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Abstract—The development and application of gallium nitride—
heterojunction field-effect transistor (GaN-HFET) has been ac-
tively researched. Because GaN-HFETs have advantages in high-
frequency operation, it is possible to downsize power converters
by increasing the switching frequency. As the switching frequency
rises, the switching loss increases in proportion to the frequency;
therefore, application of a soft-switching method is needed to de-
crease the losses and heat generation. The resonant power con-
version circuits represented by the class Phi-2 inverter have soft-
switching feature; therefore, these circuits realize low-switching-
loss operation even in high-frequency regions. However, the op-
eration of these resonant circuits depends on the load conditions,
generally. Thus, it is important to investigate the characteristics
of the inverter for various load conditions. In this paper, we in-
vestigate the characteristics of the non-isolated and isolated class
Phi-2 inverters by changing the load resistance and the duty ratio
of the boost circuit connecting after the class Phi-2 circuit, which
is operated at 13.56 MHz. We also developed a protection sys-
tem during abnormal operations such as an open circuit. From
experimental results, the class Phi-2 inverter has superior char-
acteristics under various load conditions and changes. Moreover,
we confirmed the effectiveness of the abnormal operation stop
system.

Index Terms—DC-DC converter, gallium nitride-hetero
junction field-effect transistor (GaN-HFET), load fluctua-
tion, Phi-2 inverter, resonant converter, wide-band-gap (WBG)
semiconductor.

I. INTRODUCTION

ECENT development of wide-band-gap (WBG) semicon-
ductor devices, such as silicon carbide (SiC) and gallium
nitride (GaN), is attracting attention because they have superior
characteristics compared with Si semiconductor devices. Due
to the advantage of these characteristics, the WBG semicon-
ductor devices have already been used in practical applications
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in industrial fields. The GaN-HEFT (heterojunction field-effect
transistor), which is one of the WBG semiconductor devices,
has superior characteristics in high-frequency regions because
of its small gate input capacitance and high electron mobil-
ity [1], [2]. Therefore, switching loss becomes smaller than Si
switching devices. In addition, low ON-resistance devices can
be realized because of their high electron mobility. Therefore,
application of GaN devices can reduce the conduction loss as
well as switching loss.

Moreover, resonance converter circuits such as a class E in-
verter and a class Phi-2 inverter have gained significant attention.
These circuits have low-switching-loss characteristics because
of the achievement of soft switching, and switching loss does not
increase even when the frequency increases. Therefore, these
circuits are easy to operate in high-frequency regions beyond
10 MHz.

Generally, the operation of the resonance circuits depends on
the load conditions. For example, in the class Phi-2 inverter,
the load conditions affect the circuit operations because of the
circuit topology, as shown in Sections III and IV. However,
until now, class Phi-2 inverter and class E inverter were often
constructed to operate under certain specific conditions, and a
detailed analysis of the class Phi-2 inverter in the case of variable
load conditions is not performed in many studies. This is because
the resonant power conversion circuit often only operates in the
vicinity of the design condition, and thus, the operation beyond
this range is not studied. As a result, previous studies were
focused on the operation of the Phi-2 class inverter and attention
was not paid to its application. Still, the analysis of the class Phi-
2 inverter in the case of various load conditions has been studied
in [3]. This analysis, however, is performed only on the drain-
source voltage of the inverter. Analysis of the output voltage,
power, etc., are not performed. Also, analysis of the output
voltage and the current response against load change has not
been done. In the study, a method for keeping the drain-source
voltage waveform in an ideal waveform, with the load different
from the designed load condition, has been proposed. However,
even if this method is applied, the parameter designs become
more severe and the output voltage waveform is not sinusoidal
in the load condition different from the designed values.

Consequently, analysis for various load conditions and re-
sponses of change load are very important. Moreover, for prac-
tical usage, the constitution of the isolated dc—dc converter
is preferable rather than the non-isolated inverter. Therefore,
in this paper, we studied on the characteristics analysis under

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.


https://orcid.org/0000-0002-0321-0420
mailto:yanagisawa@pe.eei.eng.osaka-u.ac.jp
mailto:miura@eei.eng.osaka-u.ac.jp
mailto:ise@eei.eng.osaka-u.ac.jp
mailto:handa.hiroyuki@jp.panasonic.com
mailto:ueda.tetsuzo@jp.panasonic.com
mailto:ueda.tetsuzo@jp.panasonic.com

10888

Vin Lumr

Vin

Gt
=

- (b)

Fig. 1.
inverter.

Circuit of resonance inverter. (a) Class Phi-2 inverter. (b) Class E

various load conditions and responses to load change in the case
of the isolated dc—dc converter with the class Phi-2 inverter.

In Section II, an isolated dc—dc converter with the class
Phi-2 inverter circuit is described. In Section III, the operation of
the non-isolated inverter and the isolated dc—dc converter with
the class Phi-2 inverter are analyzed by computer simulations.
In Section IV, the experimental results of each circuit with the
class Phi-2 inverter are presented. The load characteristics and
responses to load change of the circuit are also presented in
Section I'V. In this section, the response of the load change with
the boost chopper as the load of the isolated dc—dc converter
is also described. The protection system from hard-switching is
presented in Section V. The protection system is able to stop the
circuit operation safely to protect by using the output voltage
signal. Finally, the result of the load characteristics and load
changes in the non-isolated inverter and the isolated dc—dc con-
verter of the class Phi-2 inverter are summarized in Section VI.

II. ISOLATED DC-DC CONVERTER
WITH A CLASS PHI-2 INVERTER

Fig. 1 shows the circuit configurations of the class Phi-2 in-
verter and class E inverter. In the class Phi-2 inverter circuit, the
inductor Ly and the capacitor Cyir , which inject the harmon-
ics to the circuit, are placed in parallel with the switch S. The
features of the class Phi-2 inverter are listed as follows: only
one switching device is required; soft-switching is achieved;
and the maximum voltage between the drain and the source
Vpbs is reduced compared to a class E inverter because harmon-
ics from resonance tank Xy are injected between the drain
and the source. Therefore, the class Phi-2 inverter is easy to
operate beyond 10 MHz with GaN-HFET. In full-bridge and
half-bridge converters, operation under high-frequency such as
beyond 10 MHz is challenging because signal synchronization
and dead-time setting become difficult [4]-[6].

However, the class Phi-2 inverter has the following problems:
circuit operation such as soft-switching and sinusoidal output
waveform depend on load and the switching frequency and the
duty ratio are fixed.
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TABLE I
DESIGN REQUIREMENTS OF CIRCUIT

Viv Input Voltage 50V
Pour Output Power 25 W
fsw Switching Frequency 13.56 MHz

R; Load Resistance 50Q

TABLE II

MAJOR PARAMETERS OF CLASS PHI-2 INVERTER (NON-ISOLATED INVERTER)

Inductor Lp 480 nH Capacitor Cp 170 pF
Inductor Ly 689 nH Capacitor Cyr 50 pF
Inductor Lg 600 nH Capacitor Cs 1000 pF

In the class Phi-2 inverter, the maximum Vpg voltage be-
comes almost two times of the input voltage, about half of the
class E inverter [7], [8]. This characteristic is achieved by inject-
ing the third harmonics to Vpg by the resonance tank of Lyir
and Cyrg - Generally, the Vg withstand voltage of GaN-HFET
is lower than Si-MOSFET and SiC-MOSFET because GaN-HFET
is a horizontal device. In the case of applying GaN-HFET to the
class E inverter, the maximum input voltage is limited to around
quarter of the Vg withstand voltage; therefore, the power con-
version capacity and the output voltage are limited. The input
voltage is able to increase to half of the Vpg withstand voltage
in the case of the class Phi-2 inverter, and the application is
expanded.

The isolated dc—dc converter with the class Phi-2 inverter
is designed based on the design requirements in Table I. In
the design process, [7] and [8] are referred. Table II shows the
parameters of the designed class Phi-2 inverter.

Then, we consider an application to an isolated dc—dc con-
verter. Fig. 2 shows the deriving process of the isolated dc—
dc converter from non-isolated class Phi-2 inverter. As shown
in Fig. 2(a), the load, including Xg, is connected in parallel
with the switch S. Therefore, as shown in Fig. 2(b), the trans-
former is inserted into the inductor Lp. Then, the rectifier is
inserted to form a dc—dc converter, as shown in Fig. 2(c), and
then a smoothing capacitor is added, as shown in Fig. 2(d). The
primary-side self-inductance, including leakage and exciting in-
ductance, of the transformer is equivalent to the inductor L.
The secondary-side leakage inductance can be considered as a
part of the inductor Lg. Thus, even if the coupling coefficient is
low, its influence can be ignored because the leakage inductance
is able to consider as a part of inductor Lg.

Considering the current source nature of inductor Lg, the
equivalent resistances in the case of the half-wave rectifier and
the full-wave rectifier are expressed as R., = 2R/7* and R, =
8R/2, respectively [9], where R, means the equivalent resis-
tance. Thus, in the case of setting the equivalent resistance R
to 50 €2, the load resistance R becomes 246.7 and 61.68 ). In
the case of same output power Poyr for both cases, the output
voltage Vour of the half-wave rectifier becomes twice that of
the full-wave rectifier, because of Poyr = Vout2/R. In order
to achieve a wide range of the output voltage, the half-wave
rectifier is preferred (see Fig. 3).

Fig. 4 shows the impedance magnitude and phase between
drain and source Zpg in the case of Fig. 2(d) constitution.
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Fig. 2. Various circuits of class Phi-2 inverter. (a) Non-isolated inverter.
(b) Isolated inverter. (c) Isolated dc—dc converter (without dc capacitor).
(d) Isolated dc—dc converter (with dc capacitor).
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Fig. 3. Current source rectifier. (a) Full-wave rectifier. (b) Half-wave rectifier.
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Fig. 4. Zpg impedance and phase in dc—dc converter.

10889

TABLE III
PARAMETERS OF CLASS PHI-2 INVERTER (ISOLATED DC-DC CONVERTER)

Load resistance R 246.6 Q Capacitor Cp 170 pF
Inductor Lyg 689 nH Capacitor Cyr 50 pF
Inductor Lg 554 nH Capacitor Cs 1000 pF
Transformer 480 nH(pri) Transformer 0.9
self-inductance 480 nH(sec)  coupling coefficient )
Transforrper 11 Output smpothmg 10 uF
turn ratio capacitor
0 Fundamental magnitude 7
2 g
36 36
= Fundamental phase g
[} w
B 32 —Fundamental magnitude 0 2
: 3rd Magnitude &
én 28 —Fundamental phase 3603,
§ ---3rd Magnitude
24 3:rd Phase ---3rd Phase -72
20 40 60 80 100

Resistance [Q]

Fig. 5. Impedance Zpg magnitude and phase under various load resistances.

The horizontal and vertical axes are the load resistance and the
magnitude/phase, respectively. In this calculation, the rectifier
is replaced by an equivalent resistor. The self-inductance of the
transformer is 480 nH; the coupling coefficient is 0.9; and the
inductor Lg is set to 554 nH, with consideration of the leakage
inductance. The ideal impedance condition of the class Phi-2 in-
verter without impedance matching at the switching frequency
is as follows: the impedance between the drain and the source
should show inductivity between 30° and 60° of impedance
phase angle; the impedance magnitude should be higher about
4 to 8 dB than three times of the switching frequency. The first
condition is necessary to achieve soft-switching, and the second
condition is for making the trapezoidal waveform of Vpg. As
shown in Fig. 4, the impedance Zpg between drain to source of
the circuit is suitable for the isolated dc—dc converter with the
class Phi-2 inverter. Table III summarizes the designed circuit
parameters.

III. OPERATION UNDER VARIOUS LOAD CONDITIONS

Fig. 5 shows the magnitude and phase of impedance Zpg at
the switching frequency and the third switching frequency un-
der the condition given in Table III. From Fig. 5, the relatively
wide-range area, which is indicated by a red square, satisfies
the aforementioned impedance condition between around 40
and 80 (2. Even at out-of-range resistance, the impedance mag-
nitude and phase do not deviate considerably from the earlier
mentioned condition. Therefore, the class Phi-2 inverter is able
to operate in a wide load range. Moreover, even if impedance
conditions are near to aforementioned condition, the circuit can
still operate as long as impedance conditions violation is limited.
In the following section, the variable load operations are con-
firmed by computer simulations using LTSpice. Speed-up ca-
pacitor method is applied to the GaN-HFET driving, as shown
in Fig. 6. In this simulation, the duty ratio is set to 0.27 and
the GaN-HFET model uses Panasonic PGA26EO8BA, which
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Fig. 7. Waveform in load resistance R = 50 2 (non-isolated inverter,
simulation).

is employed in the experimental circuit. The parameters of the
gate driver are set to Vp = 12V, Cgp = 1000 pF, Rg1 =5 €,
and Rgo = 250 Q.

A. Non-Isolated-Type Inverter

Operations of a non-isolated inverter shown in Fig. 2(a) are
investigated. Fig. 7 shows the simulation waveforms of the class
Phi-2 inverter without the transformer and rectifier. Fig. 7 indi-
cates the class Phi-2 inverter is able to operate appropriately in
designed load condition R = 50 2. From these waveforms, the
designed circuit parameters are appropriate. Fig. 8 shows the
Vps and Voyr waveforms under the various load conditions.

As shown Fig. 8(a), Vpg is a trapezoidal waveform when the
load resistance is set to 30 and 50 2. The load resistance becomes
higher than the designed load resistance, the Vpg waveform does
not become a trapezoidal waveform, and hard switching is ob-
served at the timing of GaN-HFET turn-ON. This phenomenon
occurs because the inductivity of the impedance between drain
and source is too small compared with the case of designed load
condition. Also, the output capacitance of GaN-HFET cannot
be discharged due to the decrease in the output current by in-
creasing the load resistance. Therefore, the drain-source voltage
does not completely fall to 0 V. Actually, when the load resis-
tance is 200 €2, the current that discharges the output capacitance
(including capacitor C'p) decreases by 41% when turning ON,
compared with the case of 50 €2. In addition, from Fig. 8(a), the
timing of turn-ON of GaN-HFET is fast in low-resistance condi-
tion. The adjustment of the turn-ON timing (duty of GaN-HFET)
is needed to reduce the turn-ON loss and waveform vibration, as
shown in Fig. 9. Thus, in order to achieve lower switching loss
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Fig. 8.  Vpg and Voyr waveform in various load conditions (non-isolated
inverter, simulation). (a) Vpg waveform. (b) Voyr waveform.
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Fig. 12.  Vpg waveform in various load conditions (isolated dc—dc converter,
simulation).

and continue operation in higher resistance conditions from the
designed resistance, it is necessary to adjust the duty ratio or re-
place the inductor Lg and Ly to maintain the circuit inductivity.
To keep the inductivity of the circuit and achieve soft-switching,
if the inductor Ly is changed to 360 nH, the waveform of the
output voltage Vot becomes different from an ideal sinusoidal
waveform, as shown in Fig. 10.

B. Isolated DC-DC Type Converter

Fig. 11 shows the waveform of isolated dc—dc converter with
the class phi-2 inverter. In this converter, the output voltage
becomes dc voltage. The duty ratio of GaN-HFET is set to 0.24
to achieve soft-switching. As shown in Fig. 11, the Vg and
Vpbs waveforms are almost the same as the non-isolated class
Phi-2 inverter. Thus, the class Phi-2 inverter operates surely in
the case of an isolated dc—dc converter.

Fig. 12 shows the Vpg waveform under various load condi-
tions. If higher resistance isapplied, the slope of Vpg waveform
becomes gentler. The hard switching is also observed under
high-load-resistance conditions. On the other hand, in the low-
load-resistance operations, soft-switching is achieved surely. In
order to achieve ideal soft-switching under low-load-resistance

10891

Fig. 13.  Appearance of experimental circuit.

TABLE IV
PARAMETERS OF CLASS PHI-2 INVERTER (EXPERIMENTAL CIRCUIT)

Inductor Ly Amidon T106-#6, 4 Turn 689 nH
Inductor Lg Amidon T106-#2, 4 Turn 518 nH
Inductor Ly

(non-isolated Amidon T106-#2, 4 Turn 480 nH

inverter)

Capacitor Cp 10 pFx5 Yageo 223897111523 50 pF

Capacitor Cyr 10 pFx5 Yageo 223897111523 50 pF
150 pFx6 TDK
Capacitor Cs C”lfocoog}fj LA 1000 pF
C3216C0G2J101J060AA
Isolation
Transformer 7r Amidon T106-#2, 4-4Turn 480 nH(pri)
(isolated dc-dc k=0.862 480 nH(sec)

converter)
Load Resistance
Rectifier Diode

TOKAI KONETSU KOGYO ER100SP
PANIJIT SB340LS, 40V 3A
PANASONIC ECQE2106KF, 250V 10uF
PANASONIC ECQE2105KF, 250V  1uF
PANASONIC ECQE2104KF, 250V 0.1uF
PANASONIC ECQE2103KF, 250V 0.01uF

Smoothing
Capacitor Cg

Gate Driver LINEAR TECHNOLOGY LTC4440
Resistor Rs; 22 Qéﬁgggg;;;;twny 55Q
. 910Qx4 Vishay
Resistor Rz CRCW1206910RFKEA 2750
Capacitor Csp 470 pFx3 TDK 1440 pF

C3216C0G2J471J085AA
Panasonic PGA26E08BA

GaN-HFET §

conditions, control of the duty ratio of GaN-HFET will be
needed as in the case with non-isolated inverter.

IV. EXPERIMENTS IN VARIOUS LOAD CONDITIONS

In this section, we demonstrate the operation of the non-
isolated inverter and the isolated dc—dc converter with the class
Phi-2 inverter under the various load conditions and character-
istics when the load resistance or duty ratio of the boost chopper
are changed during circuit operation. In many cases, the power
conversion circuits use multi-stage. Thus, it is necessary to in-
vestigate the influence of multi-stage connection also when the
class Phi-2 inverter is applied. Fig. 13 and Table IV show the
experimental circuit and the parameters of the circuit, respec-
tively. Fig. 14(a) shows the appearance of the isolation trans-
former. High-frequency core Amidon T106-#2 (outer diameter
= 26.9 mm, inner diameter = 14.5 mm, material permeabil-
ity o = 10) with small iron loss is used for the transformer.
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Fig. 14.  Isolation transformer. (a) Appearance. (b) Equivalent model (includ-

ing copper loss).
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Fig. 15. Waveforms in load resistance R = 50 € (non-isolated inverter,
experiment).

In order to increase the coupling coefficient, bifilar windings are
used. The primary-side inductance of the transformer is set to the
same value as the inductance of L. In the actual transformer,
both the primary-side and secondary-side self-inductances are
480 nH and the coupling coefficient is 0.862.

A. Operation of Non-Isolated-Type Inverter

First, we demonstrate the characteristics when the load re-
sistance is changed from the designed value. Fig. 15 shows the
waveform when the load resistance is set to designed resistance
50 Q. In the inverter, since the load resistance cannot be changed
stepwise, experiments on load changes are not confirmed. From
these waveforms, the experimental circuit operates surely. As
shown in Fig. 16, even when the load resistance is changed from
the designed value, the Vpg waveform shows the same trends
and shapes as the simulation results. When the load resistance
is higher than the designed value, hard switching is observed
due to decrease in the slope of the Vpg waveform. On the other
hand, the Vpg waveform shows almost ideal trapezoidal wave-
form when the load resistance is close to the designed value of
50 €2 such as 30 or 70 €. For all tested load resistances, wave-
form of Vour is sinusoidal, thus, operation of the class Phi-2
inverter is confirmed. Therefore, in the non-isolated inverter,
the class Phi-2 inverter is able to operate near the design load
conditions by experimental results.
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Fig. 16. Vpg and Voyt waveform under various load conditions (non-
isolated inverter, experiment). (a) Vpg waveform. (b) VoyT waveform.
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Fig. 17. Waveforms in equivalent load resistance Req = 50 € (isolated dc—dc
converter, experiment).

B. Operation of Isolated-Type DC-DC Converter

1) Load Resistance: In this section, we confirm the charac-
teristics of variable load operations and response characteristics
when the load resistance is changed during circuit operations.
Fig. 17 shows the waveforms when the equivalent load resis-
tance is set to a designed value at 50 2. Fig. 18 shows the
waveforms when the load resistance is set to 50, 30, 70, 100,
and 200 €. In these experiments, the smoothing capacitor is set
to 10 pF and the duty ratio of GaN-HFET is set to 0.24.

As shown in Fig. 17, when the load resistance is set to
the designed value of 50 €2, each waveform shows almost the
same form as an ideal dc—dc converter operation. As shown
in Fig. 18(a) and (b), normal operation is not achieved under
various load conditions. In case the load resistance is close to
the designed value of 50 €2 such as 30 or 70 €, as shown in
Fig. 18(a), almost an ideal trapezoidal waveform in Vpg can be
confirmed. However, the load resistance is set to a light load such
as 100 or 200 €2, the Vg waveform does not show a trapezoidal
waveform. Especially, in case the load resistance is 200 €2, hard
switching is observed. From Fig. 18, when the load resistance is
decreased, the central depressions of the Vpg waveform become
large. This phenomenon is caused by the smaller difference in
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the impedance magnitude between the fundamental and the third
switching frequencies.

On the other hand, as the load resistance increases, the cen-
tral depression decreases. Therefore, in the experimental circuit,
hard switching occurs at the high-load conditions compared with
the designed load condition and normal operation is difficult due
to the increase in switching loss. These results are almost the
same as the simulation results. Fig. 19 shows the normalized
output power and the output voltage compared to the opera-
tion of the designed condition. These efficiency points were
calculated from the input voltage and the output voltage of the
isolated dc—dc converter. The input current was measured by the
voltage applied to the shunt resistor. The oscilloscope and the
voltage probe used for measurement are IWATSU DS-5654A
and Tektronix P6139B, respectively. In Fig. 19, the point of 200
Q) is omitted because normal operation is not achieved at this
load resistance.

As shown in Fig. 19, as the load resistance increases from the
design value, the output voltage increases. On the other hand,
as the load resistance decreases from the design value, both the
output voltage and the power become small over the maximum
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Fig. 20. Power conversion efficiency in isolated dc—dc converter.

power point. Fig. 19 shows the normalized output power and
the output voltage compared to the operation of the designed
condition. In Fig. 19, the point of 200 (2 is omitted because
normal operation is not achieved at this load resistance. The
maximum output power point is pointed around 70 2 because the
internal impedance of the circuit, including the switch, is almost
70 Q. Fig. 20 shows the power conversion efficiency in the case
of variable load resistances. This power conversion efficiency
is calculated from the input current and the output voltage.
These results show that even if the output power changes, the
power conversion efficiency does not change a significantly. As
shown in the figure, the maximum power conversion efficiency
is achieved at the load resistance achieving the maximum output
power. In this case, the load resistance is 70 €). Therefore, it is
desirable to make the design load resistance and the internal
impedance equal when designing the class Phi-2 inverter.

At the load resistance except for 30 €2, the conversion effi-
ciency of the circuit achieved 80% or more, as shown in Fig. 20.
Even when the output power is increased, the power conversion
efficiency does not decrease so much. Especially, in the small
output power region, the conversion efficiency is over 90%.
Therefore, high efficiency can be kept even in the higher power
region.

2) Boost Chopper Load: The isolated dc—dc converter with
the class Phi-2 inverter is capable of high-frequency isolation.
Therefore, this dc—dc converter is able to replace conventional
full-bridge and half-bridge inverters. The output voltage of this
isolated dc—dc converter can be controlled by the ON/OFF control
of the class Phi-2 inverter; however, the maximum output voltage
is limited by the input voltage. The input voltage is limited by
the withstand voltage of a switching device. In applications
requiring a high voltage such as battery charging for an electric
vehicle or power supply for X-rays, a higher output voltage is
required.

Also, in the case of applying this converter to various equip-
ment such as charging various batteries and driving dc mo-
tors, changing impedance of these loads is impossible. In order
to achieve ideal dc—dc converter operation in any case, load
impedance transformation by another circuit is required for the
class Phi-2 inverter. Among many circuits, the boost chopper is
desired because this circuit is simple to configure and capable
of increasing the output voltage and achieving higher power
conversion efficiency.

In this paper, to obtain a high output voltage and to easily
perform impedance conversion of the load, the connection of the
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TABLE V
PARAMETERS OF BOOST CHOPPER
Inductor Lg Amidon T106-#6, 4 Turn 900 pH
Diode Dp PANJIT SB340LS 40V, 3A x6
Sm""thmg Capacitor . asonic ECQE2106KF, 250V 10uF
R
MOS-FET Sg Toshiba TK17E65W
100 —2  (DB=0.5)
_ —1.75 (DB=0.438)
2. 75 —1.5 (DB=0.333)
o —1.25 (DB=0.2)
& 50 T ‘ |
> 25 / \ /
0" ‘ ‘
0 50 100 150 200 250
Time [ns]
(@
100 i, Y - —2 (DB=0.5)
_ | t —2.25 (DB=0.555)||
> 75 |—2.5 (Dp=0.6)
o —2.75 (DB=0.636
% 50 | \ (DB )
N
0 2.75%,\\’ v
0 50 100 150 200 250
Time [ns]
(b)
Fig. 21.  Vpg waveform in various step-up ratio (isolated dc—dc converter,

experiment). (a) Vpg waveform (step-up ratio = 2, 1.75, 1.5, 1.25). (b) Vpg
waveform (step-up ratio = 2, 2.25, 2.5, 2.75).

boost chopper is studied. In this experiment, the boost chopper
is connected to the output stage of the isolated dc—dc converter.
Although the boost chopper can be connected to the input stage,
it is undesirable because the input voltage of the class Phi-2
inverter is limited by the withstand voltage of the switching
device.

Table V shows the parameters of the boost chopper circuit.
In this experiment, the step-up ratio is set to 2; therefore, in
order to achieve the same output power at the step-up ratio
equal to 2 (duty of the boost chopper Dp equal to 0.5), load
resistance is set to 987.0 €). Fig. 21 shows the waveforms at
the equivalent load resistance equal to the designed parameters
at 50  and the Vpg waveform at the load resistance of the
step-up ratio = 2, 1.25, 1.5, 1.75, 2.25, 2.5, and 2.75 (Dp =
0.5, 0.2, 0.333, 0.438, 0.555, 0.6, and 0.636). Through these
experiments, the smoothing capacitor C'y is set to 10 yF.

As shown in Fig. 21(a), when the step-up ratio is small, the
Vps waveform is not trapezoidal. This is because the equivalent
resistance of the boost chopper, including the load resistance,
seen from the class Phi-2 inverter becomes larger. Therefore,
even if connecting the boost chopper, the Vpg waveform shows
the same shape as the one when the load resistance is increased,
as shown in Fig. 21(a). On the other hand, when the step-up ratio
increased, as shown in Fig. 21(b), the Vpg waveform shows a
trapezoidal shape. In the case of applying only load resistance,
normal operation is achieved in the light-load region. Fig. 22
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is normalized by 25.0 [W] and output voltage is normalized by 160.1 [V] at
step-up ratio = 2, experiment).
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Fig.23. Auxiliary circuit for load change. (a) Change to light load. (b) Change
to heavy load.

shows the normalized output power ratio and the output voltage
ratio when the step-up ratio is changed.

The curves in Fig. 22 show that a similar shape is obtained by
inverting the curve of Fig. 19 in the y-axis. This is because the
equivalent output resistance is proportional to the inverse square
of the step-up ratio so that the impedance of the boost chopper,
including the load resistance, increases when the step-up ratio is
reduced, which is a general relationship. Therefore, even when
the power conversion circuits are connected to the output stage,
the class Phi-2 inverter operates accurately as other power con-
version circuits. In addition, the load resistance characteristics
of the output power and the output voltage are almost the same
as when only the load resistance is changed, so it is possible to
consider the load side of the output terminal of the class Phi-2
inverter as a resistor.

3) Response to Load Step Change: In this section, the char-
acteristics when the load resistance is changed during circuit
operation is investigated. The load resistance is changed by the
auxiliary circuit, as shown in Fig. 23. This circuit consists of
additional load resistance and auxiliary switch. Fig. 24 shows
the waveforms when the load resistance is changed during oper-
ation. We investigated three cases of step change of load resis-
tance: 1) 50 to 30 2; 2) 50 to 70 §2; and 3) 50 to 100 §2. In these
figures, the load resistance is changed at = 0. The smoothing
capacitor is set to 10 uF in all experiments.

As shown in Fig. 24, the output voltage changes gently and
the operation is continued even if the load resistance is changed
stepwise. Even after changing the load resistance, the peak value
of the gate voltage V(;5 and the drain to source voltage Vpg indi-
cate no significant change. The Vpg waveform changes slightly
according to the change in load resistance, as shown in Fig. 24.
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Fig. 24. Responses against load change of Vs, Vpg, and Voyr. (a) Load
change from 50 to 30 2. (b) Load change from 50 to 70 €2. (c) Load change
from 50 to 100 2.

Therefore, normal operation continued even when the load re-
sistance is changed to a different value from the designed value
in the isolated dc—dc converter with the class Phi-2 inverter.

In aforementioned cases, the smoothing capacitor is set to
10 pF. Thus, we considered the load fluctuation when another
smoothing capacitor is applied. Fig. 25 shows the waveforms
when the load resistance is changed during operation in the case
of smoothing capacitor C set to 10, 1, 0.1, and 0.01 yF.

As shown in Fig. 25, we confirmed that the output voltage
settles to the constant value at some load changes. Also, in either
case, when the smoothing capacitor is larger, the slope of the
output voltage is smaller at the time of load changes. In the case
the load resistance is changed from 50 to 30 2 in Fig. 25(a),
the output voltage changes gently. Each output voltage settles
to a steady-state value within a few milliseconds. As shown in
Figs. 25(b) and (c), the output voltage also reaches in steady
state within several milliseconds under other conditions.

Fig. 26 shows the definition of settling time. The voltage set-
tling time is rise time to 90% of the steady-state output voltage
from the load resistance change. Table VI summarizes the ex-
perimental results, and Fig. 27 shows the relationship between
the capacitance of smoothing capacitor and the settling time
after changing of the load resistance from 50 ().
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Fig. 25. Responses against load change of Voy . (a) Load change from 50
to 30 2. (b) Load change from 50 to 70 €2. (c) Load change from 50 to 100 2.
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Fig. 26.  Definition of settling time.
TABLE VI
SETTLING TIME IN STEP CHANGE OF LOAD RESISTANCE
Resistance Capacitance
after change 10 pF 1uF 0.1 uF 0.01 pF
20Q 2.33 ms 234 us 29.3 us 2.40 us
30Q 3.10 ms 314 ps 35.0 us 2.56 us
40Q 3.01 ms 365 us 41.4 s 2.68 us
60 Q 2.05 ms 414 us 48.2 us 2.76 us
70 Q 2.00 ms 421 ps 55.5 us 3.20 us
80 Q 1.88 ms 437 us 50.9 us 3.74 us
90 Q 1.87 ms 448 us 439 us 3.94 us
100 Q 1.92 ms 439 us 43.8 us 3.75 ps
200 Q 2.33 ms 234 us 29.3 us 2.40 us
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Fig. 27.  Settling time in various load resistances.

Fig. 28.

Conceptual diagram of the protection system.

As shown in Fig. 27, the voltage settling time is almost con-
stant at all load resistances. As shown in Fig. 25, the response is
faster when the capacity of the smoothing capacitor is smaller.
When the smoothing capacitor is set to 10 uF, the settling time
is constant around 2 ms. In case other smoothing capacitors are
applied, the settling time shows around 400, 40, and 3 us at 1,
0.1, and 0.01 uF, respectively. In particular, when the smoothing
capacitor is set to 0.01 pF, its settling time is around 3 ps and a
very fast response can be realized. Moreover, voltage oscillation
caused by a smoothing capacitor is not observed. In addition, as
shown in Fig. 25, even in case the smoothing capacitor is set to
0.01 uF, the ripple of the output voltage is same as the case of
10 uF; consequently, 0.01 1F is enough because a stable output
voltage is realized.

The isolated dc—dc converter with the class Phi-2 inverter
is able to operate stably even under the load step change. In
addition, the settling time is very short and stable operation can
be continued.

V. PROTECTION SYSTEM

Asshownin Figs. 18 and 21, in the light-load region where the
load resistance becomes large, the Vpg waveform is not a trape-
zoidal waveform and hard switching is observed. If abnormal
operation continues such as unexpected load change, the switch
may be damaged due to overheat caused by hard-switching.
In this case, the damaged switch may cause serious effects on
adjacent circuits. Fig. 28 shows the conceptual diagram of the
protection system from hard switching.

This system monitors the output voltage of the isolated
dc—dc converter with the class Phi-2 inverter and stops the
circuit safely by stopping the gate signal of the switch when
the abnormal operation occurs. Fig. 29 shows the waveform of
the class Phi-2 inverter in the case of applying the protection
system. The threshold voltage for protection is set as 100 V.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 11, NOVEMBER 2019

—vas |* -
""""" — VDS 0 ?{
—Vour
ov—— 4 &
8 &
[¢]
e ——, v -123
out |
8 12

Time [ps]

Fig. 29. Waveform in applying protection system (isolated dc—dc converter,
experiment, equivalent load resistance is changed to 100 €2 from 50 €2, smooth-
ing capacitor C'y is set to 0.01 uF).

As shown in Fig. 29, when the output voltage exceeds 100 V,
the class Phi-2 inverter stops normally. The calculation delay of
the system is only about 100 ns. This effect can be ignored. In
the case of this experimental condition, the circuit stops at about
1 ps after the load change. Although, hard-switching occurs
only almost ten times in transient. Therefore, it is possible to
prevent the failure of the switch due to overheat caused by
hard-switching.

VI. CONCLUSION

In this paper, we studied about the non-isolated inverter and
the isolated dc—dc converter circuit with the class Phi-2 inverter
under various load conditions and stepwise load change with
the load resistance and boost chopper circuit. From the exper-
imental results, the operation of the isolated dc—dc converter
with the class Phi-2 inverter using GaN-HFET at 13.56 MHz
was verified. This class Phi-2 inverter operates with various load
conditions. Moreover, this circuit has robust characteristics in
the case of load changes and shows very fast response and stabil-
ity. The settling time of the stepwise load change is almost 4 us
when the smoothing capacitor is set to 0.01 uF, and it continues
to operate stably even after load change. Therefore, the class
Phi-2 inverter has a very fast response to stepwise load change
for light load and heavy load. Moreover, we proposed a protec-
tion system to prevent the failure of the switch due to overheat
caused by hard-switching. As a result, utilizing the high-speed
response of the class Phi-2 inverter, the circuit operation can be
stopped almost 1 ps after the load change. This switching time of
about ten times the switching period at the switching frequency
of 13.56 MHz, and it is possible to prevent the destruction of
the switch by heat from hard switching. These results were con-
firmed by simulation and experiment. Therefore, the class Phi-2
inverter is effective for the various load conditions and stepwise
load changes, and this circuit is able to apply to many indus-
trial applications such as requiring high-frequency isolation for
downsizing a circuit and power supplies.
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