frequency within the allowble level in every sampling period.

B. Control law for soft switching boundaries

For the proposed variable frequency controlling method, if
the load has variations, the control law will check the mini-
mum and maximum points of the inductor current according
to the inequalities in each sampling period. In this situation,
the controller will change the frequency based on the derived
threshold current value and make the ripple current satisfy the
boundary condition of soft switching.

(A=d)dVs _ ¢, (1—d)dV,
— m if lL,a'ue - W Z _Itha 17
fs = (1—-d)dvs e (1—d)dV, 17
2(Tth—ir,ave) L if UL ,ave + ToLfs < Ith~

In the meantime, the frequency is also constrained within a
range based on Fig. 13(b) in every sampling period according
to the inductor average current and duty cycle. It can be seen
from the control law inequalities that the average inductor
current has a reciprocal function with frequency according
to the soft switching boundary as is shown in Fig. 11. So,
when the load is changing, the frequency controller will check
the peak/valley current values and find the minimum ripple
(maximum frequency) to satisfy the soft switching boundary
within the frequency ranges. The controlling blocks have been
shown in Fig. 10 which include two parts: voltage and current
control and frequency control.

V. SIMULATION AND EXPERIMENTAL RESULTS

The VF-CSS method is validated using the discussed an-
alytical model and in hardware with the GaN Systems Inc.
GS66516T-EVBDB daughter board used with the GS665MB-
EVB motherboard in a buck converter topology. Fig. 15 shows
the hardware used for testing the specifications of Table I.
The system evaluated in open-loop with a duty cycle of 0.67
that generates a 200 V steady-state output from 300 V input
voltage and 1 MHz switching frequency. The operation point
is chosen as an intermediate between D=0.5 resulting in the

highest switching frequency (1.13 MHz with the given setup),
and duty ratios tending to O and 1 with significantly lower
switching frequency (lower bounded to 100 kHz).

In terms of the test bench of 300/200V DC/DC converter,
the main application is to interface the battery in the electric
vehicle (EV). Between the battery and the traction inverter of
the EV system, the voltage should be adjusted by a DC/DC
converter to satisfy both the limitation of battery pack and
DC link requirement of the inversion system. The proposed
method and test bench applies large current ripple and small
inductor value to achieve critical soft-switching. The power
density and efficiency are improved which is of significance
for the on-board EV system. The 300/200V converter is a
general voltage range which can be adjusted further for the
vehicle application. For example, the DC link voltage provided
by a Li-lon battery of BMW i3 is approximately 360V and
varies between 270 to 400V. Also, the battery pack voltages
of Prius or Prius plug in are 201V and 207V, respectively. So,
the 300/200V converter can be suitable interface in the EV
battery application.

The waveforms for the drain-source voltage Vpg, total
M> switch position current I7 and the current through the
added capacitance Iopg are recorded. These waveforms are
calibrated for the probe offsets and delays. Current through
the M, channel Ipg is computed as the difference of I
and Iopgs. It should be noted that Ipg still includes the
current charging the parasitic output capacitance inherent to
the device at the time of turn-off, but which does not contribute
to the actual turn-off loss [20]. According to (1), since the
current through the output capacitors varies in proportion to
their instantaneous values, this current through the internal
capacitance could be computed and subtracted from Ipg to
get the actual current through the M, channel for a more
accurate calculation of its turn-off losses. The losses from
experiment are calculated as the time integral of the product
of the instantaneous Vpg and Ipg for Ms.

Fig. 14 shows the variation in the turn-off losses with use of
an additional capacitance between zero to 430pF across both
the FETs in the buck converter. It is seen that the turn-off
losses reduce on loading with additional capacitance according
to both the analytical model and in hardware. The analytical
model predicts a reduction of the the turn-off losses by a
factor of approximately 4 (22.1%) using a Cpg ezt = 430 pF.

TABLE I
TEST CONDITIONS, COMPONENTS AND EQUIPMENT USED FOR TESTING

Type Specification

300 V

200 V (Duty cycle D = 0.67)

100 kHz to 1.13 MHz (1 MHz at D = 0.67)
No-Load to 1 kW

Input Voltage
Output Voltage
Switching Frequency
Output Power

FET GS66516T, 650V/60A/25mS2 GaN FET
Gate Driver SI8271GB-IS, Rg,cst(On/Off)= 10 Q/2
Inductor SER2915L-222KL, 2.2 uH

Capacitor MKP1848C61280JK2, 12 uF
Oscilloscope Tektronix MDO3024, 200MHz/2.5GS/s

Voltage Probe
Current Sensor

Tektronix TPP0250, 250MHz, 3.9pF/10MS2
PEM CWTUM/3/B Rogowski Current Transducer
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Fig. 14. Reduction in the turn-off losses using the analytical model and in
experiment (with and without effect of current in the FET inherent parasitic
capacitance) with addition of external capacitance across FET terminals.

The experimental losses are evaluated with double-pulse tests.
The losses are shown to decrease from 8.41 uJ to 2.31 uJ
by adding Cpg, et = 430 pF corresponding to approximately
a loss reduction of a factor of 4 (27.6%). Furthermore, the
measured losses follow closely the predicted values by the
analytical model that confirms the ability to predict FET
turn-off losses with and without Cpg c,+ using the proposed
technique.

For the hardware setup, a GaN based GS665MB-EVB
with GS66516T-EVBDB buck converter half bridge module
and C2MO0025120D SiC FET based Converter are tested for
the proposed controlling method. The GaN setup is shown

Half-Bridge ——
Module

Input
Capacitor

Fig. 15. Experimental hardware of the buck converter using GaN Systems
GS665MB-EVB motherboard with GS66516T-EVBDB half-bridge module.

o

Volfage
e

Fig. 16. Experimental hardware of the buck converter using C2M0025120D
SiC FET.

in Fig. 15. And SiC test bench is a three-phase two-level
converter (3 phase legs) topology as is shown in Fig. 16. Only
one phase is used for the DC/DC converter experiments. The
SiC setup mainly includes: three-phase converter board, com-
ponent board, three phase inductors micro-controller/interface
board: (a) Converter board: The converter board is composed
of SiC FET (C2MO0025120D)*6, gate driver (CRD-001)*6,
DC bus capacitors (B32774D8505K, 5SuF)*9, DC voltage
sensor (RP1215D) and inductor current sensor (CKSR15).
(b) Component board: The component board includes three
phase capacitors (B32774D8126K000, 121:F)*9, voltage sen-
sor (RP1215D)*3, current sensor (CKSR 25-NP)*3, power
relay (T9SV1K15-12)*3. Because only one phase is needed
for the DC/DC experiments, one current sensor and voltage
sensor are soldered for testing. (c) Inductor: A planar inductor
is optimized using the Litz wire to improve the efficiency
with high inductance and high DC bias current (0.08mH).
(d) Micro-controller/interface board: The TMS320F28379D is
used as the micro-controller to generate the PWM signals for
the DC/DC converter. Because the gate driver of the SiC needs
15V input and the output PWM from the TI controller is 3.3V,
an interface board is added in between to regulate the PWM
voltage to satisfy the gate driver requirement.

Next, the GaN and SiC converters are tested with an output
power P,,; from 0 kW to 1 kW, respectively. The increase in
Pyy and Iy, o reduces the magnitude of the negative I7, ,nin
from the no-load condition. Firstly, for the GaN based test
bench, Fig. 17 shows the waveforms for M, with P,,; of
1kW and 330pF additional capacitors with the FETs. Since
the magnitude of Iy, 4, is greater than Iy, ,,,ip, the amplitude
of Icpg is greater at the turn-on instant than at the turn-off
instant. This causes a faster commutation from M; to M,
than from M, to M;. The values for voltage and current are
measured at the buck converter input and output terminals to
determine the overall system losses with increase in Ppy.
In order to estimate the benefits with the use of the VF-
CSS method, the buck converter is also tested with a larger
20.7 pH inductance (realized using 23 units of Coilcraft’s
SER2009-901MLB 0.9 pH inductors in series) and positive
I7, min with hard-switching (HSW). Due to the large turn-on
losses, the HSW system can be operated only up to S00W at
the same 300 V input and duty cycle. For comparison reasons,
the HSW results are extrapolated to 1 kW. The results are
shown in Fig. 21. For the SiC based test bench, the drain-
source voltage, gate source voltage inductor current and output
current waveforms are shown in Fig. 19. A zoomed view of
the switching transients are shown in Fig. 20. The observations
can be derived as following:

1) The VF-CSS losses increase marginally with the load
current, i.e. P,y, as shown in Fig. 21 (a) and (c). VF-
CSS results in nearly constant losses since conduction
losses tend to dominate the switch losses. Furthermore, the
current at the FET turn-off instant varies within a limited
interval as a function of the output current. This behavior
is in contrast with HSW, where the device and converter
losses significantly increase with P,,;, as shown Fig. 21
(b) and (d).



Fig. 17. GaN FET M turn-on and turn-off waveforms with additional 330pF
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Fig. 18. VF-CSS waveforms of an isolated converter.

2)

3)

4)

5)

6)

VF-CSS results in significantly reduced losses in the
switches (approximately a factor of 3) compared to HSW,
as shown in Fig. 21 (a) and (b).

For small output powers (P,,; < 200 W), HSW tends to
zero current switching while VF-CSS retains the switching
principle. Hence, the HSW losses decrease as the power
decreases while the VF-CSS are approximately constant.
VEF-CSS requires an inductance of L=2.1pyH and HSW
requires L=20.7pH. Hence, VF-CSS operates with an in-
ductor that is approximately an order of magnitude smaller.
As outlined, the test-bench uses Coilcraft off-the-shelf in-
ductors for simplicity. These inductors result in significant
AC losses for large high-frequency ripples since they are
operated outside their design specifications. Consequently,
the inductor accounts for > 50% of the total converter
losses using VF-CSS. In contrast, the inductor accounts
for about 10% of the losses using HSW. Hence, there is
a strong potential to improve the VF-CSS converter losses
of with a custom inductor. On the other hand, the HSW
converter losses can be improved only marginally as the
inductor operates in near-ideal conditions.

Despite the dominant inductor losses, the VF-CSS con-
verter features a higher efficiency compared to the HSW
converter above about 1/3 of the rated output power,
as shown in Fig. 21 (c) and (d). At the rated output

Inductor current

»

Output current

Fig. 19. SiC FET drain-source voltage, gate-source voltage, inductor current
and output current under full load.
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® &

Fig. 20. SiC FET zoomed in switching transients.

7)

8)

9)

10)

power, the VF-CSS is estimated to yield at least an 1%
efficiency improvement (that can be further optimized with
a dedicated inductor).

The VF-CSS switching losses can be reduced using an
output capacitance, e.g. Cps.eqt = 330 pF, as shown in
Fig. 21 (a) and (c). However, since the turn-off loss does
not dominate the switch losses, the improvement is not as
evident as compared to the double-pulse tests.

An important loss mechanism of the GS66516T device is
the reverse conduction loss during the dead-time interval
due to a large reverse conduction voltage drop. This prop-
erty can be mitigated with anti-parallel SiC Schottky diodes
(Wolfspeed C3D10065E) with small junction capacitance.
It is shown that such an addition can further reduce the
switch losses and improves the system efficiency, as seen in
Fig. 21 (a), (c) and (e). This result is obtained since the SiC
Schottky diode results in a 60-70% smaller forward voltage
across M; and M, during reverse conduction. It also
removes the otherwise substantial dead-time conduction
losses away from M; and Mo.

It is noted that VF-CSS distributes the already smaller
switch losses between both M; and M, enabling even
higher Fj,. On the other hand, HSW concentrates the
losses in M; (for positive output currents), that further
limits its performance.

Besides the non-isolated DC/DC converter, the VF-CSS
can also be applied in the isolated topologies. The appli-
cation of VF-CSS in dual-active half-bridge converter is



illustrated to generalize the proposed controlling method.
A dual-active half-bridge (DAHB) converter can be con-
trolled with the VF-CSS method to achieve the ZVS.
The switching signals and inductor current are shown in
Fig. 18. (S1, S2 ) and (S3, S4 ) are the upper and lower
switches in the primary and secondary side of the DAHB
converter, respectively. The phase shift angle between the
primary and secondary side is a.. So, four turn-on switching
combinations, (S, S4), (S1, S3), (S2, S3), (S2, S4), can
generate four different sections of inductor current in each
switching period. To guarantee the critical soft-switching,
two key turning points in Fig. 18 have been circled. The
first turning point is the transient between the switching
combinations of (S2, S4) and (S1, S4). To guarantee the
soft-switching turn-on of S, the inductor current should be
negative to fully charge the drain-source capacitor before
it is turned on. Similarly, the second circled turning point
is the transient between the switching combinations of (Sq,
S3) and (Sa, S3). The inductor current should be positive
to guarantee soft-switching turn-on of Ss. So, to apply the
VE-CSS in the dual-active half-bridge, the ripple current
between the two turning points, Aicgg, should be large
enough to make sure one is positive and the other one
is negative. In this case, the frequency can be controlled
to enlarge the Aicgg as a constant value to achieve the
critical soft-switching:

(Vin + Vo/n)a
LE‘?w

The power density of VF-CSS is 2.7 times larger than the
hard switching method. A large current ripple is introduced
to achieve the critical soft switching operation to reduce
the power loss. In the meantime, the inductor value is
reduced by a factor of 10. The volume of converter
board, GS66516T-EVBDB is 43.8 in®. A 10 xH Coilcraft
inductor, SER2915H-103KL is only 0.442 in3, 1.06 oz.
However, for the traditional hard switching operation, a 125
pH chassis mounted inductor, 196B50, from Hammond
Manufacturing is 75.9 in3, 464 oz. The inductor volume
difference will cause the power density to be increased
from 8.35W/in® to 22.6W/in®.

The loss components are shown in Fig. 22 for VF-CSS system
without anti-parallel SiC Schottky diodes (Fig. 22 (a) and (b)),
VF-CSS system with anti-parallel SiC Schottky diodes (Fig. 22
(c) and (d)) and HSW (Fig. 22 (e) and (f)). The 1kW HSW
operation point Fig. 22 (f) is infeasible and obtained through
extrapolation assuming a linear variation of the turn-on losses
with VDS/IDS-

The dominant losses of HSW are located in the device M.
VF-CSS removes a significant amount of the losses from the
semiconductor devices and the dominant losses result in the
(non-optimized off-the-shelf) inductor. The remaining switch
losses are dominated by the reverse conduction losses during
the dead-times since the GS66516T has a high reverse conduc-
tion voltage drop as shown in Fig. 22(a) and Fig. 22(b). The
addition of an anti-parallel SiC diodes with the FETs reduces
the switch losses by 60% to 70% as shown in Fig. 22(c) and
Fig. 22(d). These losses can be further optimized by adjusting

Alcss = (18)
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Fig. 21. Losses and efficiency in a buck converter at 1MHz switching

frequency with linear soft-switching and hard-switching.

the dead-time values as a function of the operating points.
We conclude that VF-CSS reduces the losses in M, by nearly
5 times compared to HSW at 500 W P,,;. Hence, VF-CSS
enables an increase in the switching frequency by the same
ratio or an increase of efficiency.

Fig. 23(b) shows the steady state thermal image with forced
air cooling at 27°C' ambient for the top-view of the VF-
CSS buck converter of Fig. 23(a) using 2.1 pH inductor. The
inductors reach a maximum temperature of 78.4°C due to
the large losses. The heat sink with the FETs is at 35.1°C.
Considering the half-bridge module, input/output capacitors
and inductors which form the buck converter unit, the power
density is 7.8 kW/L that exceeds the DoE target of 4.6kW/L
for 2025 [2]. The HSW buck converter of Fig. 23(c) requires
approximately 10 times the inductance value and results in
similar losses at half the output power P,,;. The HSW output
power can be increased by decreasing the switching frequency,
i.e. reducing the switching losses. However, decreasing the
switching frequency requires an anti-proportional increase of
the inductance, i.e. volume, to retain a constant Aly,.
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Fig. 23. (a) Top-view of the buck converter board using 2.1xH inductor and
the VF-CSS method (b) Thermal image for operation of the top system at 1
kW with forced air cooling at 27°C' (c) Top-view of buck converter using
20.7pH inductor and hard-switching. Its steady-state thermal image is not
captured to avoid system failure due to large switch losses and the resultant
heating.

VI. CONCLUSION

This paper proposes a Variable Frequency Critical Soft-
Switching control method to extend the switching frequencies
of wide bandgap power converters to the MHz range. An
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analytical model of the device turn-off losses was proposed
and validated for the GaN System GS66516T FET experimen-
tally. The boundary conditions for critical soft switching are
derived for the VF-CSS. The inductor has been largely reduced
with the help of variable freqeuncy control under zero voltage
soft switching operation. The reduced switching losses were
leveraged to realize a buck converter with a 1 MHz switching
frequency and 1 kW output power. This converter design
achieves a 7.8 kW/L power density with forced air cooling that
exceeds the DoE target of 4.6kW/L for 2025. A comparison
with the traditional hard-switched buck converter indicates a
potential to use a 5 times higher switching frequency while
staying within the device power dissipation limits with the
same cooling system design. Furthermore, we show that the
addition of anti-parallel SiC diodes reduce the device losses,
specifically the reverse conduction losses, further. Considering
the significant margin between the operating current and the
FET rating, losses in the switches and the relative insensitivity
of the inductor losses to its average current, the present system
can be extended for operation at output power greater than 1
kW and achieve an even higher power density. In future work,
a custom inductor design will be implemented to decrease the
inductor AC losses and improve the overall power converter
efficiency. Furthermore, the switching concept can be applied
to a range of power converters that consist of half-bridges and
require filtering, e.g. grid connected inverters.
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