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Abstract: A device suitability analysis is performed herein by comparing the performance of a
silicon carbide (SiC) metal-oxide-semiconductor-field-effect transistor (MOSFET) and a gallium
nitride (GaN) high-electron mobility transistor (HEMT), which are wide-bandgap (WBG) power
semiconductor devices in induction heating (IH) systems. The WBG device presents advantages
such as high-speed switching owing to its excellent physical properties, and when it is applied to the
IH system, a high output power can be achieved through high-frequency driving. To exploit these
advantages effectively, a suitability analysis comparing SiC and GaN with IH systems is required.
In this study, SiC MOSFET and GaN HEMT are applied to the general half-bridge series resonant
converter topology, and comparisons of the conduction loss, switching loss, reverse conduction loss,
and thermal performance considering the characteristics of the device and the system conditions
are performed. Accordingly, the device suitability in an IH system is analyzed. To verify the device
conformance analysis, a resonant converter prototype with SiC and GaN rated at 650 V is constructed.
The analysis is verified by an experimental comparison of power loss and thermal performance.

Keywords: WBG device; induction heating; GaN HEMT; SiC MOSFET; performance comparison; evaluation

1. Introduction

Owing to the physical limitations of Si, power semiconductor devices are increasingly limited
in the development of Si-based devices. Accordingly, interest in wide-bandgap (WBG) devices
having excellent physical characteristics has recently increased. Representative examples include
silicon carbide (SiC) and gallium nitride (GaN), both of which have better physical properties than
conventional Si. These WBG devices have a low on-resistance and switching loss at high voltage ratings
and are suitable for high-speed switching. High-speed switching is advantageous with regard to
power density and cost because it can reduce the size of the system in various applications. Because of
these advantages, studies have been conducted to compare the performance of WBG device-based and
Si-based systems in various applications [1-11].

In [1], switching loss and conduction loss were analyzed when the SiC Cascode junction-field-effect
transistor (JFET) and Si insulated-gate bipolar transistor (IGBT) were applied to the matrix converter
topology. In [5], reliability was analyzed by comparing power loss, thermal performance, and efficiency
when a Si IGBT and a gallium nitride (GaN) high-electron mobility transistor (HEMT) were applied
to a three-phase inverter. The systems using WBG devices, such as SiC and GaN, achieved a higher
efficiency with a lower loss and thermal performance than conventional Si-based systems.

Recently, the results of comparative analyses performed by applying SiC and GaN to the same
topology have also been presented [12-17]. In [15], SiC and GaN were applied to an on-board charger
to compare power loss, thermal performance, power density, cost, and efficiency. It has been shown
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that a higher efficiency and power density can be achieved with GaN than with SiC, as GaN has better
physical properties.

Generally, GaN is disadvantageous in that the increase in rate of on-resistance is greater with
increasing temperature compared to SiC, and a large gate resistance is required owing to the low
threshold voltage and the small range of the gate driving voltage. Additionally, it has a lower thermal
conductivity than SiC, and in many cases, a dedicated packaging material, such as GaNPX-4, is used.

SiC has a relatively large parasitic capacitance compared with GaN, which can cause large
switching losses. Additionally, because a reverse recovery current exists, the reverse recovery loss may
increase at a high switching frequency. However, SiC exhibits superior thermal conductivity to GaN
and is applied in a large-area standard package, such as TO-247.

Thus, SiC and GaN exhibit different characteristics. Their device compatibility can vary significantly
depending on the operating conditions, such as the voltage, rated power, switching frequency, and thermal
management of the system. Therefore, proper device selection requires a device suitability analysis that
propertly reflects the operating conditions of these systems.

The induction cooker using induction heating (IH) technology is attracting attention as a
next-generation heating device to replace the existing stove owing to its high efficiency, safety of
heating, and high heating speed. Recently, the output power of such IH systems has been increased
by increasing the operating frequency through the development of WBG devices exhibiting small
switching loss, in contrast to IGBTs exhibiting large switching loss. Thus, the system size can be
reduced while maintaining the output power.

In this study, a SiC MOSFET and a GaN HEMT were applied to the half-bridge resonant converter
topology, and their device suitability was analyzed in the IH system. For this purpose, we analyzed the
conduction loss of each device considering the junction temperature of the device, the switching loss
considering the gate resistance and snubber capacitor, and the reverse conduction loss considering the
reverse conduction current. According to the theoretical loss and thermal performance, the suitability
of the SiC and GaN devices in the IH system is evaluated. The proposed loss analysis and device
suitability analysis are validated by various experimental results based on a constructed half-bridge
series resonant converter for a 2-kW IH system using 650-V rated GaN and SiC.

2. IH System with Half-Bridge Converter

2.1. System Description

Figure 1 shows an IH system with a half-bridge converter. Here, Vp¢ represents the input voltage;
vout Tepresents the output voltage of the half-bridge; Q; and Q represent the top and bottom switches,
respectively; Cg1 and Cgp represent snubber capacitors; Crq and C;;, represent resonant capacitors.
The coil and heating pot can be expressed as an equivalent inductance L.; and equivalent resistance
Req configured in series, as shown in Figure 1. Thus, the operating characteristics are similar to those of
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Figure 1. A conventional induction heating (IH) system.




Energies 2020, 13, 5351 3o0f15

2.2. Characteristics of High-Frequency Operation

In an [H system, the equivalent resistance R, is mainly increased to increase the output power
under limited device performance. There are two methods by which to increase R, [18]. The first
method is to increase the equivalent resistance is by increasing the number of turns in the coils.
However, limitations exist with regard to the size of the coils, the wire resistance, and the cost.
The second method is to increase the equivalent resistance by increasing the operating frequency,
but this presents the limitation of increasing the switching loss. However, small switching losses can
be achieved using WBG devices; a higher output power can be achieved by increasing the equivalent
resistance without increasing the number of turns of the coil.

Figure 2 shows the equivalent resistance measured using an inductance-capacitance-resistance
(LCR) meter according to the number of coil turns and the operating frequency. As shown, the equivalent
resistance increased with the number of turns and operating frequency. Upon using the WBG element,
it was possible to achieve a high output power in the coil with the same number of turns or to reduce
the size of the heat sink or the coil at the same output power, which was advantageous with regard
to the overall system size and cost. Therefore, to achieve this advantage using WBG devices, it is
necessary to verify the suitability between WBG devices via a comparative analysis of the performance
between WBG devices applied to an IH system.
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Figure 2. Equivalent resistance according to the number of coil turns and the frequency.
3. Loss Analysis of WBG Device in IH System

In this section, a theoretical loss analysis is performed to compare losses, such as the conduction
loss, switching loss, and reverse conduction loss, considering the device characteristics and circuit
conditions. The devices used in this study are presented in Table 1.

Table 1. Parameters of the selected devices [19,20].

Parameter GaN HEMT SiC MOSFET
Part Number GS66516T SCT3030AR
Breakdown Voltage 650V 650 V
Continuous Current 60 A 70 A

3.1. Conduction Loss Considering Junction Temperature

During operation at the duty ratio D = 0.5, the conduction loss for one switching period of a
single WBG device considering the dead time is given by (1). Here, T represents the switching period,
taeaq Tepresents the dead time, and Rpg(.n) represents the on-resistance. Because Rpg(.,) varies with
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respect to the junction temperature T; and the gate-source voltage Vs, these parameters should also
be considered for accurate conduction-loss analysis.

T
Peoy =2 [F Rpgpor 2, dt (1)
C(Q1) — T b DS(on) *out

Rps(ony according to the junction temperature can usually be calculated as per presentation in the
manufacturer’s datasheet. For example, in the case of Rohm'’s SiC device SCT3030AR, it is assumed
that Rpson) is standard when T; is 25 °C. As shown in Figure 3, the normalized on-resistance according
to Tj can be represented by the change rate AR,
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Figure 3. On-resistance change rate according to the junction temperature.

The data in Figure 3 can be represented by (2) through curve-fitting.
ARy, = (2 X 10—7)T§" - (4 X 10—5)T]? +0.0045T + 0.9065 )

Similar to (2), the normalized rate of change according to Vg can also be calculated using the
manufacturer’s datasheet. The change rate of the on-resistance normalized to 18 V can be expressed
as follows:

ARy, = —0.0015VE’;5 + 0.1024Vé5 —2227Vgs 4 17.684 (©)]

Finally, the on-resistance Rps ;) considering the junction temperature and gate-source voltage is
given as follows:
Rps(on) = 0.031 X ART; X ARy 4)

The on-resistance for GaN can also be derived from the curve-fitting of the change rate considering
the junction temperature and gate-source voltage. The on-resistance equation of GaN device GS66516T
is as follows:

ARy, = (3% 10‘7)T]3. ~(4x 10—5)T]2 +0.0128T; + 0.7 (5)
ARy, = —0.0079V3 +0.1516V2¢ — 1.018V s + 3.3504 (6)
Rps(ony = 0.025 X AR, X ARy, @)

Through the derived equations, the on-resistance according to the junction temperature and
gate-source voltage of each device is identical to that in Figure 4. In Figure 4, Rps(,») according to Vs
is more sensitive to SiC as Vs decreases. In contrast, Rps(o) increases with T; for GaN. Therefore,
assuming that both devices use the recommended Vg, it is possible to predict that GaN will have a
smaller conduction loss under a light load with a lower junction temperature and that as it approaches
the rated load, the conduction loss of SiC will decrease.
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Figure 4. On-resistance according to the junction temperature and gate-source voltage: (a) gallium nitride (GaN)
high-electron mobility transistor (HEMT); (b) silicon carbide (SiC) MOSFET.

3.2. Switching Loss Considering System

The general switching loss Psy is given by (8), where E,,; represents the switching energy at
turn-on, E,f represents the switching energy at turn-off, and fs,, represents the switching frequency.

Psw = (Eon + Eoff)fsw (8)

Typically, turn-on switching losses in IH systems are not theoretically caused by zero voltage
switching (ZVS) [21]. Therefore, the losses in the turn-off are compared. To accurately compare the
loss, the switching loss equation reflecting the system and device characteristics is derived.

In IH systems, snubber capacitors Cg; and Cg; are added in parallel with the switch, as shown
in Figure 1, to reduce the switching losses during turn-off. This can reduce the switching loss at
turn-off by limiting the dv/dt of the drain—source voltage vpg during turn-off switching in ZVS systems.
Figure 5 shows the switching turn-off waveform for this IH system. Here, Vs prive) represents
the gate—source drive voltage, Vs (piatean) represents the plateau voltage, and Vs represents the
threshold voltage. ¢4y represents the time from VGs(prive) to Vs plateau), tif represents the time when the
ip current falls, and ty; represents the time when the vpg voltage increases significantly. Vpc represents



Energies 2020, 13, 5351 6 of 15
the input voltage, I,f represents the switch turn-off current, V; represents the vps at time t3, and V)
represents the vpg at the beginning of the switch turn-off.
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Figure 5. Switch turn-off waveform in the IH system.

In general, turn-off of switching is maintained while the voltage Vs (piateany remains constant
during the period of the rising vpg; however, in an IH system where a snubber capacitor is added,
Ups increases after the switch is turned off. Accordingly, the section maintained at the Vs piateau) is
removed. Consequently, most switching losses occur in the period ty where the current falls. Therefore,
the switching-loss equation at tjr must be derived.

First, because the ipp current in the tie period is linear, it is derived as in (9). Here, f; is assumed to
be 0 and ic, represents the current flowing through the snubber capacitor. As the current ip decreases,
the current for charging and discharging the snubber capacitors at the top and bottom increases.

I, )
ip(t) = - tjj;ft + Ioff = —2ic, +Ioff 9)

tif can be derived from the discharging of the R-C circuit of the gate resistance and the device
input capacitance as follows [22].

\%
tif = ReCiss 1n(%) (10)

As indicated by (9), because vpg increases owing to ic, it can be expressed by (11), and when it is
integrated, it is expressed by (12). Here, V is an initial value, as given by (13).

dops _; 1 lofs
Cs T Icg = 5 tjft (11)
ops(t) = Vo + 2P (12)
4t1fC5
Vo = Rps(on) * Loff (13)

Finally, the Ey is derived as

iy . gty Lty LogsVoty
Eoff = L ops(t) -ip(t) dt = — 16Cs + 12Cs - 5 +IoffV0t[f (14)
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In (14), tj is the term with the greatest dependence on the device type. Thus, assuming that the
same gate resistance is used, GaN with a smaller Cjgss is expected to result in a smaller switching loss.

3.3. Reverse Conduction Loss Considering Current

Reverse conduction losses are very important in topologies where ZVS is implemented through
the reverse current of a switch, such as a resonant converter. Half-bridge-based IH systems require a
comparison of the reverse conduction losses between the two devices, because reverse conduction is
performed during dead time to achieve ZVS. The typical reverse conduction loss Pcreverse) in an IH
system is given as follows:

1 tdead )
PC(reverse) = Tj; UsD * liout| dt (15)

where vgp represents the source—drain voltage drop for conduction in the reverse direction. To analyze
the exact loss, the vgp of each device according to the current can be obtained from the manufacturer’s
datasheet, and curve-fitting can be used to derive the equation. The vgp for the SiC device is given
as follows:

vsp = 0.042 - |ipys| +2.14 (16)

The vsp of the selected GaN device in this study generally used negative gate voltage Ve o at
turn-off considering the threshold voltage. It can be expressed by (17) because of the characteristics of
the device since a voltage drop of the same magnitude as the negative gate voltage is added at turn-off.

0sp = 0.049 - igut] + 1.74 + Vgare o f (17)

However, it is necessary to consider the snubber capacitor because the conduction time changes
with the addition of the snubber capacitor, even in the case of reverse conduction loss. The equation
for the reverse conduction loss considering the snubber capacitor is as follows. Here, t5 marks the end
of the dead time. ,

1 (7 .
Pc(reverse) = Tf Osp * liout| dt (18)

tg
ty = taops +tig +tvr 19)

Because 14,5 is the discharging time of an R-C circuit with a gate resistance and device input
capacitance, it is derived as follows [22]:

Vs (Drive) ) 20)

tg = RgCiss 11‘1(
off Vplateau

Because ty; is determined by the magnitude of the current flowing through the snubber capacitor,
it can be derived as shown in (21). V7 can be calculated by substituting t = tjrinto (12).

Ve -V
tyy = 2c5% (1)
0
Let;
Vy=Vo+ Zésf 22)

Assuming that both devices use a gate voltage of zero at turn-off, a vsp with slightly smaller
GaN appears at currents of < 50 A. However, in contrast to SiC devices with a threshold voltage of
approximately 4 V, GaN devices exhibit a low threshold voltage of 1 V; thus, if the negative voltage is
used to increase the resistance to noise, the vgp increases by the magnitude of the negative voltage,
as indicated by (17). Hence, it is expected that smaller reverse conduction losses occur in SiC.
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4. Device Suitability Analysis in IH System

The circuit conditions for the device comparisons of the power loss and thermal performance are
presented in Table 2.

Table 2. Value of circuit components.

Component Value

Input Voltage Vpc 260 V
Equivalent Inductance L, 18.40 uH

Equivalent Resistance R, 516 O
Resonant Capacitance C;q Cyp 0.068 uF

Snubber Capacitance Csq Csp 10 nF

Rated Power 2 kW

Dead Time £ ;.44 500 ns

Total Gate Resistance Rg 70

4.1. Power Loss

According to the loss model derived in Section 3, the power losses were compared by calculating
the theoretical conduction losses, switching losses, and reverse conduction losses. It was assumed
that the junction temperature was set as 40 °C at 800 W and increased by 10 °C each time the power
increased by 200 W. The recommended Vs values for the SiC and GaN devices are 18 and 6 V,
respectively. Negative voltages are recommended because the GaN’s low threshold voltage can cause
false turn-on at turn-off. Accordingly, the calculation was performed with voltages of 0 V for SiC and
-3V for GaN.

Figure 6 shows the loss breakdown based on the output power calculated according to the
assumption. As shown in Figure 6, in GaN, the conduction losses were smaller for lighter loads. As the
output power increased, less conduction loss was observed in SiC, where the increase in on-resistance
with respect to the temperature was relatively small. This is because the temperature was assumed to
increase by 10 °C for increments of 200 W.

= Conduction loss  ® Reverse conduction loss & Switching loss m Conduction loss  ® Reverse conduction loss & Switching loss

0.006

20

20

Power loss (W)
Power loss (W)

800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
Output power (W) Output power (W)

(a) (b)

Figure 6. Loss breakdown according to the output power: (a) GaN HEMT; (b) SiC MOSFET.

The switching losses were very small for both devices when snubber capacitors were added.
GaN exhibited smaller losses because of the low parasitic capacitance.

The reverse conduction loss was small because the reverse conduction time during the dead
time was significantly reduced when the snubber capacitor was added. As shown in (17), GaN’s vgp
exhibited a relatively large loss compared with SiC’s vsp when the voltage drop occurred, owing to the
addition of Vge o
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4.2. Thermal Performance

Thermal performance is an important factor in determining system size and cost. On comparing
the thermal performances of the GaN and SiC devices, a lower thermal performance at the same losses
increases the size and cost of the system, which can result in an inability to achieve rated loads or
requirement of larger heat sinks. Therefore, it is necessary to compare the thermal performances of
devices via thermal analysis simulations and experiments.

A thermal analysis model was developed that reflected the packaging and physical properties of
each device, and the same fan and heat sink were applied to conduct a simulation. Figure 7 shows the
results of the thermal analysis simulations where a loss of 30 W occurred in each device.

Temperature [C]

Fan

106.523
99.7294
92.9358
86.1423
79.3487
72.5551
65.7615
58.9679
52.1743
45.3807
38.5872
31.7936
25.0000

eat Sink

TIM

Temperature [C]

103.397
-: 96.8639
90.3308
83.7977
77.2647
70.7316
64.1985
57.6654
51.1323
44,5992
38.0662
31.5331
25.0000

Fan

Heat Sink

TIM

SiC MOSFET

(b)
Figure 7. Thermal analysis simulation results: (a) GaN HEMT; (b) SiC MOSFET.

In Figure 7, the maximum value represents the junction temperature, with different results
observed for the same heat-dissipation conditions and losses. This is expected to be a result of the
differences in the physical properties of the devices and the difference in the thermal resistance owing
to the packaging. In order to improve the thermal performance of the device, it is necessary to consider
the location and direction of the fan for cooling the heat sink, the air flow value, and the selection of a
thermal interface material (TIM) with low thermal resistance.

4.3. Cost

Table 3 shows the cost comparison result based on the experimental set consisting of SiC and GaN.
The comparison components include the converter used as the gate power source, the gate driver,
the main switch, the snubber capacitor, the resonant capacitor, the working coil, and the total cost of
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the system. The DC-DC converter has a higher cost with SiC, and the gate driver has a similar cost.
The cost of the main switch is relatively high with GaN compared to SiC, and other elements use the
same parts so it does not affect the cost. The total cost is higher in the GaN board, which is a result of
the relatively high cost difference of the main switch.

Table 3. Comparison of system components.

Component Comparison
pe-be GaN <SiC
Converter
Gate Driver GaN = SiC
Main Switch GaN > SiC
Snubber GaN = SiC
Capacitor
Resonant GaN = SiC
Capacitor
Working Coil GaN = SiC
Total Cost GaN > SiC

5. Experimental Comparative Analysis and Verification

The experimental setup was constructed as shown in Figure 8 to conduct the experimental
comparative analysis and verification. The circuit conditions of the IH system used in the experiment
are presented in Table 2.

Figure 8. IH system experiment configuration.

5.1. Power Loss

An efficiency measurement experiment was conducted for loss analysis. Figure 9 shows experimental
waveforms for each device at a rated load of 2 kW. The drain—source voltage and gate-source voltage of
the half-bridge top switch Q;, as well as the output current i,,;, were measured.
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Figure 9. Experimental waveform at 2 kW: (a) GaN HEMT; (b) SiC MOSFET.

As shown in Figure 9, ZVS was performed because zero voltage was achieved before both devices
were turned on. The vpg exhibited greater overshoot and undershoot in the experimental waveform of
GaN than in that of SiC. This is because when driving GaN, a negative voltage with a magnitude of 3 V
was used to prevent false turn-on, resulting in a large reverse conduction voltage drop.

Figure 10 shows the loss breakdown results estimated from the experimental data. The junction
temperature was estimated by applying thermal analysis simulations to the total losses measured by
the power analyzer at 2 kW. Accordingly, the conduction loss was calculated. The reverse conduction
loss was calculated to reflect the reverse conduction time determined using the experimental waveform.
Losses apart from these were assumed to be switching losses.

16

15.0185

14

12

10

Power loss (W)
[eo]

6
43429
4
5 1.695
0 —— —_—
Conduction loss Switching loss Reverse conduction loss

mGaN mSiC

Figure 10. Loss breakdown reflecting experimental values at 2 kW.

As shown in Figure 10, since the on-resistance of GaN increases as junction temperature increases,
compared to SiC, the conduction loss of GaN is greater. This is similar to the theoretical result.
Regarding switching losses, GaN theoretically exhibited a lower loss than SiC; however, it actually
exhibited larger experimental losses. This was the result of the ringing of parasitics becoming more
dominant because the switching losses in tjf were very small, as dv/dt was limited by the snubber
capacitor. In the case of GaN, when the same gate resistance was used, the di/dt of the switch was very
large owing to the low parasitic capacitance. Therefore, the loss due to ringing was expected to be
greater than that for SiC. Reverse conduction losses resulted in larger losses in GaN, similar to the
theoretical estimates. Finally, the efficiency according to the measured load is shown in Figure 11.
Here, the conditions of the simulation were identical to those in Table 2.
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Figure 11. Efficiency according to the output power.

As shown in Figure 11, SiC exhibited a higher efficiency than GaN at most of the efficiencies,
as estimated in Section 4. As the output power decreased, the junction temperature of the device
decreased; thus, the on-resistance of the GaN device was lower than that of the SiC one, and the
conduction loss of the GaN device was smaller than that of the SiC one under a light load. Consequently,
as the load decreased, the difference in efficiency between the two devices gradually decreased.
Additionally, the predictive efficiency, simulation efficiency, and experimental efficiency at the rated
load were very similar, confirming that the loss modeling of the device was executed well.

However, in contrast to the predicted and simulated values, the experimental efficiency decreased
with light loads, for both GaN and SiC. The dominant cause is predicted to be the influence of parasitic
components, such as parasitic inductance and parasitic resistance. The IH system operates at a
higher switching frequency under light load, and as the switching frequency increases, the influence
of parasitic components increases. Accordingly, the error rate increases at light load. In order to
estimate the efficiency more accurately, it is necessary to study a model that sufficiently considers
parasitic components.

5.2. Thermal Performance

Figure 12 shows the experimental results for the device package temperature according to
the output power. The results in Figure 12 differ depending on the devices, similar to Figure 7.
As mentioned previously, this can be interpreted as the influence of the physical properties and
packaging of the device. In particular, the difference was similar to that shown in Figure 7 when the
experimental efficiencies of the two devices were compared at similar power levels of 800 W.

As shown in Figures 11 and 12, the difference in efficiency between GaN and SiC is relatively
small at 800 W, where the device temperature is low. However, as the temperature increases, the most
dominant conduction loss occurs in GaN rather than SiC, and it can be seen that the difference in
efficiency gradually increases.

Figure 13 is the finite element method (FEM) result applying the experimental loss at 2 kW.
In Figure 13, (a) represents the package temperature of GaN, (b) represents the junction temperature of
GaN, (c) represents the package temperature of SiC, and (d) represents the junction temperature of SiC.
The reliability of the temperature analysis model was verified by the similarity between the measured
results at 2 kW of Figure 12 and the temperature of the FEM analysis in Figure 13.
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Figure 12. Device package temperature measurement results according to the output power.
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Figure 13. FEM analysis result with experimental loss: (a) GaN HEMT package temperature;
(b) GaN HEMT junction temperature; (c¢) SiC MOSFET package temperature; (d) SiC MOSFET
junction temperature.

6. Conclusions

Device suitability in an IH system was analyzed by comparing the performance of GaN and SiC
represented by WBG devices. Loss modeling was performed, considering the junction temperature,
gate—source voltage, gate resistance, gate voltage, and snubber capacitor for each device. Additionally,
a thermal analysis model was developed according to the device’s physical properties and packaging.
Using the model, the device suitability was analyzed via comparative power-loss calculations and
thermal performance simulations. The loss in the IH systems in the 100-kHz band was dominated using
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conduction losses and reverse conduction losses, as switching losses were reduced owing to the snubber
capacitors. Thus, SiC exhibited a higher efficiency than GaN as the load increased for the selected
devices. Regarding the thermal performance, different results were observed for the same losses
owing to differences in the thermal conductivity and packaging, and 2-kW prototype converters using
GaN and SiC were built. The loss and thermal performance were experimentally compared, and the
theoretical loss and thermal analysis model was validated. However, due to parasitic components,
the error rate of efficiency tended to increase with light load. In order to accurately estimate these
efficiencies, a study of a theoretical model that fully considers parasitic components is needed in
the future.
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