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Abstract: In this paper, the performance variations of SiC MOSFET-based voltage and current source
inverters under gate oxide degradation are studied. It is confirmed that the turn-on and turn-off
delays of SiC MOSFETs change significantly by high electric field stress, which accelerates the gate
oxide degradation. Variations in the turn-on and turn-off delays of switching devices extend or
reduce the duty error of voltage source inverters and current source inverters. The performance
variations of the voltage and current source inverter due to the duty error changes caused by the gate
oxide degradation are analyzed through simulations. As a result, the gate oxide degradation worsens
the performance of the voltage source inverter. Furthermore, the negative gate oxide degradation,
which lowers the threshold voltage, decreases the performance of the current source inverter.

Keywords: turn-on delay; turn-off delay; gate oxide degradation; silicon carbide MOSFET; high
electric field stress; voltage source inverter; current source inverter

1. Introduction

Along with gallium nitride (GaN) field effect transistor (FET), silicon carbide (SiC)
metal-oxide-semiconductor field (MOSFET), a wide bandgap (WBG) device, is attracting
attention as a next-generation power switching device due to its high efficiency and power
density [1,2]. In particular, SiC MOSFET is increasingly used in systems close to human
life, such as electric vehicles [3]. As a result, the reliability of SiC MOSFET is becoming
more important.

A gate oxide degradation is a major aging phenomenon that affects the reliability of
SiC MOSFET along with a package degradation [4]. The package degradation is caused by
thermomechanical stress caused by temperature change [5]. If the package degradation
continues, phenomena, such as bond wire crack and lift-off, occur, leading to a switching
device failure [6,7]. Meanwhile, SiC MOSFET has a thin gate oxide layer, so electrons can
be injected into the oxide layer by the Fowler-Nordheim tunneling current. Moreover,
there are more interface trapped charges on the SiC/SiO; interface than Si MOSFET [8,9].
In particular, the interface trapped charge reduces the effective channel-carrier mobility
and changes the threshold voltage (V). The reduced effective channel-carrier mobility
eventually increases the on-resistance (R,) of the switch. The shift direction of the Vy, is
determined by the sum of the oxide trapped charge and the interface trapped charge. These
charges are changed more significantly by the gate oxide degradation. An increase in Vy,
causes an increase in conduction losses. Moreover, a decrease in Vy;, increases the risk of
the switch being turned on undesirably [10,11]. If the gate oxide degradation continues,
the gate insulation is eventually destroyed, and the control ability of the gate to switch is
lost [12].

The gate oxide degradation is accelerated under high electric field (HEF) stress or
high-temperature stress [13]. HEF stress is divided into positive HEF (PHEF) stress ap-
plying a positive voltage to the gate, and negative HEF (NHEF) stress using a negative
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voltage. Characteristic changes during the gate oxide degradation of SiC MOSFETs have
been studied through muchresearch [8,10,13-17], and Table 1 summarizes the previous
research about the characteristics of SiC MOSFETs under gate oxide degradation. In Table 1,
characteristics covered by the study were marked with an O, and properties not investi-
gated by the analysis were marked with an X. Furthermore, the characteristics measured
when the switching state is fixed are defined as stationary properties, and the properties
measured when the switching state changes are defined as transient properties. The station-
ary properties are Vy,, Ron, gate-drain capacitance (Cgy), gate-source capacitance (Cys), and
body diode forward voltage (V;). Moreover, the transient properties are Miller plateau
voltage (Vy;), Miller plateau time (T},), gate charge time (Tg), turn-on delay (Tg,,), and
turn-off delay (T jop)-

Table 1. Summary of previous research about characteristics of SIC MOSFETs under gate oxide
degradation.

Types of HEF Stationary Properties Transient Properties

Reference
PHEF NHEF Vy  Ren  Cg, Coa Vsd Vin Ty Tgc Tion Taofr

18] e} e o o o X X X X X X
[10] o) 0 o X X o) X X X X X
[13] 0 X o X X X o X X 0 X
[14] o) o) o X X X X X X X X
[15] o fe) o X X X X X X X X
[16] o o) o X X X X X O X X
[17] 0 X o X X X o o0 X X X

As shown in Table 1, previous studies dealt with the SiC MOSFET’s stationary prop-
erties under gate oxide degradation. However, research about transient characteristics of
S5iC MOSEFET has not been conducted much. Especially, except for T, in [13], no studies
on Ty, and Tyep under gate oxide degradation were conducted in previous studies. Ty,
and T, can impact the performance of voltage and current source converters. The voltage
source converter has a dead time to prevent a short circuit accident when one leg’s switches
are turned on simultaneously [18]. The dead time causes a duty error in the voltage vector.
In addition to the dead time, T, and Ty, introduce duty errors. These duty errors change
the output quality of the voltage source converter. Furthermore, an overlap time is required
in the current source converter to prevent an overvoltage of the DC link inductor from
occurring when all upper or lower switches are turned off simultaneously [19]. Like the
voltage source converter, the overlap time, T, and T,y generate the duty errors in the
current vector, resulting in changes in the output quality of the current source converter.
Therefore, studies on changes in T;,, and T o under gate oxide degradation are necessary.

In this paper, the changes of Ty, and Tyo of SiC MOSFET in the gate oxide degradation
are examined. In addition, the effects of T, and T, variations caused by the gate oxide
degradation on the performance of voltage and current source inverters are studied.

The structure of this paper is as follows. Section 1 is the introduction. Section 2
analyzes the effects of Vi, on Ron, Tyon, and Top. Section 3 describes HEF stress to accelerate
the gate oxide degradation. Section 4 compares Vy;, and R, changes of SiC MOSFET under
HEF stress with those of Si-based devices. Section 5 compares the changes in T, and
T of SiIC MOSFET under HEF stress with those of Si-based devices. In Section 6, the
performance variations of voltage and current source inverters according to the duty error
changes due to the gate oxide degradation are examined by the simulation. Section 7 is the
conclusion.



Machines 2022, 10, 1194

3 0f 30

2. Effects of Threshold Voltage Variation on On-Resistance, Turn-On Delay and
Turn-Off Delay

2.1. Gate Oxide Degradation

Gate oxide degradation is aging occurring in the gate oxide layer. Furthermore, it is
one of the major degradations of MOSFETs, like package degradation. As the gate oxide
degradation progresses, there is a change in V,, and this change can be explained by the
oxide trapped charge and the interface trapped charge in the gate oxide layer. Figure 1 is a
structure of the MOSFET and the gate oxide layer.

Gate

Source | Oxide | Source Gt

l N+ | +
P-well Pwell—_)J) | |  &====s Feeey Feeey
: Qo' : Q"ti

~ | Oxide {Qu}
N- drift region Oi E m
N+ substrate P-well
Drain

Figure 1. Structure of the MOSFET and the gate oxide layer.

In Figure 1, Qo denotes the oxide trapped charge, and Qj means the interface trapped
charge. By the gate oxide degradation, O, is generated inside the oxide layer, and Qy
is generated on the surface of the oxide layer. Vy, can be expressed as (1) using Q,¢ and
Qir [20]:

Qit — Qot
COX

In (1), Vo means Vy, in a fresh condition where the gate oxide degradation does not
proceed. C,y represents the gate oxide capacitance per unit area. Furthermore, g stands
for the electric charge. Moreover, Nj; and Ny mean the interface trap density and the
oxide trap density, respectively. When the gate oxide degradation proceeds, Q;; and Q,;
are generated. Vy, increases or decreases depending on which charge is more generated
relatively. As seen from (1), when Qj; occurs relatively significantly, Vy, rises. On the other
hand, when Qy is relatively large, Vy, decreases. The gate oxide degradation is accelerated
by HEEF stress. In general, in PHEF stress where a positive voltage is applied to the gate
voltage, Qj is generated significantly to increase Vy,. Meanwhile, in NHEEF stress where a
negative voltage is applied to the gate voltage, Qo is generated relatively significantly, and
Vy, decreases.

Vin = Vino + , Qit = qNit, Qot = qNot @

2.2. On-Resistance Variation Caused by Threshold Voltage

R,n can be subdivided into several types of resistances as follows (2) [8]:
Ron = Rep + Ra + Ryrer + Rp + Roup ()

In (2), Rgy, is the channel resistance, R4 is the accumulation resistance, Rjrgrt is the JEET
region resistance, R; is the drift region resistance, and Rg,;, is the substrate resistance. In the
case of SiC MOSFETs, among the five resistance types, R, is the most dominant [8]. R,
can be expressed as (3) [8]:

Lch

Ry~ ———, Vover = Vos — V; 3
ch Wchllcoxvover over gs th ( )

In (3), L., means the channel length, and W, represents the channel width. In addition,
u and Vper represent the channel mobility and the overdrive voltage, respectively. Vyer is
expressed as the difference between the gate-source voltage (Vgs) and Vy,. As seen from (3),
the variation of V., changes R.,. Therefore, when Vy, changes, R, also changes. When
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Vy, increases, Ve decreases, and Ry, increases. When Vy;, decreases, Ver increases, and
R, decreases. As a result, R, increases when Vy, increases, and R,,, decreases when Vy,
decreases.

2.3. Turn-On Delay Variation Caused by Threshhold Voltage

A definition of Ty, is the time from when Vs starts to rise to when the drain-source
current (I) starts to increase [21]. Vy, is related to Tj,, because Vy, is the voltage at which
Iy starts flowing through the switch. Figure 2 shows Vs and I;; waveforms when the
switch is turned on.

Ves
I/thp _________

| Idsn

|

Vthf ______ '
| | /Iy

I 1/

Vanm =24 1 17,
| Al/A 1. /}dxp
Ll

ty tin  tay  lmp 1
Figure 2. Waveforms of Vg5 and Iy in a turn-on state.

In Figure 2, fp means the time when Vgs starts to increase to turn on the switch. In
addition, ty; indicates the time when I in the fresh condition begin to rise. #;,,, and ty,,
denote a time at which I, start to grow when Vy, is negatively shifted and positively shifted,
respectively. Vy, and Iy in the fresh condition are expressed as Ving and Iysf, respectively.
Furthermore, Vy;, and Iy in the negative Vy, shift are described as Vy,,, and I, respectively.
Moreover, Vi, and I in the positive Vy, shift are denoted as Vy,, and Iy, respectively. As
shown in Figure 2, I starts to flow when Vs becomes greater than Vy,. T, of the fresh
state, the negative Vy, shift, and the positive Vy, shift can be expressed by (4), respectively:

Tdonf = tthf — to, Tgonn = ttnn — to, Tdonp = tthp —t 4)

Taonfr Taonn, and Tgopp in (4) mean Ty, in fresh condition, negative Vy, shift, and
positive Vy, shift, respectively. As shown in Figure 2, comparisons of Tyouf, Tionn, and Tonp
are expressed as (5). Therefore, as Vy, increases, T, increases:

Taonn < Tdonf < Tdonp ®)

2.4. Turn-Off Delay Caused by Threshold Voltage

A definition of T is the time from when Vs starts to decrease to when the drain—
source voltage (Vy;) begins to grow [22]. The point at which Vy increases in the off
transition is when Vs enters Vy, [22]. Therefore, the change in T o can be explained by V.
The relationship between V;,;, and Vy, can be expressed by (6) [20]:

Ids Lch
Vi =V + 4| ———— 6
m th 7 Cochh ( )

Partial differentiation of (6) with respect to Nyt and Nj; gives the following (7) [20]:

WV _ WV p ™ | Ly Ou__ Vy, 50 @)
ON;;  ONy 2 CoxWen ONjy — ON = 7
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From (7), it can be seen that an increase in Vy, increases V;;, and vice versa. Figure 3
shows the relationship between the change in V}, and Tz

Ve
I 1 Vinp
I TN V.

mf
I
I I I | an
1 1 | ] .
R
I I

v,

o ,J S I
I e I A
RIAVEN
B
L b F
17 l .
tm()tmp tmf tiun t

Figure 3. Turn-off waveform of Vgs and V; according to a variation of Vi,.

In Figure 3, Viup, Vi, and V;;; mean V, in positive Vy, shift, fresh state, and negative
Vi, shift, respectively. In addition, tmp, Emfs and t,;;, indicate a time when V; increases in
positive Vy, shift, fresh state, and negative Vy, shift, respectively. t,, is the point at which
Vs begins to decrease to turn off the switch. Figure 3 indicates that the time at which V
increases is faster as V,;, increases. Therefore, as V,,, increases, Tdoﬁc decreases and vice versa.
T 4ofr can be expressed as (8):

Taofrr = tmf — tmo, Taoffp = tmp — tmo, Taoffn = tmn — tmo 8)

In (8), Taofy, Taofy, and Ty, denote Ty in a positive Vi, shift, fresh state, and negative
Vi, shift, respectively. The magnitudes of Ty, Taofy, and T, can be expressed as (9):

Taofrp < Taofrr < Taoffn 9)

3. High Electric Field Stress

As shown in Figure 4, The HEF stress circuit was constructed to accelerate the gate
oxide degradation. The fabricated circuit was configured to apply HEF stress to five devices
simultaneously. The drain and source or collector and emitter of the switching device were
shorted to be connected to the ground. A resistor of 200 () was inserted to alleviate the
overshoot of the gate current when HEF stress was applied to the gate side [8]. HEF stress
was applied for 3600 s at room temperature, and the switching devices were disconnected
from the HEF stress circuit every 900 s to measure Vi, Ron, Ton, and Tgop 0f the switching
devices. The gate bias value used for HEF stress should be the proper value for accelerating
the gate oxide degradation and preventing the gate insulation destruction. For this, 50 V
was used as the gate bias value in PHEF. In the case of NHEF, the gate bias value was set
to —38 V. In this paper, characteristics, such as Vi, Ron, Tjon, and Taof, were compared by
applying HEF stress under the same conditions to various Si-based devices as well as SiC
MOSEET. The reason for this comparison is to confirm that SiC MOSFET is more susceptible
to the gate oxide degradation compared to other Si-based devices. The Si-based devices



Machines 2022, 10, 1194

6 of 30

used for comparison are Si IGBT, Si MOSFET, and Si IGBT with SiC diode. Information on
the switching devices used for characteristic comparison is given in Table 2.

1

i DUTs |

22000 Z2000 22000 T 2000
—@—

Il

200Q L

Figure 4. HEF stress circuit.

Table 2. Datasheet values of switching devices used in this paper.

Si IGBT Si MOSFET Si IGBT (Hybrid) SiC MOSFET
Values Conditions Values Conditions Values Conditions Values Conditions
nlfr?llger RGT60TS65DGC11 NTHL110N65S3F IXGH30N60C3C1 SCT3080AL
Voltage 650 V 650 V 600 V 650 V
Current 30 A T.=100°C 195 A T.=100°C 30 A T.=110°C 21 A T.=100°C
Ves =V, Ve =V,
— 8s ds ge ce —
Vi, 6V Ve =5V 3-5V l.=074 355V  L,=025 27-56v /e=10V
Le =21 mA Ij =5mA
mA mA
Vo =18Y,
Vee=15YV, Ves =10V, Vee=15Y, 85 !
gE 7 gb 7 gL 7 —
Ron 55 mQ) I, =30 A 98 mQ) In=15A 130 mQ) I, =20 A 80 mQ) Lys 1OOA,
T.=25°C
Tion 9ns V=400V 20ns  Vg=400V  17ns  Ve=300V  1ens 200V
Ie=30A Iis=15 A Ie=20A ?;‘_18
Vee=15V Ves =10V Vee=15V \g/S/SV
Rs=100 R =470 Rc=50
Taoff 100 ns ¢ 61 ns ¢ 42 ns ¢ 27 ns R.=300Q
Rc=00

The maximum gate voltages of Si IGBT, Si MOSFET, Si IGBT with SiC diode, and
SiC MOSFET, as seen from the datasheet, are —30/+30 V, —30/+30 V, —20/+20 V, and
—4/+22V, respectively. Therefore, it can be inferred from the datasheet that the SiC
MOSFET is most vulnerable to the large gate voltage. This paper experimentally checks a
low-rated gate voltage of SiC MOSFET by applying the same voltage stress to four types of
switching devices and examines a change of electrical characteristics caused by the gate
oxide degradation.

4. Investigation of Threshold Voltage and On-Resistance under High Electric
Field Stress

This paper investigated Vy, and R, according to HEF stress. The Vy; and R,,; mea-
surement circuits were configured as shown in Figure 5.

Figure 5 shows the case of Si MOSFET and SiC MOSFET. In the case of Si IGBT and Si
IGBT with SiC diode, Vs and I;; correspond to gate—emitter voltage (V) and collector—
emitter current (I.), respectively. Figure 5a shows the V};, measurement circuit.A device
under test (DUT) is connected to measure Vy;,, as shown in Figure 5a.Then, the magnitude
of Vs is gradually raised from 0 V until I is 1 mA. Vg, when Iy becomes 1 mA, is Vi, [14].
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As shown in Table 2, I; (or I.) used to measure Vy, is very small for Si MOSFET and
Si IGBT with SiC diode. These values are very small to measure with an oscilloscope.
Therefore, I;; (or I.) of 1 mA that can be measured with a small error is selected, and Vy, is
measured with 1 mA for all four devices.

TFTL 0o Jo
DUT —H—] MW
| Vg +

(a) (b)
Figure 5. Measurement circuits (a) Vi, (b) Roy.

Figure 5b represents the R,, measurement circuit. To measure R,;, the voltage used
to measure Ry, in the datasheet of each device is applied to Vgs. That is, Vgs for Roy
measurement is 15 V for Si IGBT, 10 V for Si MOSFET, 15 V for Si IGBT with SiC diode, and
18 V for SiC MOSFET. Then, I;; and V;; when the switch is fully on are measured with an
oscilloscope to eliminate the effect of parasitic components. Meanwhile, R, varies with
respect to the junction temperature.In order to reduce the variation caused by the junction
temperature change, the temperature rise of the switch is minimized by applying I;; (about
2 A) which is much smaller than the rated value of the switch for a short time (about 40 ms).
Ry is calculated using the measured V;; and Iy as (10):

Ron = Vds /Ids (10)

The measured device characteristics are expressed as the rate of change concerning
the initial value as (11):

Variation (O/o) = (Pﬂging — Pf,esh)/meh'loo (11)

In (11), Pyging represents a characteristic of the aging device. Moreover, P, is a
property of the fresh device. In Figure 6, the rules are established to distinguish the devices
used in this paper.

Device number

Characteristics 1: 1st device
Vth: Vy, 2 : 2nd device
Ron : R,, 3 : 3rd device
Tdon : Ty, 4 : 4th device
Tdoff : Tyysy 5 : 5th device
1 — Vth— P — 1

Types of switch Types of HEF

1:SiIGBT P : PHEF
2 : Si MOSFET N : NHEF
3 : Si IGBT with SiC diode

4 : SiC MOSFET

Figure 6. Device naming rule in this paper.

Figure 6 shows the device naming rule used in this paper. A device’s name is divided
into four parts. The first part indicates the type of switching device. As shown in Figure 6,
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a number is assigned to each switch type. The second part shows the measured device
property. The third part is the type of HEF, and the last part means the device number. The
example of Figure 6, 1-Vth-P-1, refers to the first switch among the five switches where
PHEEF stress is applied to the Si IGBT for the Vy, measurement.

4.1. Threshold Voltage Variation under HEF Stress

Figure 7 is the Vy, variations in PHEF stress according to the types of the switching
device. In Figure 7, Si IGBT with SiC diode is named Si IGBT (hybrid). Figure 7a,b
demonstrate that Vi, of Si IGBT and Si MOSFET had little change under PHEF stress. For Si
IGBT with SiC diode, as shown in Figure 7c, the average value of Vy, increased by about 3%
compared to the initial value. Figure 7d shows the V;, of SiC MOSFET according to PHEF
stress time. In the case of SiC MOSFET, V, rapidly increases after PHEF stress. After 900 s
PHEF stress, the average variation of Vy, exceeded 100%. Moreover, the average variation
of Vi, was 166% when PHEF stress was finished. Consequently, under PHEF stress, the SiC
MOSFET’s V, variation is more significant than Si-based devices. The Vy, increment in SiC
MOSEFET indicates that Q;; occurs relatively more than Q.

Vth qf Si lGFST in PHEF p Vth of Si MOSFET in PHEF
z o 1-Vth-P-1 ) e 2.Vih-P-
S i vers > vinra
= 4 ——1-Vth-P-3 = 4 ——2.Vth-P-3
2 —=—1-Vth-P-4 =] —s—2-Vth-P-4
E 2 ——1-Vth-P-5 _‘; 2 ——2-Vth-P-5
= =
g g san
——— —3 3 > 1
= s’
= = 3
0 900 1800 2700 3600 0 9200 1800 2700 3600
Stress time (s) Stress time (s)
(a) (b)
\67th of Si IGBT(hybrid) in PHEF lSOVth of SiC MOSFET in PHEF

1301

=

Vth variation (%)
~

Vth variation (%)
-]
—

—o—4-Vth-P-1

—9—4-Vith-P-2

0 —e—3-Vth-P-1 —=—3-Vth-P-4 30t ——4-Vth-P-3

—9—3-Vith-P-2 —0—3-Vth-P-5 —s—4-Vith-P-4

——3-Vth-P-3 —+—4-Vith-P-5

) =20
0 900 1800 2700 3600 0 900 1800 2700 3600
Stress time (s) Stress time (s)
(c) (d)

Figure 7. V, variations in PHEEF stress: (a) Si IGBT, (b) Si MOSFET, (c) Si IGBT with SiC diode, and
(d) SiC MOSFET.

A small level change in Vy, without a noticeable increase or decrease trend can be
regarded as a measurement error by the experimental equipment. Therefore, the V;, change
of Si IGBT and Si MOSFET in Figure 7 can be considered as the measurement error. On the
other hand, since Si IGBT with SiC diode and SiC MOSFET has a marked increase in Vy,,
even though considering the measurement error, Vy, variations in Si IGBT with SiC diode
and SiC MOSEFET can be referred to as a permanent shift in Vy,.

Figure 8 shows Vy;, variations in NHEF stress according to the types of the switching
device. As demonstrated from Figure 8a, in the case of Si IGBT, there were few changes
in Vy, after NHEEF stress. The average Vy, variations of Si MOSFET and Si IGBT with SiC
diode after 3600 s NHEF stress were —0.6% and —0.4%, respectively. For SiC MOSFET, the
amount of Vy, reduction was more significant than that of other types of switching devices.
When the NHEP stress time was 900 s, averagely, Vy, decreased by about 51% compared to
the initial value, and when the stress was finished, V;, decreased by about 69%. The Vy,
reduction in SiC MOSFET means that Q,; occurs more than Qj.
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Vth of Si IGBT in NHEF 4 Vth of Si MOSFET in NHEF
) ——1-Vth-N-1 —5— 1-Vth-N-4 & ——2-Vth-N-1 —=—2-Vth-N-4
< ——1-Vth-N-2 —o—1-Vth-N-5 < —%—2-Vth-N-2 ——2-Vth-N-5
= 2 ——1-Vth-N-3 = 2 ——2-Vih-N-3
= 2
= 0 e —— —— = [IX
= i TITTT e e )
g g
.:‘2 = -2
' d
- =

0 900 1800 2700 3600 0 900 1800 2700 3600
Stress time (s) Stress time (s)
(a) (b)

Vth of Si IGBT(hybrid) in NHEF ,Vth of SiC MOSFET in NHEF
) —o—3-Vth-N-1 —=—3-Vth-N-4 = ——4-Vth-N-1
s —7—3-Vth-N-2 —o—3-Vth-N-5 S ——4-Vth-N-2
= 2 ——3-Vth-N-3 = 20 ——4-Vth-N-3
= o —o—4-Vth-N-4
| O = ——4-Vth-N-5
5 5
g, S50
£ £
>—4 > 80

0 900 1800 2700 3600 0 900 1800 2700 3600
Stress time (s) Stress time (s)
(0) (d)

Figure 8. Vy, variations in NHEEF stress: (a) Si IGBT, (b) Si MOSFET, (c) Si IGBT with SiC diode, and
(d) SiC MOSFET.

Figure 8 indicates that, in NHEF stress, SiC MOSFET experiences considerable Vy,
reduction. This means that SiC MOSFETs have a greater risk of being switched on when
they should be switched off than other types of switching devices. Therefore, SiC MOSFETs
are more vulnerable to NHEF stress than Si-based devices.

4.2. On-Resistance Variation under HEF Stress

Figure 9 shows the changes of R, in PHEF stress according to the switching device.
For Si IGBT, shown in Figure 9a, R, increased by about 1.3% compared to the initial value
when the stress was finished. Furthermore, as shown in Figure 9b, the average R, variation
of Si MOSFET was about 0.3% after PHEF stress. For Si IGBT with SiC diode depicted
in Figure 9¢c, four out of five DUTs showed little change, but 3-Ron-P-1 had a reduction
tendency of R,,. From this, it can be seen that in the case of the Si-based device, the change
in R,y according to PHEEF stress is not significant. However, R, of SiC MOSFET increased
rapidly as PHEF stress progressed, as shown in Figure 9d. After the first 900 s of the stress,
Ron increased by about 55% on average, and at the end of the stress, Ry, rose to about 100%
compared to the initial value. As shown in Figure 7d, Vy, of SiC MOSFET in PHEF stress
rose, resulting in the reduction of V. in (3). As explained earlier, R,, of SiC MOSFET is
greatly affected by R.,. Therefore, due to the decrement of Vyer, Ron rose. Similar to the Vy,
trends in Figure 7, the rate of change of SiC MOSFET was the largest in Ry;. These results
indicate that the SiC MOSFET’s conduction loss can be larger than other Si-based devices
in the positive gate oxide degradation that raises V,.

Figure 10 shows the changes of R,, in NHEF stress according to the switching device.
Figure 10a—c describe that R, of Si IGBT, Si MOSFET, and Si IGBT with SiC diode had
no trend according to NHEF stress. R, of Si IGBT had the variation within about 6%
depending on the stress. In the case of Si MOSFET, a device with an increase in Ry, a
device with a decrease in R,;, and a device with few changes in R,; appear. R,, of Si
IGBT (hybrid) had the slightest change according to NHEF stress. Meanwhile, Figure 10d
demonstrates that SiC MOSFETs had a reduction trend of R, according to NHEF stress. At
the end of the stress, the variation in R,; of 4-Ron-N-1 was about —6%, and the variation in
R,y of 4-Ron-N-5 was about 18%.
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Figure 9. R, variations in PHEF stress: (a) Si IGBT, (b) Si MOSFET, (c) Si IGBT with SiC diode, and
(d) SiC MOSFET.
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Figure 10. R, variations in NHEF stress: (a) Si IGBT, (b) Si MOSFET, (c) Si IGBT with SiC diode, and
(d) SiC MOSFET.

The R,, reduction of SiC MOSFET in the NHEF stress can be explained by the Vy,
change. As shown in Figure 8d, Vy, of SiC MOSFET decreases in NHEF stress. This Vy,
reduction raises Ve in (3). As a result, R, decreases.
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5. Turn-On and Turn-Off Delay under High Electric Field Stress

Figure 11 represents a double pulse test circuit (DPTC) used to measure T, and Ty,
Figure 11 shows the DPTC used to measure the T, and T4 of the switching devices. A
gate driver named SKHI22BR was used in this paper. The gate driver driving pulse in the
DPTC was generated through a digital signal processor (DSP). The DSP used in this paper is
TI TMS320F28335. Furthermore, UP-3005T was used for DC supply. Figure 11a is the circuit
diagram for measuring Ty, and Ty DUT is located at the bottom, as shown in Figure 11a.
A large gate driver resistor was used to easily observe Ty, and T4 characteristics [17,21].
The gate driver resistor Rq for Ty, and Tgof is 485 ).

D
Digital signal
processor

(a) (b)
Figure 11. DPTC (a) circuit diagram, and (b) picture of DPTC.

5.1. Turn-On Delay Variation under HEF Stress

Figure 12 shows some of the results of the T, experiment in PHEF stress. Tj,, in
the fresh state and T, after 3600 s of PHEF stress are displayed together. As shown in
Figure 12, in the case of Si-based devices, the difference between before and after PHEF
stress is not observed. However, as demonstrated from Figure 12d, T, of 4-Tdon-P-4,
which is SiC MOSFET before the stress was about 232 ns, but T;,,, measured after the
stress was about 414.4 ns. Therefore, the T, of 4-Tdon-P-4 had an increase of about 79%
compared to the initial value. A change in T}, can be explained by V}, variation. As shown
in Figure 12, the Vy, of Si-based devices hardly changed after PHEF stress. However, in
the case of SiC MOSFET, Vy, grew significantly after PHEF stress. Therefore, the rise of Vy,
raised T ;-

1-Tdon-P-5 2-Tdon-P-1
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Figure 12. Cont.
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Figure 12. Turn on waveforms in PHEF stress: (a) 1-Tdon-P-1, (b) 2-Tdon-P-2, (c) 3-Tdon-P-1, and
(d) 4-Tdon-P-4.

Figure 13 shows all of the results of the T, experiment in PHEF stress according to
the type of the switching device. Figure 13a—c indicate that there is no significant increase
or decrease in Ty, according to PHEF stress for Si-based devices. However, in the case
of SiC MOSFETs, an increasing trend of T, was observed in PHEEF stress, similar to Vy,
in Figure 7d. At 900 s of PHEEF stress, Tj,, rose sharply and continued to increase. In
particular, 4-Tdon-P-4 had a very large variation of about 80% in Tj,, compared to the
fresh condition after 3600 s of PHEF stress. Other SiC MOSFETs increased by 40% to 50%
compared to the initial value. Based on Figures 12 and 13, it can be seen that SiC MOSFETs
have a more considerable T}, increment during PHEF stress compared to Si-based devices.
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Figure 13. T, variations in PHEF stress: (a) Si IGBT, (b) Si MOSEFET, (c) Si IGBT with SiC diode, and
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Figure 14represents some of the results of the T, experiment in NHEF stress. Figure 14
shows that no significant change in T,, was observed for Si-based devices under NHEF
stress. However, the T}, of 4-Tdon-N-2 was reduced after NHEF stress. T,,,, of 4-Tdon-N-2
in the fresh condition was 293.6 ns. Moreover, 4-Tdon-N-2 after NHEF stress was 248 ns.
Therefore, the Tj,, variation of 4-Tdon-N-2 was —16%. This change is opposite to the
trend in the PHEEF stress of SiC MOSFET. Tj,,, of 4-Tdon-N-2, a SiC MOSFET, was reduced
because Vy, decreased after NHEF stress.
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Figure 14. Turn on waveforms in NHEF stress: (a) 1-Tdon-P-1, (b) 2-Tdon-P-2, (¢) 3-Tdon-P-1, and
(d) 4-Tdon-P-4.
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Figure 15 shows all the results of the Ty, experiment in NHEEF stress. Figure 15a—c
describe that there was no significant change in T}, of Si IGBT, Si MOSFET, and Si IGBT
with SiC diode under NHEEF stress. However, in SiC MOSET, Figure 15d shows that Ty,
decreased as the NHEEF stress progressed. After 3600 s of NHEF stress, the average T, of
the five SiC MOSFETs decreased by about 13% compared to the initial value. The Ty, of SiC
MOSFET decreases with the NHEF stress due to the reduction of Vy;,. As shown in Figure 2,
Taon is reduced as Vy, decreases. Figure 8d shows that V;, of SiC MOSFET decreased after
NHETF stress. Therefore, the T, of SiC MOSFET is reduced under NHEEF stress.
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Figure 15. T,,, variations in NHEEF stress: (a) Si IGBT, (b) Si MOSFET, (c) Si IGBT with SiC diode,
and (d) SiC MOSFET.

5.2. Turn-Off Delay Variation under HEF Stress

Figure 16 shows some of the results of the Ty experiment in PHEF stress. As shown
in Figure 16, in the case of 1-Tdoff-P-1, 2-Tdoff-P-2, and 3-Tdoff-P-1, the difference between
before and after PHEF stress was not clear. However, T of 4-Tdoff-P-4, as shown in
Figure 16d, decreased sharply after PHEF stress. The Ty, variation of 4-Tdoff-P-4 was
—42%. This reduction in Ty, can be explained by a change in V,,,. Looking at the change in
Vi before and after PHEF stress shown in Figure 16d, it can be seen that V, increased after
PHEF stress. Therefore, the T4 of the SiC MOSFET, 4-Tdoff-P-4, is reduced.
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Figure 16. Turn off waveforms in PHEEF stress: (a) 1-Tdoff-P-1, (b) 2-Tdoff-P-2, (c) 3-Tdoff-P-1, and
(d) 4-Tdoff-P-4.

Figure 17 is all the results of the Ty, experiment in PHEF stress. For Si IGBT, Si
MOSFET, and Si IGBT with SiC diode, Figure 17a—c demonstrate that there was no clear
trend of increase or decrease in T, in PHEF stress. However, in the case of SiC MOSFETs,
T 4o decreased steadily and sharply under PHEF stress. The average Ty variation of SiC
MOSFET after 3600 s of PHEF stress was —46%. In PHEF stress, as shown in Figure 7d, Vy,
increases. In addition, Equation (7) indicates that when Vy, increases, V,;, also increases.
The rise of V,;, decreases Taofr, s illustrated in Figure 3. Therefore, under PHEF stress, the
T of SIC MOSFET is reduced, as shown in Figure 17d. Consequently, the T of SiC
MOSFET is significantly reduced under PHEF stress compared to other Si-based devices.
Figure 18 is some of the results of the T,y experiment in NHEF stress. Figure 18a—c
indicate that Si-based devices did not have much change in Tdoﬁ in NHEF stress. However,
Tofr of 4-Tdoff-P-4 had a noticeable difference. T of 4-Tdoff-P-4 in the fresh condition
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was 452.0 ns. Moreover, the Ty of 4-Tdoff-P-4 after 3600 s of PHEF stress was 560.8 ns.
Therefore, the T,y variation of 4-Tdoff-P-4 was 24%. Figure 18d demonstrates that Vi,
decreased after NHEEF stress. As shown in Figure 3, decreasing V), raises Taofr- Therefore,
the Tyop of 4-Tdoff-P-4 increased.
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Figure 17. T,y variations in PHEF stress: (a) Si IGBT, (b) Si MOSFET, (c) Si IGBT with SiC diode, and
(d) SiC MOSFET.
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Figure 18. Turn off waveforms in NHEF stress: (a) 1-Tdoff-P-1, (b) 2-Tdoff-P-2, (c) 3-Tdoff-P-1, and
(d) 4-Tdoff-P-4.

Figure 19 represents all the results of the T,7 experiment in NHEF stress. For Si-based
devices, no clear trend was observed in NHEF stress. However, as shown in Figure 19d,
the Ty of SiIC MOSFETS increased as the NHEF stress continued. The average Ty of
SiC MOSEFETs after 3600 s of PHEF stress was 24%. In particular, 4-Tdoff-N-3 showed a
significant change as T, increased by about 33% compared to the initial value. It was
mentioned in the previous discussion that the decrement of Vy, raises Tiofr. Figure 8d
demonstrates that Vy;, decreases with NHEF stress. Therefore, Ty, rises in NHEF stress.
Table 3 summarizes changes in Vi, Ron, Tgon, and Ty under HEF stress according to
switch types. The values in Table 3 are results obtained after 3600 s of HEF stress. Table 3
demonstrates that Vi, Ron, Tion, and T g variations of SiC MOSFET are larger than those
of Si-based devices.
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Machines 2022, 10, 1194 18 of 30

EﬁlOﬂ- of Si IGBT(hybrid) in NHEF Tdoff of SiC MOSFET in NHEF
—s—3-Tdoff-N-1 —=—3-Tdofi-N-4 _ S0 —o—4-Tdoff-N-1 —o—4-Tdof-N-4
;@ 20 }|~7—3-Tdoff-N-2 ——3-Tdoff-N-5 32 40 [[+—4-Tdoff N-2 ——4-Tdoff- N-5
< ——3-Tdoff-N-3 < ——4-Tdoff-N-3
T o 30
£ £
=] = 20
g’ Z 10
A-10 2
=20 -10
0 900 1800 2700 3600 0 900 1800 2700 3600
Stress time (s) Stress time (s)
(0) (d)
Figure 19. T4 variations in NHEF stress: (a) Si IGBT, (b) Si MOSFET, (c) Si IGBT with SiC diode,
and (d) SiC MOSFET.

Table 3. Threshold voltage, on-resistance, turn-on delay, and turn-off delay variations according to
switch types under HEF stress.

Si IGBT Si MOSFET Si IGBT with SiCDiode SiC MOSFET

” PHEF 0% 0% 3% 166%
h
’ NHEF 0% 1% 0% —69%
. PHEF 1% 0% 0% 100%
“  NHEF —1% 1% 1% —12%
PHEF 1% 0% 0% 52%
Tdon
NHEF 0% 0% —1% —13%
PHEF 1% 1% 0% —46%
Taof
NHEF 1% 1% —3% 24%

6. Performance of Voltage and Current Source Inverter with Duty Error Changes

The previous experimental results demonstrate that T, and T4, change after HEF
stress. In other words, it means that the duty error of the converter changes as the gate
oxide degradation progresses. This section analyzes the effects of duty error change
according to HEF stress on the performance of voltage source and current source inverter.
In the characteristic analysis according to HEF stress, a large gate resistance was used to
sensitively observe changes in Ty, and Tyop. Ton and T o of SIC MOSFET using a practical
gate resistance of 15 () are shown in Figure 20.

V4 [25 V/div]

n
56ns |/ V[5V/div]
L5 [2.5 A/div]

I [2.5 A/div]

1
!
1
| V4[10 V/div]
1
! [0.1 us/div] [0.1 us/div]

Figure 20. Turn-on and turn-off waveforms when R = 15 (): (a) turn-on, and (b) turn-off.

Figure 20 shows the turn-on and turn-off waveforms when Ry is 15 Q). As shown in
Figure 20, a smaller R, results in shorter T, and T, because Vs changes faster. However,
since Vy,, which is a parameter that determines Ty, and T, is the same regardless of Ry,
the ratio of the change in Ty, and T according to Vy, variation is similar even if Ry is
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different. Therefore, the rate of change of Ty, and T according to the HEF stress time
obtained in this paper is applicable even when Ry is 15 (). As shown in Figure 20, when
Rq is 15 Q), Typy is 56 ns, and Ty is 64 ns. In order to calculate the change of duty error
according to the HEF stress time, it is necessary to know the rate of change of Ty, and T of
according to the stress time. As shown in Figures 13d, 15d, 17d and 19d, Tgo, and T
in each condition were obtained using five devices. Using the average value of the five
devices, the rate of change of Ty, and T, in PHEF and NHEF stress can be calculated.
Figure 21 shows the rate of change of T, and T, obtained by average values of results
in Figures 13d, 15d, 17d and 19d. In Figure 21, Rate;,, represents the change rate of T,
according to stress time, and Rategq means the change rate of Taof according to stress time.
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Figure 21. Ratey,, and Rategr according to the stress time in PHEF and NHEF stress: (a) PHEF stress,
and (b) NHEEF stress.

6.1. Performance Variation of Grid-Connected Voltage Source Inverter with Duty Error Change
Due to Gate Oxide Degradation

This section examines the performance variation of the grid-connected voltage source
inverter according to the duty error change due to the gate oxide degradation. Figure 22
shows a typical grid-connected voltage source inverter.
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Figure 22. Grid-connected voltage source inverter.

In general, a grid-connected voltage source inverter is controlled with a current alone
or a current and power simultaneously [23]. Figure 22 shows a grid-connected voltage
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source inverter with both current and power controls. In Figure 22, Sy1, Sy2, Sy3, Sv4, Sys,
and Sy mean the switches of the voltage source inverter. In addition, V. is the inverter
input voltage, and C, is the inverter input capacitor. R; and L; are line resistance and line
inductance, respectively. Moreover, L; and Cy mean the inductance and capacitance of the
LC filter of the inverter output, respectively. V, indicates the grid voltage, and i; represents
the grid current. The voltage source inverter in Figure 22 simultaneously controls the grid
current and instantaneous power. For the inverter control, first, the three-phase grid voltage
and grid current are converted using abc to a transformation. The abc to a8 transformation
is as (12). In (12), igq, igp, and igp are a-phase, b-phase, and c-phase grid current, respectively.
Moreover, vg,, vgp, and vy, are a-phase, b-phase, and c-phase grid voltages, respectively:

i] L1 —05 —05 ]|
. =3 lop |,
igs] °10 V3/2 —VB3/2] |8
i (12)
[vga} _ [1 —05 —0.5} o
-3

Vgp 0 V3/2 —V3/2]| &
Ugc

Using the « and f values of the three-phase grid voltage and current converted by
(12), the instantaneous active power (P) and reactive power (Q) are calculated as in (13):

P = 1'5(Ugtxigzx —+ Ugﬁigﬁ>' Q = 1.5(Ug‘[3igo¢ - Ugtxig/g) (13)

The instantaneous reactive power must be controlled to zero for the unity power
factor control. Therefore, the reference of the instantaneous reactive power, denoted by
Q’, is set to zero. Moreover, the reference of the instantaneous active power is applied as
a desired value. In Figure 22, P* means the reference of the instantaneous active power.
The instantaneous power calculated by (13) and its reference value are inputs to the PI
controller for the power control.

Figure 23 shows the PI controller for the power control. The PI controller for the active
power control generates an output value by amplifying and integrating the difference
between P* and P, as shown in Figure 23. The output value of the active power becomes i; i
Similarly, for the reactive power control, the output value, ig,, is generated by amplifying
and integrating the difference between Q* and Q. ig; and iy, mean the reference value of
the d and ¢ value of the grid current. Kp, Ky, Kpg, and Kj; in Figure 23 represent coefficients
used in the PI controller for the power control.

P*_"LO_, K, + K;,/sl— iz

|

P

* + o
0 _’O_’ Ky + Kig/s/—1gq

|

0

Figure 23. PI controller for power control.

Meanwhile, for the grid current control, the d and g values of the grid current are
required. By (14), the d and g values of the grid current are obtained:

lod _ cost  sinb| |igy (14)
igq —sinf cosf igﬁ
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In (14), 8 is the phase of the grid voltage and is calculated through a phase-locked loop
(PLL). The grid current reference values, which are the output of the PI controller for the
power control, and the d and g values of the grid current from (14) are applied as the inputs
of the PI controller for the grid current control.

Figure 24 shows the PI controller for the grid current control. As shown in Figure 24,
to control the d value of the grid current, the output of the PI controller is generated by
amplifying and integrating the difference between the reference value and the actual value
of igy. The output of the PI controller controlling i, is v}, which is the d value of the voltage
source inverter control signal. Similarly, to control the g value of the grid current, the
output vy is generated by amplifying and integrating the difference between the reference
value and the actual value of ig;. v; means the g value of the voltage source inverter control
signal. The reference values of io; and iz, which are expressed as i; 4 and ig, are the output
of the PI controller for the power control, shown in Figure 23. K,¢4, Kig4, Kpgq, and Kijg, in
Figure 24 mean coefficients used in the PI controller for the grid current control.

*

.+
lod —>O_> Kpgd + Kigd/s Vd

igq

.+
lgq 'Q_’ Kpgy + Kigy /s Yq

gy
Figure 24. PI controller for grid current control.

vy and v; undergoes dq to a conversion and af to abc conversion, resulting in vy, vy,
and v} .The switching signals of the voltage source inverter are generated using space vector
modulation [24]. The space vector modulation is implemented using an offset voltage, as
shown in Figure 25 [25].

Comparator
v () A
“ ./ i Svi
+ NOT
e ™
* + |
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Sv2
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voltage | /\/\/\/\
Carrier

Figure 25. Space vector modulation using the offset voltage.

Figure 25 shows the space vector modulation using the offset voltage. v;, v;, and v in
Figure 25 are the inverter control signal of a-phase, b-phase, and c-phase, respectively.v}, v;‘,
and v; are obtained from dq to ap conversion and af to abc conversion of v; and v;. The
offset voltage is calculated as follows (15):

Ooff = *0-5'(Vmax + Vmin) (15)

In (15), v,y means the offset voltage for the space vector modulation. Moreover, the
largest of v}, v}, and v} becomes Vy;x and the smallest becomes V,,;,,. Switching signals are
generated by comparing the carrier with the values obtained by adding the offset voltage
to vy, v;, and vZ. Note that the switching frequency of the inverter is determined by the
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frequency of the carrier. In the voltage source inverter, the switches of one leg operate
complementarily. Since a huge current can flow at the moment when all the switches of
one leg of the voltage source inverter are on, the dead-time is set to make all switches of
one leg be off when the switching state changes. In addition, the duty of the switch is
changed by T, and Ty Figure 26 shows gating signals and the a-phase pole voltage
considering the dead time, Tg,y,, and T 0f Sy1 and Sys which are the a-phase switches of
the grid-connected voltage source inverter in Figure 22.
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Figure 26. Current path and gating signals of Sy1 and Sy4 considering dead time, T, and Ty (a)
current path in i > 0 (b) current path in i < 0 (c) gating signals of Sy; and Sy4.

In Figure 26, T; means the dead time. Furthermore, V,y is the a-phase pole voltage. T
is the ideal dwelling time of Vgn. Ty is the dwelling time of V;y considering T, Tyo,,, and
Tof when the switching devices are fresh and the pole current (i) is positive. In addition,
Tactnjr is the dwelling time of Vi considering Ty, Tgon, and Ty when the switching devices
are fresh and the pole current is negative. Ty, and Ty, denote turn-on delay and
turn-off delay in aged condition, respectively. Moreover, T, is the dwelling time of V,y
considering Ty, Ty, and Tjo when the switching devices are aging and the pole current
is positive. In addition, T, is the dwelling time of Vi considering Ty, Tyon, and T
when the switching devices are aging, and the pole current is negative. Figure 26a,b show
the current path according to the pole current direction. Figure 26a,b demonstrate that the
dwell time of V5 changes, as shown in Figure 26¢, because the path through which the
current flows varies according to the sign of the pole current [26]. Equation (16) represents

Tactp/f and Tactn/f:
Tactp/f = Tr = Ta = Taon/ s + Taofr/ 5/ (16)
Toctnsf = Tr + T — Taons 5 + Taoff/ ¢
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Equation (16) becomes as (17) when aging is considered:
Tactp/a =T —Tg — Thonsa + Tdoff/a/ (17)
Toctnsa = Tr + Tg — Tgonsa + Tdoff/a'
Tionsa and Top, in (17) can be calculated through (18):
Taon/a = Tdon/f(1 + 0~01Ratedon)/ (18)

Taoff/a = Taoff/f(1 + 0.01Rategorf)

In (18), Rateg,, and Rateyq can be obtained from Figure 21. Meanwhile, the duty error
due to aging can be calculated as (19) using (17) and the voltage source inverter switching
frequency (Fswo):

Depv = (Tactp/u - Tr) Fswo = <_Td - Tdon/a + Tdoff/a)stv/

19
Denv = (Tactn/a - Tr)Pswv = (+Td - Tdon/ﬂ + Tdoff/a)stv‘ ( )
In (19), Depo means the duty error of the voltage source inverter due to the gate oxide
degradation when the pole current is positive. D,y also represents the duty error of
the voltage source inverter due to the gate oxide degradation when the pole current is
negative. Figure 27 shows the duty error of the voltage source inverter according to the
aging stress time.
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Figure 27. Duty error according to stress time (a) i > 0, and (b) i < 0.

Figure 27a shows the duty error according to the stress time when the pole current
is positive. When the pole current is positive, the duty error increases at PHEF stress and
decreases at NHEF stress. Figure 27b shows the duty error according to the stress time
when the pole current is negative. When the pole current is negative, the duty error at
PHEF stress decreases and the duty error at NHEF stress increases. In this chapter, the
effects of the change in the duty error due to the gate oxide degradation on the output
of the grid-connected inverter are analyzed through simulation. The parameters of the
inverter used in the simulation are summarized in Table 4.

Figure 28 shows the simulation results of the grid-connected voltage source inverter
according to HEF stress. Figure 28a—c are simulation results when using the duty error
calculated from the fresh condition, PHEF stress during 3600 s, and NHEEF stress during
3600 s, respectively. Figure 28 demonstrates that the THD of the grid current is the highest
when the NHEEF stress is applied for 3600 s. In addition, the peak-to-peak value of P is the
largest in the case of PHEF stress. Moreover, the peak-to-peak value of Q is the largest in
the case of NHEEF stress.
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Table 4. Parameters of grid-connected voltage source inverter.

Parameters Value
Vi 700 V
Cac 550 uF
Ly 3mH
Cr 20 uF
R 020
L 0.15mH
Ve 31113V
Switching frequency 20 kHz
Tap 0.3 us
P* 3 kW
Qr 0
_ Fresh _ PHEF 3600s
- i(} /ig,, /ixb /ig, - iE ’én ’gb lg
P IR RO
© 0 y :ié THD =3.76 %
3.20
T LTI = ;\ TR o
S RLRNRERARTRTANY (R Sos iR LR AR ALY
: Z;EJEGMMMMMI\ AMAAARR : 2133 M\J\Nﬂf ﬁ(ffﬁ MBARAAAA
Ll T e A
e wm o A TR TR
(a) (b)
} NHEF 3600s
2 iE isn 'gb ’gr
P ISR
: -ES THD =3.79 %
- 3.20 - P
A AN/\;\MMMM lmw
R ARARAARARAARARARE |
g |
oA AR AR AR
Ee ROl

=300

0.2 0.21 0.22 0.23 0.24 0.25
Time (s)

(c)

Figure 28. Simulation results of the grid-connected voltage source inverter according to HEF stress:
(a) fresh condition, (b) PHEF stress during 3600 s, and (c) NHEF stress during 3600 s.
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Figure 29 showsgraphs summarizing the THD of the grid current and the peak-to-peak
values of the instantaneous power according to the stress time. Figure 29 indicates that
as the gate oxide degradation progresses, the quality of the grid current and the reference
tracking ability of the voltage source inverter deteriorates.
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Figure 29. Performance change of voltage source inverter under HEF stress time: (a) THD, (b)
peak-to-peak value of P, and(c) peak-to-peak value of Q.

Figure 30 shows experiment waveforms of a three-phase voltage source inverter with
RL load. A-phase of the inverter in Figure 30 was composed of SiC MOSFETs aged with
PHEEF stress. In addition, the remaining phases were composed of fresh SiC MOSFETs.
Figure 30a represents the waveforms when the upper switch of a-phase is turned on. In
Figure 30a, V4;_say means the Vi of the upper switch of a-phase. Furthermore, Vs say
represents the Vs of the upper switch of a-phase. Moreover, I;; s,y is the I of the upper
switch of a-phase. Figure 30a shows that the turn-on delay of the a-phase upper switch
is 60 ns. Figure 30b is the three-phase current waveform of the inverter. In Figure 30b,
ira, irp, and i, represent the a-phase, b-phase, and c-phase inverter currents, respectively.
Figure 30b demonstrates that the shape of the waveform hardly changes even when a-
phase is aged.Therefore, Figure 30b shows that the aging degree of the inverter cannot be
monitored by the load current shape.
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Figure 30. Cont.
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(b)
Figure 30. Experiment waveforms of three-phase voltage source inverter with RL load: (a) turn-on
waveform of aged a-phase upper switch, and (b) three-phase load current with aged a-phase.
6.2. Performance Variation of Current Source Inverter with Duty Error Change Due to Gate
Oxide Degradation

This section examines the performance variation of the current source inverter (CSI)
according to the duty error change due to the gate oxide degradation. Figure 31 shows a

three-phase CSI.
SCQEI} SCQEI} scﬂg} ;
C
3 3

—
. 2 4 4 L, R,
de i- : a
! I
14 (I B ¢

Sea|F1 ¥ Seq | T Sea | _LUCC

Figure 31. Three-phase CSIL

In Figure 31, Sc1, Sc2, Sc3, Sca, Scs, and Seg represent the switches of the CSI. Addi-
tionally, R and L. are the load resistor and inductor, respectively. Moreover, i, means
the output current of the current source inverter. I is the input DC current supplied by
the current source which can be expressed as a voltage source (V) and an inductor (L)
connected in series. L. represents the DC link inductor. C, is the output capacitor required
to drive the current source inverter. The current source inverter is usually controlled by
space vector modulation [27].

In the CSI, I, on the input side must flow without interruption. If the path through
which I, can flow disappears, an overvoltage is induced in Lj.. The voltage induced by the
variation of I;, is expressed by (20). In (20), V4. denotes a voltage induced in L. Therefore,
in the current source inverter, the overvoltage in L. is prevented by setting the overlap
time when the switching state changes:

dl
Vige = Lac—- (20)

Figure 32 represents the gating signals of the CSI in Figure 30.
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Figure 32. Gating signals of CSL.

In Figure 32, T,, means the overlap-time set in advance when outputting the switching
signals. In addition, T,y means the dwelling time of the switching signal considering Ty,
Ton, and T in the fresh state. Moreover, T, represents the dwelling time of the switching
signal considering Toy, Tgon, and Tyop in the aged state. Ty indicates the dwelling time of
the switching signal under ideal conditions. T, and Ty, are calculated through (21):

Torsf = Tre + Too — Taons f + Taoff/fs

21
Tor/a = Trc+Tov_Tdon/a+Td0ff/a @)

Tionsa and Tgopps in (21) are calculated by (18). From (21), the duty error of the CSI
when it is aged can be obtained as (22):

Dec = (Tor/a = Tre) Fowe = (Tov — Taonsa + Tdoff/a)stc (22)

In (22), D,. means the duty error of the CSI according to aging. Moreover, Fgy
represents the switching frequency of the CSI. Figure 33 shows the duty error of the CSI
according to the HEF stress time. As shown in Figure 33, the duty error decreases under
PHEEF stress and increases under NHEF stress.

—ea— PHEF

—— NHEF

Duty error in CSI

0 200 1800 2700 3600
Stress time (s)

Figure 33. Duty error in CSI according to HEF stress time.
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A simulation was conducted to find out the effect of the change in duty error due
to the gate oxide degradation on the CSI output current THD. Using the simulation, the
THD of the output current of the CSI according to the duty error is examined. The CSI
is controlled through space vector modulation, and open-loop control is performed. The
parameters of the CSI used in the simulation are shown in Table 5.

Table 5. Parameters of CSI.

Parameters Value

Ly 10A

R 10 Q)

L. 1 mH

Cr 20 uF
Switching frequency 5 kHz
Tov 0.3 us

Modulation index 0.2

Figure 34 shows the simulation results of the CSI according to HEF stress. iz, ic,
and i in Figure 34 represent the g, b, and c-phase output currents of the CSI, respectively.
Figure 34 demonstrates that simulation results at PHEF stress have the smallest THD of the
output current. In addition, the output current quality at NHEF stress is the worst.
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Figure 34. Simulation results of the CSI according to HEF stress: (a) fresh condition, (b) PHEF stress
during 3600 s, and (c) NHEF stress during 3600 s.

Figure 35 summarizes the average of the three-phase output current of the CSI accord-
ing to the stress time. Figure 35 shows that in the case of PHEF stress, where the duty error
decreases with the stress time, the THD of the three-phase output current is reduced as the
stress time increases. However, in the case of NHEF stress, the THD of the output current
slightly increases because the duty error rises with the stress time.
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Figure 35. THD of the output current of the CSI according to HEF stress.

7. Conclusions

This paper conducted studies on the changes in Ty,, and T, of SiIC MOSFETs due
to the gate oxide degradation. In addition, the performance variations of voltage and
current source inverters due to changes in Ty, and T, were examined. As a result, it
was confirmed that Ty, and T4 of SiC MOSFETSs significantly changed compared to other
Si-based devices under the gate oxide degradation. In addition, variations in Ty, and T
due to the gate oxide degradation worsened the output performance of the voltage source
inverter. Moreover, changes in Tg,, and Ty due to the negative gate oxide degradation
reducing Vy, declined the output performance of the current source inverter. These results
indicate that the output performances of the SiC MOSFET-based voltage and current source
inverter deteriorate under gate oxide degradation.
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