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A Variable-Frequency Current-Dependent Switching
Strategy to Improve Tradeoff Between Efficiency and
S1C MOSFET Overcurrent Stress in
S1/S1C-Hybrid-Switch-Based Inverters
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Abstract—Reliability remains an issue for the Si/SiC hybrid
switch adopting the conventional switching strategy of the internal
SiC MOSFET that turns ON earlier, and OFF later. Such issue is
attributable to the overcurrent stress under the heavy load operat-
ing condition, which adversely affects the SiC MOSFET during the
gate delay time. To solve this problem without increasing the extra
power loss, a novel variable-frequency current-dependent switch-
ing strategy combining the variable switching pattern strategy, and
the variable pulsewidth modulation (PWM) frequency strategy
is proposed. Variable switching pattern strategy can avoid the
overcurrent stress of the SiC MOSFET at the heavy load operating
condition, and the designed optimal delay time in different switch-
ing patterns can achieve the compromise between the excellent
reliability, and the power loss of Si/SiC hybrid switch. Variable
PWM frequency strategy can effectively reduce the switching loss
of the Si/SiC hybrid switch by decreasing the switching frequency
around the peak current region. An Si/SiC-hybrid-switch-based
single-phase inverter platform is constructed and tested. Test re-
sults show that the power loss of the single-phase inverter adopting
such switching strategy outperforms the current-dependent switch-
ing strategy with 9.4% reduction of power loss, and overcurrent
stress of SiC MOSFET is avoided.

Index Terms—Inverters, losses, power semiconductor switches,
reliability.
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1. INTRODUCTION

i/SiC hybrid switch comprising a large current rating Si
S IGBT and a small current rating SiC MOSFET in parallel
offers excellent advantages in the tradeoff between performance
and cost, which makes it attractive for high-performance and
low-cost power converters [1]-[7]. Generally, the internal SiC
MOSFET should be turned ON earlier and turned OFF later than
the internal Si IGBT in order to minimize the switching loss of
the Si/SiC hybrid switch [8]-[11]. During the gate delay time,
the load current will flow through the SiC MOSFET, which is
larger than the current rating of the SiC MOSFET under the heavy
load operating condition. When the overcurrent exceeds the safe
operating area (SOA) current of the SiC MOSFET, the reliability
of the Si/SiC hybrid switch adopting this conventional switching
strategy will be greatly reduced [12], [13].

Most previous research works mainly focused on reducing
the power loss of the Si/SiC hybrid switch to achieve its relia-
bility improvement [14]—-[17]. In [14] and [15], the power loss
models of the Si/SiC hybrid switch are derived as a function
of the gate delay time, and several gate delay time switching
strategies are proposed to reduce power loss of the Si/SiC
hybrid switch, including the gate control optimization strategy
with the thermal balance control mode [14] and the active gate
delay time control strategy with the electrothermal coupling
loss model [15]. In [16] and [17], the new gate drive patterns
are proposed to reduce the power loss by means of multiple
commutating the currents between two internal devices of the
Si/SiC hybrid switch during each switching cycle. Therefore,
the junction temperature reduction and the junction temperature
balance of each device inside the Si/SiC hybrid switch can be
achieved by these methods. However, these switching strategies
cannot prevent the reliability issue of the internal small current
SiC MOSFET caused by the overcurrent stress. Some restrictions
on the adoption of the small current rating SiC MOSFET and
size ratio selection of two internal switches inside the Si/SiC
hybrid switch are induced by them, which greatly sacrifices the
cost-effectiveness of the Si/SiC hybrid switch.

In order to effectively eliminate the adverse influence of the
overcurrent stress on the SiC MOSFET under the heavy load
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operating condition, a current-dependent switching strategy for
the Si/SiC-hybrid-switch-based single-phase inverter is pro-
posed [12], [13]. Three kinds of different switching patterns
are adopted for the Si/SiC hybrid switch under various current
levels. The power loss of the Si/SiC hybrid switch is minimized
by means of two switching patterns at the light and medium
load operating condition. In the third switching pattern, the large
currentrating SiIGBT is turned ON earlier and turned OFF later to
effectively eliminate the overcurrent of SiC MOSFET at the heavy
load operating condition. However, the efficiency of the inverter
adopting this current-dependent switching strategy is greatly
reduced because the switching loss of the Si/SiC hybrid switch
at the heavy load operating condition is almost as large as that of
pure IGBT solution. Meanwhile, the influence of the gate delay
time in different switching patterns on the tradeoff performance
between the overcurrent stress of the SiC MOSFET and power loss
of the Si/SiC hybrid switch has not been extensively studied.

In order to solve these problems, a novel variable-frequency
current-dependent switching strategy comprising the variable
switching pattern strategy and the variable pulsewidth modula-
tion (PWM) frequency strategy is proposed. Variable switching
pattern strategy is implemented to avoid the overcurrent stress
of the SiC MOSFET at the heavy load operating condition, and
the optimal delay time in different switching patterns is de-
signed to achieve the tradeoff performance between the excellent
reliability of the SiC MOSFET and power loss of the Si/SiC
hybrid switch. Variable PWM frequency strategy is implemented
to effectively reduce the switching loss of the Si/SiC hybrid
switch without significantly increasing the current harmonics
by means of the drop of the switching frequency value around
the peak current region. Therefore, both the optimal efficiency of
the Si/SiC-hybrid-switch-based inverter and reliability improve-
ment of the SiC MOSFET can be achieved. The rest of this article
is organized as follows. In the Section II, the structure of the
Si/SiC-hybrid-switch-based single-phase inverter is presented at
first. Then, the overcurrent stress of the SiC MOSFET is analyzed.
In the Section III, a novel variable-frequency current-dependent
switching strategy is proposed. Meanwhile, the influence of
the delay time on the power loss of the Si/SiC hybrid switch
is analyzed. Experiment results are presented to validate the
variable-frequency current-dependent switching strategy in the
Section IV. Finally, Section V concludes this article.

II. SIC MOSFET OVERCURRENT STRESS CONCERNS

In this section, the structure of the Si/SiC-hybrid-switch-
based single-phase inverter is presented, and the overcurrent
stress of the SiC MOSFET adopting the conventional switching
strategy is discussed. The details are shown as follows.

A. Structure of the Si/SiC-Hybrid-Switch-Based
Single-Phase Inverter

The topology of the Si/SiC-hybrid-switch-based single-phase
inverter is shown in Fig. 1. I,, Isoa, L, (n = 1,2), C, R, Uy,
U,, and S,, (n = 1,2,3,4) represent the output current (load
current), amplitude of the SiC MOSFET’s SOA current, filter
inductance, filter capacitor, load, dc voltage, output voltage, and
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Fig. 1. Topology of the Si/SiC-hybrid-switch-based single-phase inverter:
When the overcurrent of the SiC MOSFET is larger than Isoa, the reliability of
the Si/SiC hybrid switch will be greatly reduced by the overcurrent stress.

Si/SiC hybrid switches, respectively. The Si/SiC hybrid switch
is configured by a Si IGBT IGW25N120H3, 1200 V/25A [18])
and a SiC MOSFET (C2M0160120D, 1200 V/12.5A [19]), which
means that the current-carrying capacity of the SiC MOSFET is
smaller than that of the Si IGBT. In generally, the SiC MOSFET
should be turned ON earlier and turned OFF later, which is called
the conventional switching strategy [8]-[11]. Turn-ON delay
time and turn-OFF delay time between the SiC MOSFET and Si
IGBT are defined as 75, ¢ and Ty g, respectively. And, Vs ar
and Vg ; represent the gate drive signals of the SiC MOSFET
and Si IGBT, respectively.

B. Overcurrent Stress Concerns of SiC MOSFET

As shown in Fig. 1, and S, is taken as example, when the
conventional switching strategy is adopted, the load current will
flow through the SiC MOSFET during the delay time. When the
load current is larger than the rated current of the SiC MOSFET,
which is called as the overcurrent. And, if the overcurrent is
larger than Ispa, the adverse effect of the overcurrent on the
SiC MOSFET will cause the reliability issue of the Si/SiC hybrid
switch [12], [13].

III. VARIABLE-FREQUENCY CURRENT-DEPENDENT
SWITCHING STRATEGY

To solve the reliability issue of the Si/SiC hybrid switch under
the heavy load operating condition and avoid the large increase
of the power loss, a novel variable-frequency current-dependent
switching strategy is proposed. The variable switching pattern
strategy and the variable PWM frequency strategy in the pro-
posed switching strategy are presented in this section. Mean-
while, the relationship between the delay time and the power loss
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Fig. 2. Different switching patterns in the variable switching pattern strategy.

at various switching patterns is analyzed. Details are presented
as follows.

A. Variable Switching Pattern Strategy

The variable switching pattern strategy is adopted to improve
the reliability of the Si/SiC hybrid switch under the heavy load
operating condition. Based on [12] and [13], there are two differ-
ent switching patterns adopted, which are shown in the Fig. 2.
As can be seen from Fig. 2, “T, 4 > 0” means that the SiC
MOSFET is turned ON earlier than the Si IGBT, and “T;,, 4 < 0”
is the reverse switching order. Meanwhile, “Tig ¢4 > 07 means
that the SiC MOSFET is turned OFF later than the Si IGBT, and
“Tofe g < 07 is the reverse switching order.

1) Pattern 1. SiC MOSFET is Turned ON Earlier and Turned
OFF Later: When the load current is smaller than Isoa, the SiC
MOSFET with faster switching speed can be used to achieve the
low switching loss of the Si/SiC hybrid switch, so the conven-
tional switching strategy is adopted in this switching pattern.

2) Pattern II. Si IGBT is Turned ON Earlier and Turned OFF
Later: When the load current is larger than Igoa, the Si IGBT
with large current-carrying capacity can be turned ON earlier and
turned OFF later to withstand the load current during the delay
time, which is aim at effectively reducing the adverse effect of
the overcurrent on the SiC MOSFET. However, the Si IGBT with
lower switching speed will greatly increase the switching loss
of the Si/SiC-hybrid-switch-based single-phase inverter.

B. Power Loss Analysis of Different Switching Patterns

The delay time in different switching patterns is the key to
affecting the power loss of the Si/SiC hybrid switch. When the
unipolar SPWM strategy is adopted [20]-[22], the position of
different switching patterns during a fundamental cycle is shown
in Fig. 3, and detailed analysis about the relationship between
the delay time and the power loss is shown in the following.

1) Switching Loss of Si/SiC Hybrid Switch: According
to [23]-[26], when the Pattern I is adopted, the influence of T, 4
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Fig. 3. Positions of different switching patterns during a fundamental cycle:

When the load current is smaller than Igoa, Pattern I is adopted. When the load
current is larger than Igoa, Pattern II is adopted.

on the switching loss of the Si/SiC hybrid switch is very small,
so only Ti 4 in the Pattern I should be considered, and there
are Ton ¢ = 0 and Ty ¢ > 0. When the Pattern II is adopted,
because the turn-OFF speed of the SiC MOSFET is faster than that
of the Si IGBT [27]-[29], the influence of Ty 4 on the turn-OFF
loss of the Si/SiC hybrid switch is very small, which means that
Toir_q in the Pattern II is not considered. In fact, 75, 4 in the
Pattern I must be larger than the turn-ON time of the Si IGBT to
prevent the adverse effect of the overcurrent on the SiC MOSFET,
so there is zero-voltage switching (ZVS) for the SiC MOSFET.
It also means that the influence of 5, 4 on the turn-ON loss of
the Si/SiC hybrid switch can also be neglected, and there are
Ton a < 0and Toi g = 0.

According to the aforementioned analysis and Fig. 3, the total
switching loss of the Si/SiC hybrid switch is calculated as [30]—
[33]

Py(Tosi_a) = Po1(Tosr_a) + Ps2
= [Ps1_mosrer + Ps1_16BT(Tofi_a)]
+ [0 + Ps2_icBT]
= [(Eson1_mosreT + Esoff1_MOSFET)
+ Eso1_16BT(Toft_a)] + [Eson2_1GBT
+ Esofi2_1GBT) (H
where
Eson1_mosrer + Esofr1_Mosrer = fs (AIE + BI. + Cme>
Eoit1 1681(Tofr a) = fs [efwnu (Aﬂf + Bl + pil
Esr Esr
-5)+ 5

Cpi
Eson2 16T + Esotto_1GBT = [ (AQI 2 4 Byl + 172 2 )

(2)

In(1)and (2), Ps; and Pso represent the switching losses of the
Pattern I and Pattern II, respectively. In the Pattern I, Ps; mosreT,
Fson1_mosreT, and Fgoer1 mosper represent the switching loss,
turn-ON loss, and turn-OFF loss of the SiC MOSFET, respectively.
And, P51 gt and Eg1 16T represent the switching loss and
turn-OFF loss of the Si IGBT, respectively. In the Pattern II,
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Pso 16815 Eson2 1681, and FEsofeo 1gpT represent the switching
loss, turn-ON loss, and turn-OFF loss of the Si IGBT, respec-
tively. And, fs, 7, I, and e, represent the switching frequency,
exponent related to the turn-OFF delay time, ON-state current
amplitude of the Si/SiC hybrid switch, and residual switching
loss of the Si IGBT, respectively. In (2), there are

Ao apm (201 — sin(204))
4
B bpm (1 — cos(o1))
T
Al o api1(20'1 — SiH(QO’l))
- 4
bpi (1 —
B, = 1(1 — cos(o7)) 3)
7T .
Ay — apiz(m — 201 + sin(2071))
B, — bpig COS(O’l)
2= .
01 = arcsin ( SOA) .
1.

In (2) and (3), apm, bpms Cpms Apins bpin, and cpin, (n = 1,2)
are the fitting parameters, which can be obtained by the DPT
experiments [30]-[33]. Meanwhile, the condition of the DPT
experiments must be the same as that of the application of the
single-phase inverter. According to (1)—(3), as the increase of
Tote 4, the switching loss of the Si/SiC hybrid switch will be
decreased.

2) Conduction Loss of Si/SiC Hybrid Switch in Pattern I:
When the Pattern I is adopted, and according to Fig. 3, the
conduction loss of the Si/SiC hybrid switch is calculated as [30],
[34]-[36]

P.1 = Pe1_mosrer (Lot a) + Per et (Tofr_a)

1

o1
;/ (Re_mi2 pyDe 1 + Rei Do otia)df

1 o 1 o1
+ = / R.i2D.df + — / R ri ;D 1df
™ Jo T Jo -

201 + sin(20
= (C + E(Tosr_a)) {147()
vy
2 in(2 2 sin(2
20 + sin( 01)} N RCDCICQ( o + sin(20)) @
47 47
where
C =R mD.I? yy+ Re D2
E(Tet a) = ~SL[R I — (Rei 12y + Re 12 )]
D.= D¢ p = D¢ ofta + De_1
R _ RcﬁMRch (5)
¢ Rc_M + RC_I
ic = 1I.sinf = 1. pysin@ + I, ;sinf
o = arcsin Ui
B Rc_]\llc .

In (4) and (5), P.1_mosrer> Re s te_nr, and D, ps represent
the conduction loss, ON-state equivalent resistor, ON-state cur-
rent, and duty cycle of the SiC MOSFET, respectively. P.1 1GBT,
R. 1, i. 1, and D, ; represent the conduction loss, ON-state
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equivalent resistor, ON-state current, and duty cycle of the Si
IGBT, respectively. i., D., Ts, and U; represent the ON-state
current of the Si/SiC hybrid switch, duty cycle of the Si/SiC
hybrid switch, switching cycle of the Si/SiC hybrid switch,
and threshold voltage amplitude of the Si IGBT, respectively.
And, D, oftq represents the duty cycle of Tog 4 in the Pattern 1.
According to (4) and (5), as the increase of 7o 4, the conduction
loss of the SiC MOSFET will be increased, and the conduction
loss of the Si IGBT will be reduced.

3) Conduction Loss of Si/SiC Hybrid Switch in Pattern II:
When the Pattern 1I is adopted, and according to Fig. 3, the
conduction loss of the Si/SiC hybrid switch is calculated as

Py = Pes mosrer(Ton_a) + Pea_16e1(Ton_a)

1 [z 5
- Re arig prDe ard0
Vs o1

™

1

+ ;/2 (Rc_lig_]Dc_M + RcigDc_ond)dg

[m — 2071 + sin(201)]
4m

(F + G(Ton_d))

(6)
where

F = RchD%—[zJV[ + RchDcI(i[
G(Ton ) = = [ReI? — (Re s D2 oy + RetI2 )] (7)
Dc = Dc?I = Dcfond + Dc?M.

In (6) and (7), Peo_mosreTs Pe2_ 16T, and D _ong represent the
conduction loss of the SiC MOSFET, conduction loss of the Si
IGBT, and duty cycle of T, 4 in the Pattern II, respectively. As
the increase of To,_4, the conduction loss of the SiC MOSFET will
be slightly decreased, and the conduction loss of the Si IGBT
will be greatly increased.

Combining with (1), (4), and (6), the total power loss of the
Si/SiC hybrid switch is calculated as

Py(Tose a, Ton_a) = Ps(Tosr_a) + Per (Tose_a) + Pea(Ton_a)-
(8

According to (1), (4), (6), and (8), as the increase of Ty g in
the Pattern I, the total power loss of the Si/SiC hybrid switch
will be gradually decreased at first. Then, it will be gradually
increased. It means that the value of Ty 4 in the Pattern I should
be neither too small nor too large. And as the increase of Tq, 4
in the Pattern II, the total power loss of the Si/SiC hybrid switch
will be gradually increased. Therefore, the design of the T5,,, 4 in
the Pattern II requires a tradeoff between the excellent reliability
of the SiC MOSFET and the power loss of Si/SiC hybrid switch.

C. Variable PWM Frequency Strategy

Even if the optimal delay time is adopted, the increased power
loss caused by the variable switching pattern strategy cannot be
effectively restrained. In order to solve this problem, an optimal
switching frequency curve (fs, = 1/Ty) is adopted, which is
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written as [37]

jsin(wt)] } o)

Ty(wet) =C'
(wet) {MfsinQ(wct)

where
_ 2\/gAlrms,reqL
VL i sint o) M)

1.177 g
AIrms,req - _\// Sin2 (Wct)M3dth (10)
0
a1

O/

=

dw,t

fst
M; =1—m|sin(w,
My =1— msin(w,.t)
M3 =[1 —msin(w.t)(1 + My)].

In (9) and (10), m is the modulation ratio, Al req is the
required root mean square (rms) value of the current ripple, f; is
the fixed switching frequency, and w,. is the angular frequency of
the fundamental current. Based on (9) and (10), the normalized
optimal switching frequency curve, fixed switching frequency,
fundamental current, and current ripple are shown in Fig. 4.
When the fundamental current is close to the zero (Al region),
the current ripple is negligible, which means that the increase
of the current harmonics in this area can be neglected even
if a very low switching frequency in the optimal switching
frequency curve is adopted. As the increase of the fundamental
current, there is large current ripple around the zero-crossing
point region (A2 region), and the higher switching frequency in
the optimal switching frequency curve is adopted to effectively
reduce the current harmonics in this area. And there is small
current ripple around the peak current region (A3 region), where
the increase of current harmonics will not be obvious even if the
switching frequency in the optimal switching frequency curve is
lower than the fixed switching frequency. Therefore, the optimal
switching frequency curve can effectively improve the efficiency
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Fig. 5.
strategy.

of the Si/SiC-hybrid-switch-based single-phase inverter without
significantly increasing the current harmonics.

D. Variable-Frequency Current-Dependent Switching Strategy

Combing with the variable switching pattern strategy and the
variable PWM frequency strategy, the principle of the variable-
frequency current-dependent switching strategy is proposed,
which is shown in Fig. 5. When the load current is smaller than
Ison, the Pattern I is adopted. In this condition, the switching
frequency is gradually increased at first, and then, it is gradually
reduced. When the load current is larger than I5oa, the Pattern I1
is adopted. In this condition, the switching frequency is gradually
reduced.

IV. EXPERIMENTAL INVESTIGATION

In order to demonstrate the superiority of the variable-
frequency current-dependent switching strategy, comparison ex-
periments of different switching strategies are presented, and the
experimental platform is shown in Fig. 6. It comprises the DSP
control board, dc power source, power analyzer, oscilloscope,
single-phase inverter, and load. Experimental parameters are
described in Table I. In Table I, Isoa is equal to 20 A (rms) [13].

A. Optimal Delay Time at Different Switching Patterns

Determination of the optimal delay time under different
switching patterns is the premise of the comparison experiments.
In order to facilitate experimental research, only the variable
switching pattern strategy is adopted, and the switching fre-
quency is set as 40 kHz. Corresponding experiments are shown
in the following.
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Fig. 6. Experimental platform.
TABLE I
EXPERIMENTAL PARAMETERS
Parameters Values
DC voltage (Ug) 400V
Filter inductance (L; and L) 0.308mH
Filter capacitor (C) 24uF
Modulation ratio (m) 0.778
Fundamental frequency 50Hz
Isoa 20A
280

|[-®— Load current reaches 22.5A (RMS)
270 /| —®— Load current reaches 25.0A (RMS)

260 e 4
S
T

*—e

e _

Optimal turn-on delay time (7,,, ,) [

Time (pus)

Fig. 7. Power loss curves of a single-phase inverter at different T, 4
(Pattern II).

According to the comparison experiments of different Tof 4
in the Pattern I, the optimal Ty 4 in the Pattern I can be set as
1.25 p1s. When the Pattern I is adopted, the power loss curves of
the single-phase inverter at different 75, 4 are shown in Fig. 7.
When the load current reaches 22.5 A, as the increase of Ty, 4,
the power loss of the single-phase inverter will be gradually
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TABLE II
EXPERIMENTAL RESULTS OF DIFFERENT SWITCHING FREQUENCY CURVES
(MINIMUM SWITCHING FREQUENCY IS CHANGED)

fs (kHz) THD Total power loss (W)
10~41 1.34% 91.0
15~41 1.34% 91.1
20~41 1.33% 91.3
25~41 1.32% 91.7

increased. And when the load current reaches 25 A, as the
increase of 75, 4, the power loss of the single-phase inverter
will also be gradually increased. Because T, ¢ must be larger
than the turn-ON speed of the Si IGBT, and considering the
actual interaction between the drivers of the Si IGBT and the
SiC MOSFET, the optimal 75, 4 in the Pattern II can be set as
—0.75 ps. Finally, this optimal delay time is adopted in the
following experiments.

B. Design of Optimal Switching Frequency Curve

The maximum switching frequency in the optimal switching
frequency curve can be calculated by (9) and (10), and it is set
as 41 kHz. The value of the minimum switching frequency in
the optimal switching frequency curve should be obtained by
the corresponding comparison experiments.

When the load current is set as 15 A and the minimum
switching frequency is changed, the experimental results of
different switching frequency curves are shown in Table II.
When different switching frequency curves are adopted, the
difference of the total harmonic distortion (THD) is smaller
than 0.03%, and the difference of the power loss is smaller than
0.9 W. It means that the minimum switching frequency has little
influence on the performance of a single-phase inverter. In this
article, the minimum switching frequency is set as 15 kHz.

C. Comparison Experiments

Comparison experiments of the conventional switching strat-
egy, current-dependent switching strategy [13], and variable-
frequency current-dependent switching strategy are presented
in following.

Case 1: 60% of nominal load (at a load current of 15 A).

Taking the positive half period of the load current as an exam-
ple, the principle of the variable-frequency current-dependent
switching strategy is shown in Fig. 8(a), and its experimental
waveforms are shown in Fig. 8(b). As can be seen from Fig. 8,
I. arand 1. g represent the ON-state current of the SiC MOSFET
and ON-state current of the Si IGBT, respectively. Because the
load current is smaller than 20 A (/spa), only Pattern I in the
variable switching pattern strategy is adopted to achieve the low
switching loss of the Si/SiC hybrid switches. Therefore, the load
current always flows through the SiC MOSFET during the delay
time. Furthermore, when the switching frequency is changed
from 15 ~41 kHz, the power loss of the single-phase inverter
can be further reduced.
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Fig. 8. Variable-frequency current-dependent switching strategy at a load
current of 15 A (rms): The load current always flows through the SiC MOSFET
during the delay time, and the switching frequency is changed from 15~41 kHz
to further reduce the power loss of the single-phase inverter. (a) Control principle.
(b) Experimental waveforms.

Experimental results of different switching strategies at a
load current of 15 A are shown in Table III. Dy . repre-
sents the overcurrent time duration of each fundamental cycle
when the load current is larger than 20 A, and I, . repre-
sents the peak overcurrent value of the SiC MOSFET when the
load current is larger than 20 A. When the variable-frequency
current-dependent switching strategy is adopted, the THD of
the load current is 1.34%, which is slightly larger than that
of the conventional switching strategy and current-dependent
switching strategy (1.20% and 1.20%). And the power loss
of the single-phase inverter adopting the variable-frequency
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Fig. 9. Variable-frequency current-dependent switching strategy at a load

current of 25 A (rms): When the load current is smaller than 20 A, the load current
in this region will flow through the SiC MOSFET during the delay time. When
the load current is larger than 20 A, the Si IGBT in this region will bear the load
current during the delay time. Meanwhile, the switching frequency is changed
from 15~41 kHz to prevent the power loss of the single-phase inverter from
significantly increasing. (a) Control principle. (b) Experimental waveforms.

current-dependent switching strategy is 91.1 W, which is smaller
than that of the conventional switching strategy and current-
dependent switching strategy (97.4 and 97.3 W). Because the
load current is smaller than 20 A, the overcurrent stress concerns
are not considered in this condition.

Case 2: 100% of nominal load (at a load current of 25 A).

In this condition, the principle of the variable-frequency
current-dependent switching strategy is shown in Fig. 9(a), and
its experimental waveforms are shown in Fig. 9(b). As can be
seen from Fig. 9. When the load current is smaller than 20 A,
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TABLE III
COMPARISON OF DIFFERENT SWITCHING STRATEGIES AT A LOAD CURRENT OF 15 A (rms)

Overcurrent Time Duration (% of  Peak overcurrent

fs (kiz) THD Total power loss (W) each fundamental cycle) Dy_cysie value I, max
Conventional switching strategy 40 1.20% 97.4 X X
Current-dependent switching strategy [13] 40 1.20% 97.3 X X
Variable-frequency current-dependent
switching strategy (This work) 15~41 1.34% 911 x x
TABLE IV

COMPARISON OF DIFFERENT SWITCHING STRATEGIES AT A LOAD CURRENT OF 25 A (rms)

Overcurrent Time Duration (% of  Peak overcurrent

fs (kHz) THD Total power loss (W) each fundamental cycle) Dy_cysie value I pax
Conventional switching strategy 40 1.36%  225.2 Dy _cysie > 1% 20A <1y max < 25A
Current-dependent switching strategy [13] 40 1.39%  249.1 0% Ip max < 12A
Variable-frequency current-dependent 15 ~ 41 156% 2256 0% Iy max < 12A

switching strategy (This work)

Pattern I can be adopted to achieve the low switching loss of
the Si/SiC hybrid switch, so the load current will flow through
the SiC MOSFET during the delay time. When the load current
is larger than 20 A, Pattern II must be adopted in order to
effectively eliminated the adverse influence of the overcurrent
stress on the SiC MOSFET, so this switching pattern makes it
possible for Si IGBT to bear the load current during the delay
time when operating under a heavy load condition. Furthermore,
when the switching frequency is changed from 15~41 kHz,
the significant increase of power loss on single-phase inverters
caused by Pattern II can be prevented effectively.

Experimental results of different switching strategies at 100%
of nominal load are shown in Table IV. When the conventional
switching strategy is adopted, and the load current is larger
than 20 A, there are Dy _cycle > 1% and 20A < I, pmax < 25 AL Tt
means that there is severe overcurrent stress on the SiC MOSFET
under the heavy load operating condition. When the current-
dependent switching strategy is adopted, there are Dy cycle =
0% and I, max < 12A. It means that the adverse influence of
the overcurrent stress on the SiC MOSFET can be effectively
eliminated. However, the power loss of the single-phase inverter
adopting the current-dependent switching strategy is 249.1 W,
which is 23.9 W larger than that of the conventional switching
strategy.

When the proposed switching strategy is adopted, the power
loss of the single-phase inverter is 225.6 W, which is close to
that of the conventional switching strategy, and 23.5 W smaller
than that of the current-dependent switching strategy. When
the load current is larger than 20 A, there are Dy cycle = 0%
and I}, max < 12 A. It also means that the adverse influence of
the overcurrent stress on the SiC MOSFET can be effectively
eliminated. Meanwhile, the THD of the load current is 1.56%,
which is slightly larger than that of the conventional switching
strategy and current-dependent switching strategy (1.36% and
1.39%).

V. CONCLUSION

In this article, a novel variable-frequency current-dependent
switching strategy is proposed to solve the reliability issue of
the Si/SiC hybrid switch without reducing the efficiency of the
inverter. The proposed switching strategy comprises the variable
switching pattern strategy and the variable PWM frequency
strategy. The variable switching pattern strategy is implemented
by adopting two different switching patterns, and the optimal
delay time in different switching patterns is designed by the
power loss model and comparison experiment. The designed
variable switching pattern strategy can adjust the switching
frequency based on the current ripple.

An experimental platform of the Si/SiC-hybrid-switch-based
single-phase inverter is set up and tested, and the experimental
results prove that the proposed switching strategy can avoid
the overcurrent stress of the SiC MOSFET under the heavy load
operating condition compared with the conventional switching
strategy. And it also can achieve the lower power loss than
that of the current-dependent switching strategy. Therefore, the
Si/SiC-hybrid-switch-based single-phase inverter adopting the
proposed switching strategy can be further improved toward the
high current-carrying capacity, efficiency, and power density.
In fact, the concept of this switching strategy can be applied
to different kinds of inverters, which will be studied in a more
comprehensive way in the future.
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