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A Novel Active Temperature Management Strategy
for S1IC MOSFETsSs

Ruoyin Wang

Abstract—A major factor limiting the reliability of SiC MOSFETs
is junction temperature fluctuation under nonstationary condi-
tions. This article proposes an equivalent gate resistance control
method to dynamically regulate switching loss, enabling active ther-
mal management (ATM) of individual devices. Unlike conventional
multiplexer-based approaches, the proposed method uses only two
discrete resistors, reducing circuit complexity while achieving con-
tinuous control via delay modulation. Experimental results show
that the proposed ATM method can effectively suppress temper-
ature fluctuations (from 18.83 to 9.85 K), and the lifetime model
estimation indicates a potential improvement of up to 2.18 times. To
address the tradeoff between reliability and efficiency, this article
further introduces the concepts of temperature control operating
space and junction temperature control coefficient, enabling coor-
dinated lifetime improvement with minimal additional power loss.

Index Terms—Active thermal management, equivalent gate
resistance control, junction temperature fluctuations, lifetime, SiC
MOSFET.

I. INTRODUCTION

OWER electronics technology is constantly being applied
P and developed in various fields [1], [2], [3]. Power elec-
tronic devices are critical in converting, transmitting, and con-
trolling electric energy, and they will impact power network
expansion and performance in the future. The wide band-gap
semiconductor devices represented by SiC devices are widely
used in producing high-temperature, high-frequency, and high-
power electronic devices because of their advantages of high-
temperature resistance, fast switching speed, and high efficiency.
Its performance is better than that of traditional Si devices.
However, for SiC devices, junction temperature fluctuation is
one of the critical factors affecting reliability [4]. Numerous
factors limit SiC MOSFET dependability. Temperature accounts
for around 55% [5]. Studying how to increase the reliability of
power devices and consequently improve the safety of power
electronic systems is of practical value and significance.
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The superior electro-thermal properties of SiC power devices
permit higher temperatures of operation and enable higher power
density compared with silicon devices. Despite the superior
electrical properties mentioned above, the limited reliability of
SiC power devices hinders their application in the application
fields [6]. Due to the direct contact of materials with different
thermal expansion coefficients, the packaged components are
subjected to thermal stress caused by the temperature variation
during system operation. Thermal stress will deteriorate the
weaker components in the encased device, resulting in device
failure [7]. Converters generally work in nonstationary situa-
tions, creating random power fluctuations in the SiC MOSFETS.
Increased thermal conductivity and Young’s modulus of SiC [8]
may create higher stress in the molded solder layer during power
variation. In addition, power fluctuations generate temperature
fluctuations in SiC MOSFETs [9], [10], resulting in welding
fatigue [11], [12], [13]. Experimental results from different
samples reveal that the shear stress in a SiC die-attach is higher
than that in a Si device [14], and strain energy density tends to
concentrate at the chip edge where the difference is 1.5 times
between the SiC and Si devices under comparable conditions. It
is considered that the in-service lifetime of the SiC solder layer
is only a third of the benchmark Si device [15]. This means that
SiC devices are more susceptible to temperature fluctuations.
Although the SiC device is suitable for higher temperatures, the
power variation in the actual application scenario results in a
constant junction temperature variation. Therefore, compared
with the challenges of continuous high temperature, junction
temperature fluctuations have a more significant impact on the
life of the SiC device.

The active thermal management (ATM) technique for SiC
MOSFETs is critical for lowering thermal stress shock and delay-
ing the aging rate of power devices [16]. ATM is mainly used to
control the heat produced by limiting the amplitude of junction
temperature changes, such as ‘“Peak-clipping and valley filling.”
Internal loss is reduced while the junction temperature is at its
peak and significantly enhanced when the junction temperature
is at its trough.

As high-power SiC devices become more widely utilized
in the industrial sphere, their reliability issues become more
significant, and relevant research is gradually carried out. In
study [17], a three-level parallel converter junction temperature
management technique based on reactive power regulation was
proposed, which adjusted the switching loss by managing the
reactive current cycle. It was only suited for parallel converter
systems, and the diode’s heat load increased significantly. In
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TABLE I
REQUIREMENT AND REASON

Requirement Reason

Low hardware

. Ensures scalability in multi-device/multi-phase systems
complexity

Thermal tunability Allows real-time junction temperature shaping

(ARq)
Safe fail-state Avoids catastrophic overvoltage in case of auxiliary
behavior gate path failure

Compatible with junction temperature feedback update

Fast modulation .
intervals

study [18], a temperature management mechanism based on
power distribution was reported to limit the converter’s power
and temperature. The disadvantage of this approach was that the
converters must be utilized in tandem, with each converter oper-
ating at a lower frequency, lowering the power density. In study
[19], a modulation approach with discontinuous pulsewidth was
proposed to alter the power device’s average junction temper-
ature. However, the inverter’s output quality was severely low-
ered. The maximum power point tracking method was proposed
to reduce the thermal load on power devices [20] and to solve
the frequent junction temperature variations induced by fast
changes in solar inverter illumination circumstances. Currently,
the standard method for junction temperature management is
to change the switching loss of power devices by varying the
switching frequency [21], [22], [23]. However, when the switch-
ing frequency is changed to smooth the junction temperature, the
decrease in switching frequency will increase the harmonics of
the system. The disadvantage is that the junction temperature
of each power device cannot be controlled separately. In some
applications, such as modular multilevel converters, different
power devices may withstand different thermal stresses [24],
which requires separate temperature control.

Unlike traditional active gate driver (AGD) studies, which
focus on optimizing the following:

1) dv/dt or di/dt shaping;

2) switching loss minimization;

3) EMI suppression;

4) fault protection.

This article aims to use active gate modulation to control junc-
tion temperature variation, serving a reliability-driven function
rather than switching optimization alone. To achieve this, a gate
driving scheme that satisfies in Table I is needed.

Junction temperature fluctuations in power semiconductor
devices can be classified into the following three categories
shown in Fig. 1.

1) High-frequency fluctuations: These are induced by turn-
ON and turn-OFF events within each switching cycle, with
time scales in the microsecond-to-millisecond range. Such
rapid dynamics require ultrafast measurement methods to
capture accurately.

2) Fundamental-frequency fluctuations: In sinusoidal power
converters, devices conduct only during half of the funda-
mental cycle, producing temperature swings that follow
the line frequency, typically in the millisecond-to-second
range.
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3) Low-frequency fluctuations: These are triggered by load
and ambient variations, such as switching between
light-load and heavy-load operation. Their time scale is
typically in the order of seconds or longer.

The present work specifically targets low-frequency junction
temperature fluctuations, which are the most critical from a
reliability perspective because they drive thermo-mechanical
fatigue of packaging materials. Unlike high-frequency fluctu-
ations, these do not require cycle-by-cycle temperature detec-
tion, which significantly reduces the speed requirements on the
sensing method.

Therefore, this paper proposes an equivalent gate resistance
control (EGRC)-based ATM for SiC MOSFETs, as shown in
Fig. 2. The gate resistance can dynamically adjust switching loss.
This approach requires only two discrete resistors, a significant
simplification compared to conventional multiplexer-based sys-
tems, and achieves continuous regulation through precise control
of the delay time. Changing the delay time of the auxiliary switch
achieves continuous drive resistance adjustment while reducing
system cost.

A full-bridge inverter prototype shows the practicality and su-
periority of the suggested technique, which reduces temperature
fluctuations. Although the literature [25] proposed a resistor-
less approach that focuses on high-speed gate modulation, our
method emphasizes continuous thermal regulation with low
circuit complexity, making it suitable for industrial adoption.
Regarding the adjustment of dynamic gate resistance, Choo and
Pfost also proposed a relatively concise circuit structure [26].
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TABLE II
COMPARISON WITH OTHER GATE DRIVER TYPES

Limitations for Our Suitability for

Gate Driver  Key Features & Thermal Management ATM
Type Advantages
Focus
Offers fast dv/dt
Multilevel control and
voltage- overshoot Requires complex bias
. . . . Complex
source suppression with  rails and controller logic
drivers [28] multiple Vgs
levels
. Real-time gate
Adaptive current shaping Analog feedback loop
current- . . Not thermal-
for precise design; not temperature-
source gate oo R focused
. switching loss feedback integrated
drivers [29]
control
clzilgul':illleyd Discrete tunability Requires multiple
RG arrays with digital logic MOSFETs/resistors; area High cost
Y or FPGA and BOM cost
(30]
Simple dual-
resistor time- Quasi-continuous RG
This work modulated gate  control; not designed for @ Yes

path with low cost
and feedback-
friendly structure

high-speed switching
shaping

They explore variable gate resistance techniques to mitigate volt-
age overshoot and parasitic ringing during switching transitions.
Therefore, they emphasize overshoot and EMI suppression, our
method targets real-time, temperature-dependent adaptation of
gate resistance to dynamically balance switching loss and ther-
mal performance. Although gate resistance manipulation has
been previously implemented in Si IGBTs [27], our proposed
EGRC method specifically targets SiC MOSFETS that fundamen-
tally differ from Si IGBTs in their switching characteristics,
thermal stress behavior, and di/d¢ sensitivity. It enables contin-
uous resistance adjustment using only two physical resistors,
eliminating the need for large resistor arrays. Furthermore, this
article integrate this mechanism into a real-time ATM framework
and analyze its impact not only on thermal cycling but also on
system efficiency and expected lifetime under dynamic power
conditions.

As shown in Table II, several advanced gate driver concepts
for SiC MOSFETs have been proposed in recent years, including
multilevel voltage-source drivers [28], adaptive current-source
gate drivers [29], and digitally controlled R¢ arrays [30]. How-
ever, these techniques often emphasize switching performance,
EMI suppression, or fault protection. In contrast, our EGRC
approach is specifically designed for device-level thermal fluc-
tuation regulation (AT;) with minimal hardware complexity,
enabling scalable real-time junction temperature shaping in a
closed-loop feedback system.

The novelty of this study lies in proposing a gate-resistance—
controlled active thermal management (EGRC-based ATM)
strategy for SiC MOSFETs, aimed at directly addressing the chal-
lenge of junction temperature fluctuation, which is a key driver
of device reliability degradation. In contrast to conventional
methods such as switching-frequency modulation or adaptive
gate drivers, the proposed approach enables independent, fine-
grained temperature regulation at the device level while main-
taining a simple and low-cost hardware structure. By integrating
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real-time junction temperature tracking with dynamic resistance
modulation, this strategy provides a practical and effective path-
way for enhancing the reliability of SiC-based power converters.

This article details the system architecture and basic prin-
ciple in Section II, briefly discussing the control structure in
Section III. Then, the experimental prototype and experimental
results are presented in Section IV. Finally, optimization of
allocation rules are considered in ATM before concluding this
article in Section VIIL

II. ARCHITECTURE AND BASIC PRINCIPLE
A. System Architecture

The control circuit based on a full-bridge inverter is built to
validate the effectiveness, as shown in Fig. 3. A temperature
detection ((1)) collects the SiC MOSFET’s temperature tem, and
a data-log device ((2)) records the real-time temperature. Then,
a temperature transmitter module ((3)) obtains the voltage signal
Utom- Utem is gathered by the DSP controller ((4)), the auxiliary
switch’s delay switch signal ((5)), and the SiC MOSFET’s gate
drive signal ((6)) are generated after operation.

B. Mathematical Model

To exclude the influence of external factors, the gate circuit
of SiC MOSFET is simplified in this article, as shown in Fig. 4.
Where Vgs_arive represents the driving voltage, R, represents the
driving resistance, I, represents the gate driving current, Cgq and
Cg, represent the parasitic capacitance of the gate—drain and the
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Fig. 5. Dynamic modeling of the switching process for SiC MOSFET.

gate—source, respectively. The current flowing through them are
Isq and Ig, and the voltage is Vgq and Vg, respectively. Vg
represents the drain voltage.

Then, the six switching processes of the SiC MOSFET are
dynamically modeled [4], as shown in Fig. 5

VS drive
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! ( £ gd) & vasfdrive V;h ( )
_ Vgsfdn've
T2 = (Cgs + ng) X Rg X In (2)
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R
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_ di XRg
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Switching loss is expressed as follows:

Eon = Lion1 + Eon2

to I ts V
=/ Va—2 @—Mﬁ+/‘a (t—ty)dt
t lo — 1 t3 — to

ta
_ IdVd(TQ + Tg)
2

Eotf = Eogr1 + Eog2

(7

te V tr I
:/)h d u—mﬁ+/ Vi—d (¢t — tg)dt
s te—1s to t7 —ts

_ I4Va(Ts + T5)

8
5 ®)
then the switching energy consumption Eg,, can be obtained
1,V
By = Eon + Br % 52 (o + T+ Ts +T5) . (9)

The gate charge and gate current of SiC MOSFET are expressed
as Qg and I, respectively. Set in a minimal period, the gate
current is certain, rewrite the definite integral into the form of
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where Qsw2, Osws, Osws and Qgwe respectively represent the
gate charges of T, T3, T5 and Ts. Ig2, Ig3, Iy5, and Ige, Tespec-
tively, represent the gate current of the four stages, then

~ 14V (QSW2 + st3 + st5 + stG) ) (11)

FEy =~
™ 2 Ig2 Ig:s Igs Ige

The Eg,, is inversely correlated with the gate current I, and
vasfdrive - Vng
R,

Since excessively high gate-drive voltage may exceed the de-
vice ratings, this work regulates the gate current /; by adjusting
the external gate resistance Ry, thereby controlling the switching
time and ultimately the switching energy Eg,, as shown in Fig. 6.

Furthermore, the switching loss Py, of the SiC MOSFET can
be expressed as follows:

I, = (12)

JswlaVa
Py = fowkikuFEsw =
§ fs ThU s Iref‘/ref

Esw

_ fszdZVQd
2Iref‘/;ef

where f., is the switching frequency, k; and ky are the con-
version coefficients of voltage and current, respectively, /4 is
the current when the SiC MOSFET is fully turned ON, Vj is the
voltage when the SiC MOSFET is completely turned OFF, and /..¢
and V¢ are the reference values, which can be obtained through
the datasheet.

Through (2), (3), (5), and (6), T; can be regarded as a function
SfRg) of Ry, which can be obtained

(To +T5+ T5 + Ts) (13)

2
Py = &1 £(R) = Py (Ry)

21t Viet
F(Rg) = [(Cos + Coa) I (ot ) 4 S
+ p 2 4 (Coa+ Cy) In (Y )| Ry
(14
therefore
{temj_sw (Ry) = Poy (Ry) - O s
Atemj}sw (Rg) = [Psw (Rgl) — Py (RgZ)] : ejc

where tem; ¢ (Rg) is the junction temperature corresponding
to the switching loss part under the driving resistance Rg,
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Atem; o (Rg) is the adjustment change of junction tempera-
ture when the driving resistance changes from Ry and Ryo,
and 0. is the thermal resistance between junction and case.
In combination with (14) and (15), the range of temperature
regulation Atem; (R, )that can be realized by changing R,
under different load /4 can be calculated, which will be verified
explicitly in Section I'V.

III. ATM METHOD BASED ON EGRC
A. Basic Principles

In this article, junction temperature fluctuation refers to the
cyclic variation of T; between peak and valley values during
repetitive power cycling. These fluctuations are driven by power
variations, such as when the converter alternates between heavy-
load and light-load conditions. Although this may appear as
a shift around a medium-load equilibrium, it fundamentally
represents cyclic thermal fluctuations. This is distinct from a
one-time temperature excursion or random thermal drift. The
proposed EGRC-based ATM specifically targets the suppres-
sion of such cyclic temperature fluctuations, thereby mitigating
thermomechanical stress and improving device lifetime.

As seen above, the junction temperature may be varied by
altering the gate resistance. This method simply adjusts resistors
quantitatively. For example, in Fig. 7, six auxiliary switches
and six driving resistors are required to cover all resistance
values within the range of these six resistors [26]. This approach
requires more devices and has poor continuous online regulating
capacity. As aresult, this work presents the delay switch concept,
as seen in Fig. 1. Reducing drive resistance increases drive
current, modifying the rise or fall time of current and voltage,
and reducing SiC MOSFET switching loss. The proposed EGRC
scheme offers several advantages over conventional multiresis-
tor gate control approaches. By employing only two resistors and
modulating the effective resistance through time-domain delay
control, it achieves quasi-continuous adjustment with analog-
like resolution. This design significantly simplifies circuitry, re-
duces cost and PCB complexity, and enhances real-time respon-
siveness to thermal dynamics. Moreover, it inherently supports
fault tolerance—defaulting to safe resistance states under switch
failures—making it a robust and scalable solution for industrial
thermal management applications. The SiC MOSFET’s turn-ON
stage is depicted in Fig. 8(a). The solid yellow line represents
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the SiC MOSFET turn-ON signal PWM;. The solid red line is
the reference signal PWMs, lagging behind PWM1, and the lag
time is T7. Use PWM, as the benchmark, the driving signal
of the auxiliary switch Sy, Will turn to a high level after the
delay time Ty41, Swon Will turn ON, and the gate resistance will
change. The switching point of the turn-ON track can be regulated
by altering T4, realizing the corresponding adjustment of the
gate resistance in the turn-ON stage at this moment when the
current and voltage waveform of the SiC MOSFET changes from
a solid line to a dashed line. The SiC MOSFET’s turn-OFF stage
is depicted in Fig. 8(b), and it operates on the same principles
as the turn-ON stage. The auxiliary switch Sy 1s switched ON
based on the reference signal. Following the delay period Tq2,
the gate resistance can be modified. The switching point of the
turn-off track can be regulated by altering 742, realizing the
corresponding adjustment of the gate resistance in the turn-off
stage at this moment when the current and voltage waveform of
the SiC MOSFET changes from a solid line to a dashed line. In this
article, Rgmax is set to 30 € and Rgpmin to 6 £2. The equivalent
driving resistance of the auxiliary switch before closure is 30
), and the equivalent driving resistance after closure is 5 2.
Adjusting the delay time allows the equivalent adjustment of
the drive resistance between 5 and 30 (2. Another advantage of
this method is that when the auxiliary switch fails, the equivalent
drive resistance is 5 €2 when the short circuit occurs. The equiv-
alent drive resistance is 30 €2 when the circuit is broken, which
will not destroy the regular operation of the primary circuit.
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It needs to be clarified that the goal of our gate driver is
to enable dynamic, real-time adjustment of switching behavior
based on temperature feedback, not to provide a metrologically
precise resistance value. This makes it well-suited for active
thermal management in practical converters. Therefore, the
EGRC-based gate driver is not intended as a replacement for
precision gate drivers used in DPT. It should be noted that the
EGRC-based ATM strategy primarily targets the switching loss
component of total device losses. Conduction loss and diode
conduction loss are mainly determined by device parameters
and load conditions, making them difficult to manipulate dy-
namically during operation. In contrast, switching loss is highly
sensitive to gate resistance and thus can be adjusted in real time
through the gate driver. Although switching loss contributes
only a portion of total loss, it plays a dominant role in driving
dynamic junction temperature swings during load transients.
Similar conclusions have been reported in recent literature,
where switching-loss-oriented modulation is adopted as the
main lever for active thermal management in SiC MOSFETs [31],
[32], [33].

As shown in Fig. 8(a), re-establish the relationship between
Eon and le

t I tg/ V
Eon (Tyh) = / Vd?dtdt + , Vylgdt — ?d
0 2 i1
1T,
gy 4 YTy
2
~ Valg Vila

= 512 (7o - 1) T + =52 (T, + T3). 16)

Then derivation

Vilq (To — T3) T

Eon/ (le) = T22 (17)
And because of
Ty = (Cys + Caa) X Rymax X In (Vg%%) s

r . Vias_drive
T2 - (Cgs + ng) X Rg min X ln (V:gs,drive_ gs,miller)

where Rgpax>Rgmin, therefore T5-T5>0, means the turn-ON
loss E,y, is a monotone increment function with respect to Ty;.
The analysis of the turn-OFF stage is consistent with the turn-ON
process, as shown in Fig. 8(b)

t Vd
Eoit (Ta2) = Iy ?tdt
0 5

ts' I VI,T,
+/ Valgdt — 2. vy -t/ 4 ~296
t4/ 2 2
Val Vil
T~ T8) T+~ (T + T3). (19)
2% 2
Then derivation
Vol (Ts — T2 T
Bl (L) = YlalTs Z 15 Tz, (20)

T2
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And because of

Vias_miller

T5 — diXR_qmax
{ (2D

1 QuaXRgmin
Ts = Vies_miller
Remax>Rgmin, therefore T5-T5 >0, means the turn-OFF loss
E,g is a monotone increment function with respect to Tyo. In
conclusion, the junction temperature of SiC MOSFET can be
controlled by the delay time Ty.

B. Description of Control Strategy

Fig. 9 depicts the design of the ATC control system based
on the EGRC suggested in this article. Because the full-bridge
inverter architecture was chosen as the study object, the system
includes four SiC MOSFETS (S1, S2, S3, S4). An online junction
temperature detection circuit is used this paper. After comparing
the reference temperature, the delay time Ty is calculated using
linear distribution and amplitude limiting processing. The delay
switch signals Sy,on and Sy of the auxiliary switch in the EGRC
circuit are obtained, and the drive resistance is equivalently
regulated in real time.

IV. EXPERIMENTAL VERIFICATION
A. Experimental Prototype

As shown in Fig. 10, an experimental platform is developed to
verify the feasibility and effectiveness of the proposed strategy.
It primarily consists of a SiC MOSFET-based full-bridge inverter,
a dc source, a rectifier bridge, and an electronic load. The
dashed line frame is the designed EGRC, the SiC MOSFET used
in this article is IXFN50N120SIC, and the auxiliary switch
is BSC052NO3LS. The driver chip of the primary power de-
vice (S1—S4) is ISO5852s, and the driver chip of the auxiliary
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switch is IXDD604SI. The load is a programmable electronic
load with the model CHROMA_63200A. To emulate power
fluctuation under non-stationary conditions, the electronic load
is programmed to change the system’s power by switching
different loads. In inverter mode, the variation of load current
was realized by programming the electronic load to change its
effective resistance. The current values reported in this paper
are RMS values, unless otherwise specified. The actual load
current was continuously monitored through the load resistance
of the electronic load and used to represent the imposed power
fluctuation conditions during testing.

In this work, the junction temperature estimation is based
on a temperature-sensitive electrical parameter method, where
the threshold voltage Vth of the SiC MOSFET is selected as the
sensing parameter. As reported in study [34], a nearly linear
relationship exists between Vyy, and the junction temperature 75,
expressed as Vi, = 3.6281 — 0.0049 T;.

With a sensitivity of approximately —5 mV/°C, as shown in
Fig. 11. This correlation was experimentally validated using a
heating platform, and importantly, it shows little dependence
on the load current, making Vth particularly suitable for online
junction temperature monitoring.

Furthermore, Ruoyin and Xiaoyong [34] proposed a prac-
tical detection circuit using Kelvin-source connections and a
T-triggered measurement approach to minimize the influence of
parasitic inductances, thereby enabling accurate capture of Vi,
during switching intervals, as shown in Fig. 12. Their experimen-
tal validation on a SiC inverter platform demonstrated that the
measurement error can be maintained within 3 °C, confirming
the feasibility of online 7; detection via Vi, (shown in Fig. 13).
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It is also noted in study [34] that long-term drift of Vi, ,
caused by mechanisms such as bias temperature instability and
oxide trap charging, may introduce measurement deviations.
Compensation strategies were suggested to recalibrate the de-
tection circuit during maintenance or downtime. In our work,
such drift effects are acknowledged and will be addressed in
future studies to further improve the robustness of the proposed
EGRC-based active thermal management.

B. Validation of EGRC

This article tests the turn-ON and OFF waveform of SiC MOS-
FETs under various driving resistances before verifying EGRC.
The system’s input dc voltage is set to 250 V. Fig. 14(a) and (b)
present the voltage and current waveforms at the turn-ON stage.

Fig. 15(a) and (b) present the voltage and current waveforms at
the turn-OFF stage. The larger the drive resistance at the turn-ON
stage, the longer the rise time of /4 and the longer the drop
time of Vg4, implying a higher switching loss. The stronger the
drive resistance, the longer the rise time of V4 and the longer the
decline time of I3 during the turn-OFF stage, which also means
the more significant the switching loss. On the other hand, the
lower the driving resistance, the lower the switching loss.

If the auxiliary switch’s conducting time is too short, the aux-
iliary switch may have been turned OFF before the main switch’s
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TABLE III
SWITCHING LOSSES AND OVERSHOOT CHARACTERISTICS

Rs E,, (m]) E,s(mJ)  Ip Overshoot (A) Vp Overshoot (V)
5Q 2.2 1.8 59 (+12%) 280 (+12%)
10Q 2.6 22 56 (10%) 270 (+8%)

20 Q 34 2.8 54 (6%) 260 (+4%)
30Q 4.2 3.5 52 (+2%) 255 (+2%)

turn-ON (or turn-OFF) stage is complete. The only remedy that
can be offered is that the auxiliary switch’s conducting duration
should equal the main switch’s longest turn-ON (or turn-OFF)
period. After testing, SiC MOSFET with 30 () gate resistance has
the longest turn-ON and turn-OFF time, which are 158 and 115 ns,
respectively. In conclusion, the conducting time of the auxiliary
switch in this study is fixed at 200 ns, which completely covers
the SiC MOSFET’s turn-ON or turn-OFF stage and prevents the
auxiliary switch from being turned OFF too soon. Therefore, the
EGRC method proposed in this work dynamically adjusts R,
within a predefined range (5 to 30 £2). Within this range, even
if an overshoot occurs, it is still within the rated value of the
device. This range was chosen to ensure that the device operates
safely within its rated limits while achieving effective thermal
management. The relevant test results are shown in Figs. 14 and
15. Therefore, for the selection range of the gate resistance, we
have actually made the selection after thorough consideration.

The voltage and current waveforms are shown in Fig. 16.
Then, the auxiliary switches are tested under various T4. The
ability of the auxiliary switch to vary the turn-ON and turn-OFF
trajectories with different delay times is demonstrated. The
PWMj, is used as the reference signal when the SiC MOSFET
is in the turn-ON stage [see Fig. 16(a)]. Following the delay
T42, the auxiliary switch’s access causes Vg to climb rapidly,
changing the trajectory of turn-ON voltage and current. For
turn-OFF stage [see Fig. 16(b)], the auxiliary switch’s access
causes the /4 to rise rapidly after the delay Ty4;, changing the
trajectory of the turn-OFF waveform. The voltage and current
curves differ depending on the 7. As a result, the waveforms
can be equivalently adjusted.

To further illustrate the trade-OFF between switching per-
formance and device stress, Table III summarizes the mea-
sured switching losses and overshoot characteristics of the
IXFN5S0N120SIC from Fig. 16 under different gate resistance
values. The results show that increasing R, suppresses current
and voltage overshoots but at the expense of higher switching
losses, confirming the effectiveness of EGRC in providing a
tunable balance between efficiency and reliability.

C. Verify ATM Method Based on EGRC

Before the experiment, planning and allocating the delay time
T4 before the auxiliary switch is turned on is necessary. The
basic principle is that when the junction temperature is higher
than the reference temperature, 74 decreases with the increase of
Atem to reduce losses. When the junction temperature is lower
than the reference temperature, 7 increases with the negative
increase of Atem to increase the loss. The maximum switching
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Fig. 16.  Voltage and current waveforms at (a) turn-ON and (b) turn-OFF stages.

time of SiC MOSFET occurs at the maximum system current and
maximum gate resistance. In contrast, the minimum value occurs
near the minimum system current and minimum gate resistance.
According to the rated current of SiC MOSFET, the effective
operating range is set to 5-35 A. After testing, the turn-ON time
of SiC MOSFET is about 158 ns, and the turn-OFF time is about
115 ns when the gate driving resistance value is 30 €2 and the
junction temperature is 47 °C. When the gate driving resistance
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TABLE IV
PARAMETERS OF INVERTER

Parameters Value
Vin 250V
Jfu 20 kHz
tem, 28°C
Rymin 6Q
R)Zmax 30 Q

value is 5 €2, the turn-ON time is about 88 ns, the turn-OFF time
is about 61 ns, and the junction temperature is 92 °C. Using the
junction temperature (70 °C) at 20 A as the reference tempera-
ture, subtract it from the real-time junction temperature to obtain
Atem. The reference temperature is generally set to the junction
temperature of the SiC MOSFET when the high-frequency inverter
operates at half load. Based on the rated current of the selected
SiC MOSFET, the reference temperature in the experiment is set
to the junction temperature corresponding to 20 A (tested to be
70 °C). When the junction temperature exceeds 70 °C, switching
losses are reduced; conversely, switching losses are increased.
In summary, the allocation rules for the delay time 741 of Syon
and the delay time Tyo of Sy are shown in Fig. 17(a) and
(b), respectively. Furthermore, the functional expressions for
the delay time and temperature difference allocation rules can
be obtained as follows:

Ty1 = —0.96Atem + 136.12
Tyo = —0.6Atem + 74.2.

(22)
(23)

The load is adjusted using a programmable electronic load to
emulate power fluctuations. Table IV lists the system parameters.
The power fluctuation is defined as 30, 25, 17, 30, 20, 17, 25 A.

The EGRC-based ATM method is tested in this article, and
the experimental results are shown in Fig. 18. The red line is
the result without any control strategy. As shown in Fig. 18, the
maximum fluctuation reached 18.83 K without any control. The
blue line shows that the ATM method significantly reduces the
temperature fluctuation range, and the maximum fluctuation is
reduced to 9.85 K. The adjustment range of junction temper-
ature by adjusting switching loss under different current I is
different. It should be noted that the junction temperature and
current waveforms shown in Fig. 18 were recorded after the
system had reached thermal steady-state, following repeated
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Fig. 18.  Experimental results. (a) Uncontrolled. (b) EGRC-based ATM.

execution of the power fluctuation sequence. The baseline de-
vice temperature at time zero is therefore higher than room
temperature, corresponding to the stabilized thermal operating
point. The maximum junction temperature fluctuation amplitude
is consistent both at startup and after many cycles, since it is
determined by dynamic load variation and EGRC regulation
rather than the absolute starting temperature. The device was
mounted on an aluminum heatsink with forced-air cooling using
asilicone-based thermal interface material (2.5 W/m-K). The es-
timated thermal resistances are R;:~0.29 K/W, R,~0.15 K/W,
and Rha~0.6K/W, resulting in an overall junction-to-ambient
thermal resistance of ~1.0 K/W. The thermal capacitance of
the heatsink was approximately 120 J/K, which explains the
relatively slow junction temperature evolution compared with
electrical transients.

Finally, since this method reduces the junction temperature
fluctuation of SiC MOSFET by changing switching loss, the cal-
culation expression of the relationship between the driving resis-
tance and the temperature adjustment range is given in Section II.
The SiC MOSFET selected in this article is IXFN50N120SIC, and
the relevant parameters can be obtained from the Datasheet, as
shown in Table V. Finally, the calculated value of the tempera-
ture regulation range is obtained through (14) and (15), as shown
in Fig. 19, to obtain the regulation range that can be realized by
changing R, under different load /4.
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TABLE V
KEY PARAMETERS

Parameters Value
Ciss 1900 pF
Coss 160 pF
Crss 13 pF
Cy 13 pF
Cys 1890 pF
Cis 147 pF
O 36 nC

Ves darive 20V/-5V
Vin 26V
fow 85 kHz
Lier 40 A
Viet 400V
Vi 250V

3
T

0
T

tem; ,,(R,)/ °C
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Fig. 19.  Adjustable junction temperature range.

D. Life Assessment

A life assessment mechanism is introduced to better char-
acterize the proposed method’s effectiveness in improving SiC
MOSFET’s reliability. The complete life assessment process is as
follows:

Step 1. Calculate the complete cycle of temperature loads:
Establishing the life assessment model requires statistical anal-
ysis and extraction of temperature cycle loads based on the
junction temperature curve of SiC MOSFETs [35], [36]. The
commonly used methods for calculating fatigue life loads in-
clude peak counting, traversal analysis, and rain flow counting
[37]. Among them, the basic principle of the rain flow counting
method conforms to the fatigue damage law of materials and
is widely used. The rain flow counting method simplifies the
process of the device bearing temperature cyclic loads into the
complete cycle and half cycle. It comprehensively considers
the relationship between the mean temperature cyclic load, load
amplitude, and frequency of occurrence in the thermal fatigue
load cycle. This article uses the rain flow counting method to
traverse all total cycle temperature fluctuations Atem; in the
junction temperature curve of SiC MOSFET and its frequency
of occurrence n;. As the rain flow counting method is a mature
technology, the extraction process will not be elaborated further.

Step 2. Establish the lifetime model: The number of cycles
N¢ usually characterizes the lifetime of power semiconductor
devices before failure, mainly divided into physical and math-
ematical models. Among them, the mathematical method is
a lifetime model obtained through mathematical fitting using
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aging experimental test data, which is easy to implement. There-
fore, the Coffin-Manson model [38] is chosen for the lifetime
evaluation of SiC MOSFETSs, as shown in (24). In our reliability
tests, the observed failure mechanisms were packaging-related,
mainly bond-wire fatigue and solder joint cracking, rather than
intrinsic chip-level degradation. These thermo-mechanical fail-
ures are directly driven by junction temperature swings, making
the Coffin—Manson model particularly suitable for lifetime es-
timation in this context. And The heating process during power
cycling was realized by applying a controlled dc current to the
device under test, producing self-heating due to conduction and
switching losses. The devices then cooled naturally through the
thermal path (junction—case—heatsink—ambient), ensuring that
the stress conditions were representative of realistic converter
operation. The use of the Coffin-Manson model in our study
primarily serves as a relative lifetime indicator rather than an
absolute prediction, especially when Atem; drops into the elastic
regime [39]

Ny=a- (Atemj)b (24)

where a and b represent the fitting coefficients, which need
to be obtained through a power cycling experiment. Unlike
TDDB, BTI, HTRB, or HTGB tests, which evaluate intrinsic
device-level degradation under static bias stress, the Coffin—
Manson model specifically captures thermo-mechanical fatigue
caused by repeated junction temperature swings, and is thus
more relevant for assessing the effectiveness of active thermal
management. The SiC MOSFET model selected in this article is
IXFN50N120SiC, and the manufacturer has provided the power
cycle test result. When Atem; is 40K, the failure cycle of SiC
MOSFET is about 34 6421 times, and when Atemj is 120K,
the failure cycle is about 106 867. Put these two sets of data
into (36) to obtain ax~17972611 and b~1.070501 in the Coffin
Manson model, as shown in (25). Meanwhile, the lifetime model
is demonstrated by the orange line in Fig. 20

Nj = 17972611 - (Atem;) 0700, (25)

The SiC MOSFET is continuously heated and cooled in the
experiment by changing system power. During the heating pro-
cess, the fan is stopped to accelerate the heating, and during the
cooling process, the fan is turned on to accelerate the cooling.
The cycle continued until the SiC MOSFET failed. Complete four
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TABLE VI
RESULT OF LIFETIME CALCULATION

Uncontrolled EGRC-based ATM

Atem; 12.18K 18.69K  6.06K 9.11K
n 1 1 1 1
Ny 1.2x10° 7.8x10° 2.6x10° 1.7x10°
D 2.1x10°¢ 9.7x 1077
Life prediction 18383/h 40091/h

sets of testing experiments, with junction temperature fluctu-
ations Atem; of 90, 100, 110, and 120 K, respectively. After
conducting power cycle aging tests. The number of failure cycles
is shown by the star in Fig. 20, which verifies the correctness of
the Coffin-Manson model. The yellow line denotes the predicted
failure cycles calculated from the Coffin—-Manson relation, while
the pentagram markers indicate the experimentally measured
failure cycles from temperature cycling tests. The good agree-
ment between model and experiment demonstrates the accuracy
of the adopted lifetime model for reliability assessment.

Step 3. Calculate the lifetime: By substituting the complete
cycle temperature fluctuation Atem;; in Step 1 into the Coffin-
Manson model established by (25), the number of cycles Ng
of SiC MOSFETs under each temperature load condition can
be obtained. Then, life consumption is calculated using the
damage accumulation theory. In this article, the Miner linear
damage accumulation theory is used [28], and the mathematical
expression is

4
D ; e (26)
where D is the accumulated damage degree, and the failure of
SiC MOSFET is determined when D = 1, m is the number of
thermal cycles that SiC MOSFET is subjected to. Finally, the
lifetime can be evaluated using the steps above based on the
temperature load curve shown in Fig. 20. The time scale is 140
s. The expected life L is obtained based on the cumulative degree
of damage D, and the calculation process is shown in (27). The
results are shown in Table VI. The ATM method proposed in
this article has increased the expected lifetime of SiC MOs-
FETs by 218% compared to the technique without any thermal
management strategy, confirming the proposed method’s effec-
tiveness. It should be emphasized that the lifetime predictions
and comparisons in this study represent relative values rather
than precise lifetime calculations. It should be noted that the
accelerated tests do not directly replicate field operation but
rather emulate equivalent thermal stress conditions, enabling
estimation of lifetime according to the adopted model

14
— L0759 hour).
D N

The lifetime prediction procedure adopted in this work fol-
lows the standard methodology commonly applied in semicon-
ductor reliability studies. First, the complete junction temper-
ature history obtained under power fluctuation conditions is
analyzed using the rainflow counting algorithm, which decom-
poses the temperature sequence into equivalent thermal cycles

27

14
L= f() (second)
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of different amplitudes. Second, for each identified cycle, the
Coffin—-Manson model is used to establish the relationship be-
tween the junction temperature swing (AT}) and the number
of cycles to failure (Ny). Finally, the overall device lifetime
is estimated by applying Miner’s linear damage accumulation
theory, which sums the damage contributions of individual cy-
cles to determine the equivalent failure time under the applied
load profile. This stepwise procedure is not limited to a par-
ticular operating condition but is applicable to arbitrary power
variation scenarios, provided the junction temperature sequence
is available. In this paper, the predicted lifetime is presented
in terms of equivalent operating hours, which are obtained by
multiplying the cycle-based estimation with the average period
of the applied power fluctuation profile. This ensures that the
lifetime results serve as a consistent and quantitative indicator
of the effectiveness of the proposed EGRC-based active thermal
management strategy.

E. Practical Considerations in Half-Bridge Operation

In half-bridge configurations, the EGRC-based ATM may
lead to different switching speeds between the high-side and
low-side MOSFETs due to variable gate resistance. In our im-
plementation, however, the adjustment range of R, (5-30 ) is
carefully constrained within the safe switching envelope speci-
fied by the device datasheet. This ensures that the turn-ON and
turn-OFF transitions remain safe and do not result in excessive
overlap current. Furthermore, conventional dead-time control
at the driver level inherently prevents cross-conduction (shoot-
through), even if asymmetric switching occurs. Our double-
pulse tests have verified that no abnormal overlap current or
short-circuit event occurs under EGRC regulation. It is also
important to emphasize that the EGRC-based ATM is designed
for thermal management during normal converter operation. In
the rare case of a short-circuit fault caused by load disturbance
or gate driver malfunction, the junction temperature evolution is
dominated by large fault currents within microseconds, which is
beyond the regulation capability of EGRC. Under such fault con-
ditions, conventional protection mechanisms, such as DESAT
detection and soft turn-OFF, remain indispensable. Therefore, the
proposed EGRC strategy should be considered as complemen-
tary to existing short-circuit protection schemes: EGRC reduces
AT; and extends device lifetime during normal operation, while
dedicated protection ensures safety under abnormal conditions.

In this work, the experimental validation was carried out
at a dc link voltage of 250 V, which was selected to ensure
safe laboratory operation and facilitate repeated thermal cy-
cling within the constraints of the available test platform. It
should be emphasized that the effectiveness of the proposed
EGRC-based ATM strategy is not dependent on the absolute
bus voltage, but rather on the modulation of switching losses
through gate resistance control. At higher dc link voltages (e.g.,
400 or 800 V), the switching energy per event increases pro-
portionally; however, the same principle of quasi-continuous
resistance adjustment remains valid. In such cases, the effective
R, range may need to be adjusted within datasheet limits to
ensure safe dv/dt and overvoltage margins. The present results
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Fig. 21.  Schematic diagram of distribution rule variation range of delay time
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therefore serve as a proof-of-concept demonstration, while on-
going work is extending the test platform to 800 V to fur-
ther validate the method under conventional inverter operating
voltages.

V. ATM OPTIMIZATION SCHEME CONSIDERING EFFICIENCY

The traditional ATM strategy is reliability-oriented and dy-
namically adjusts the switching loss of SiC MOSFETs. And
the EGRC-based method does not interfere with the inherent
thermal balancing of parallel-connected SiC MOSFETs. Instead,
it provides an additional degree of control to minimize AT
cycling, further improving device lifetime. However, existing
active control methods for junction temperature rarely consider
efficiency factors, which, to some extent, limits their applica-
tion and promotion. Therefore, this section further explores
efficiency indicators for mitigating junction temperature fluc-
tuations. As shown in Fig. 21, when using the ATM method
proposed in this article, according to the linear allocation rule,
ATM helps reduce switch loss when the junction temperature
is higher than 70 °C, and the efficiency will increase in this
stage. Therefore, it is not accurate to simply use the decrease
in efficiency or increase in power consumption at a particular
moment to illustrate that ATM strategies will reduce efficiency.
This article proposes to use the concept of average power con-
sumption P,y to characterize the impact on system efficiency.
The system operating conditions in Fig. 18 are divided into seven
stages, and the switching loss of SiC MOSFET in each stage can be
obtained through calculation and testing. Finally, P, of these
seven operating conditions can be calculated.

After theoretical analysis, the EGRC-based ATM strategy
helps to reduce switching loss when the junction temperature
is higher than the reference temperature. At this point, the
allocation rule for the delay time of the auxiliary switch corre-
sponds to the positive half-axis of the horizontal axis in Fig. 18.
The switching loss increases when the junction temperature
is lower than the reference temperature, and precisely, these
stages require optimization, namely the 17 and 20 A current
stages in Fig. 18. The delay time allocation rule for auxiliary
switches corresponds to the negative half-axis of the horizontal
axis in Fig. 21. Changing the slope of the negative half-axis
function can change the adjustment ability of switch loss. The
limit situation is that the delay time remains fixed when the
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junction temperature is lower than the reference temperature,
indicating that the ATM strategy is not performed. The slope of
the function is —1. The horizontal half-axis remains unchanged
in the allocation rules, while the red line in Fig. 21 shows the
negative half-axis.

Changing the slope of the above allocation rules allows the
junction temperature regulation ability to be controlled. This
section defines this area as the temperature control operating
space (TCOS), as shown in the red area in Fig. 21.

The junction temperature control coefficient (JTCC) is de-
fined as k. By changing the JTCC, the function can change within
the TCOS. Therefore, the negative half-axis allocation rule has
been changed to

25
Ty = — 0.96AT - kq + 136.12 1<k < 21 (28)
5
Tyo = — 0.6AT - ko +74.2 1<k < g (29)

where k; and ko represent the JTCCs of SiC MOSFET during
turn-ON and turn-OFF stages, respectively. The positive half-axis
of the horizontal axis maintains the original allocation rule. After
retesting with k; = 1.02 and ko = 1.33, the results are shown in
Fig. 22. The yellow waveform represents the junction temper-
ature curve of SiC MOSFET without any ATM strategy. The red
waveform represents the junction temperature curve when the
junction temperature is below the reference temperature without
ATM. The blue waveform shows the junction temperature curve
using the method proposed in this article, with k& = 1 and k-
= 1. The green waveform represents the junction temperature
curve when the junction temperature control coefficient k1 =
1.02 and ko = 1.33. The allocation rule is shown in Fig. 23.

It can be seen that adjusting the JTCC can change the junction
temperature regulation ability of the proposed active thermal
management strategy. The switching loss of SiC MOSFET at each
stage is measured using different control methods, as shown in
Table VII.

Table VIII summarizes the expected lifetime, partial average
power consumption and overall average power consumption
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TABLE VII
SWITCH LOSS STATISTICS AT DIFFERENT STAGES WITH DIFFERENT ALLOCATION RULES

Current/A 30 25 17 30 20 17 25
Uncontrolled 272W  174W  626W 272W 977W 626W 174W
=1, k=1 18.1W 152W 857W 182W 13.6W 859W 152W
Negative-axis uncontrolled 182W 152W 547W 181W 855W 546W 153W
’=0.5, k»=0.5 182W 152W 724W 182W 10.1W 728W 153W
TABLE VIII

LIFETIME AND POWER CONSUMPTION STATISTICS FOR DIFFERENT ALLOCATION RULES

Strategy Lifetime/h Partial Pave/ W Total Pave/ W
Uncontrolled 18383 (100%) 7.43 (100%) 15.93 (100%)
k=1, k=1 40091 (218%) 10.25 (138%) 13.92 (87.38%)
Negative-axis uncontrolled 26616 (145%) 6.49 (87.35%) 12.32 (77.34%)
k1=0.5, k=0.5 35400 (193%) 8.21 (110%) 13.07 (82.05%)
T/ ns T/ ns 35
<3
T=-0.96Atem=0.5+136.12 >
T T=0.60em0.5+74.2. 525
80 320

T.4=-0.96AT+136.12 T.n=-0.6Atem+74.2
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Fig. 23.  Schematic diagram of allocation rules when using different JTCCS
(a) allocation rules for 731 when k1 = 1.02, (b) allocation rules for 7 ;2 when
ko = 1.33.

calculated under the 4 test scenarios mentioned above, all based
on the measurement results without any control strategy condi-
tions (100%) for easy comparison. When k; = 1 and ko = 1,
the junction temperature fluctuation amplitude is the smallest,
therefore, the expected lifetime is the longest. As analyzed
earlier, when adopting an ATM strategy based on switching
loss, the impact on efficiency cannot be solely evaluated by
instantaneous power. Only when the system is in low-power
operating conditions is it necessary to increase the switching
loss to improve the junction temperature. The partial average
power consumption in Table VII refers to the average power
consumption of the two stages (17 and 20 A). It is undeniable
that adopting the ATM strategy will slightly increase the loss.
Still, the overall change is relatively small, mainly due to the
relatively small system current at these two stages.

Overall, compared to the situation without any control, when
using the ATM strategy based on the EGRC, the overall aver-
age power consumption P,y is 13.92 W, which is reduced by
12.62%, and the expected lifetime is 40 091 h, which is increased
by 218%, and the junction temperature fluctuation control effect
is the best. After introducing the JTCC, when the temperature
difference negative half axis is not controlled, the overall av-
erage power consumption significantly decreases to 12.32 W,
a decrease of 22.66%, and the power performance is the best.
In this case, the fluctuation of junction temperature increases,
and the expected lifetime decreases to 26 616 h, which is still
better than that without any thermal management strategy. After
adjusting the JTCC, the fluctuation amplitude of the junction
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Fig. 24.  Phenomenon of increased temperature fluctuations.

temperature decreases, and the expected lifetime increases to 35
400 h. However, the P, has increased to 13.07 W.

In summary, this section proposes the concepts and design
methods of JTCC and TCOS. The average power consumption
can be adjusted by constructing the JTCC and optimizing the
allocation rule of delay time T4. This method limits additional
efficiency loss while extending the expected lifetime of SiC MOS-
FETs, providing researchers with a reasonable combination and
selection between lifetime performance and power consumption
performance.

VI. PRELIMINARY EXPLORATION OF GLOBAL ATM

In Section V, this article optimizes the allocation rules for
the negative X-axis by considering efficiency factors. For the
positive X-axis, due to the randomness of actual load power
fluctuations, implementing junction temperature management
strategies during certain phases where the load current /4 ex-
ceeds the load current corresponding to the reference tempera-
ture (20 A) in the test actually increases junction temperature
fluctuations. As shown in Fig. 24, the junction temperature
fluctuation increases from 6.32 to 7.23 °C. The primary reason
for this phenomenon is that the actual load current has exceeded
the upper limit of the junction temperature regulation capability,
causing the delay turn-ON time 74 of the auxiliary switch to
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maintain a fixed-value output. This implies that continuing to
adopt the linear allocation rules of Fig. 17 (positive X-axis)
may increases the junction temperature fluctuations shown in
the dashed frame, which will adversely affect the service life of
SiC MOSFETS.

Given the randomness of load power fluctuations in actual
operating conditions, a new allocation rule needs to be dis-
cussed to ensure that junction temperature management does
not adversely affect the expected service life of SiC MOSFETS
under any load variations. Thus, this article further optimizes
the linear allocation for the positive X-axis in Fig. 17. As a
relatively simple allocation rule, the linear allocation currently
distributes the delay time of the auxiliary switch according to
(22) and (23). To facilitate the discussion on the phenomenon
of increased junction temperature fluctuations in the positive
X-axis, it is assumed that an arbitrary load current /4o fluctuates
upward to /4;. Before implementing junction temperature man-
agement, the switching loss generated by the SiC MOSFET at load
current Iqg is Ploss(/40), and at load current 141 is Ploss(/q1).
The loss fluctuation APj.s caused by load variations is then
expressed as follows:

APloss - -Ploss (Idl) - -Ploss (IdO) (30)

where Pioss(Iqo) and Pioss(Iq1) can be calculated according to
formula (22).

The loss fluctuation APjogs linear caused by load variations
under the junction temperature management strategy with linear
allocation is expressed as follows:

APloss;adj = Ploss_linear (Idh Ateml) — Ploss_tinear (IdO> AtemO)
(31)
where Ploss_linear(IdO, Atemo) and Ploss_linear(ldl’ Ateml) can
be calculated using (13), (16), (19), (22), and (23).
Let the change in loss fluctuation before and after junction
temperature management be AP)oss qiff, @S shown in the fol-
lowing:

ABoss_diff = APloss - AJploss_adj
= APloss (Idl) - A]:)loss (IdO) - }Dloss_linear (Idh Ateml)
+ Ploss_tinear (Id07 Atemo) . (32)

When AP)ess_aig>0, it indicates that when the load current
fluctuates from 49 to I, the loss fluctuation after junction
temperature management APj.s og; is smaller than the loss
fluctuation before management AP).ss, meaning that the junc-
tion temperature management reduces the loss fluctuation of
the SiC MOSFET module. When AP|og aqj = 0, the loss fluctu-
ations of the SiC MOSFET remain unchanged before and after
management. When APj.s qir<0, the junction temperature
management actually increases the loss fluctuation of the SiC
MOSFET. Thus, the global ATM strategy requires that during
load current fluctuations, it must always satisfy the following:

A Plogs_dgitr > 0. (33)

By introducing the evaluation function 3(Atem), (33) can be
expressed as follows:

A.P[ossidiff = (Ateml) - (Atemo) > 0. (34)
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Fig. 25. Based on the distribution rule of power functions.

This transforms into solving the monotonicity problem of
the evaluation function 9(Atem). Through the above analysis,
to ensure that the junction temperature management strategy
always has a beneficial effect on the junction temperature of
SiC MOSFETs under full-range load fluctuations, it is necessary
to increase the compensation slope of the management strategy
at low loads and decrease it at high loads. The linear junction
temperature management strategy, which belongs to the uniform
allocation rule with a fixed global compensation slope, fails to
meet this requirement, leading to increased junction temperature
fluctuations after management, as shown in the dashed box in
Fig. 24. To achieve a larger compensation slope at low loads
and a reduced slope at high loads, this correction method aligns
with the characteristics of a power function. Therefore, a power
function allocation rule for the delay time during the turn-ON
phase of SiC MOSFETs is first constructed

Ty = aAtem® + c. (35)
Combined with (30), the boundary conditions are as follows:

Tur (Atem = 0) = 136.12

Tai (Atem = 22) = 115 (36)
9" (Atem) > 0
The optimized allocation rule is obtained
Ty = —42.16Atem’° + 136.12. (37)
Using the same method, T2 can be derived
Tup = —25.16Atem”?! + 74.2. (38)

After reallocating the positive X-axis using a power function,
as shown in Fig. 25, AP)uss_air>0 always holds. The junction
temperature regulation effect is illustrated in Fig. 26 where the
amplitude of junction temperature fluctuations is smaller than
that before optimization.

Table IX provides a comprehensive comparison of our pro-
posed EGRC-based active thermal control with several re-
cent ATM strategies for SiC MOSFETs. As shown, our method
achieves precise AT} regulation with minimal hardware com-
plexity and real-time responsiveness. Unlike other methods that
require additional sensing circuits, fuzzy logic controllers, or
buffer energy modulation, our method integrates seamlessly
with online Vth-based temperature estimation, offering an ef-
fective tradeoff between reliability enhancement and efficiency.
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TABLE IX
COMPARISON OF ATM STRATEGIES FOR SIC MOSFETS

- Thermal . Efficiency Factor . . Reliability Global management
Strategy ~ Control Principle Feedback Complexity Considered Scalability =~ Real-Time Use Enhancement capability

Buffer

[40] capa citance No Moderate No Moderate No Moderate No
tuning to
modulate loss
Fuzzy rule adjusts .

[41] frequency/duty Yes High No Low No Moderate No
Monitors power

[42] degradation under g Yes High No Low No EYes No
cycling
Transient thermal

[43] model & adaptive g Yes Moderate No Low Yes EYes No
gate control
Load/freq control

[32] for hybrid SiC/Si MYes Moderate No Moderate Moderate Moderate No
device

This work EGRC EYes Low Yes (JTCC) High Yes Yesand Yes
Quantified (TCOS)

35 and operating range. As a result, the proposed approach not
g 30 ‘ only enhances the longevity of SiC MOSFETSs but also minimizes
£ additional system power losses. Furthermore, to enhance the
© strategy’s performance under dynamic or long-duration load

cycles, a global temperature control method based on power-law
distribution is further integrated.
o The novelty and relevance of this work lie in showing that the
°§ proposed EGRC-based ATM strategy can effectively suppress
£ low-frequency junction temperature fluctuations caused by load
& variations, thereby reducing thermo-mechanical stress in SiC
o . . . . .
= MOSFETs. Experimental validation under different load scenarios
i Unconrolled (see Section V) and the integration of a global thermal man-
—— uncontrol e .
= 50 agement strategy (see Section VI) confirm the robustness and
— Linear allocation . . . .. .
practicality of the approach. Compared with existing solutions,
40 : : : : : the proposed method offers a unique combination of device-level
0 20 40 60 80 100 120 140 .. . .. .
Timels control precision, simple circuit implementation, and proven
reliability benefit, making it directly relevant for real-world
Fig. 26.  Test results after applying the power function distribution rule. inverter applications.

Due to the limited length of this article, future work will
further optimize the coefficients of the power function to bias it
toward low-load compensation.

VII. CONCLUSION

In this article, we propose an EGRC-based ATM strategy
for SiC MOSFETs. By modifying the gate driving resistance, the
switching loss of SiC MOSFETs can be reduced, thereby enabling
effective junction temperature regulation. A comparative switch-
ing mechanism is introduced to simplify the system design while
maintaining performance. Additionally, this work establishes a
temperature control range by dynamically adjusting switching
losses. Using a full-bridge inverter as a case study, the proposed
ATM system demonstrates a noticeable reduction in junction
temperature fluctuations under varying power conditions, and
the lifetime model suggests a possible improvement of up to 2.18
times. Furthermore, this study analyzes the impact of junction
temperature control on system efficiency and presents a design
methodology for optimizing the temperature control coefficient

In this work, lifetime prediction was introduced not as an
absolute measure of field lifetime, but as a practical indicator to
evaluate the effectiveness of the proposed ATM. By linking the
reduction of junction temperature swings to estimated lifetime
improvement through the Coffin—-Manson model, the benefits
of the control strategy can be expressed in a more intuitive and
quantitative way. Furthermore, the adopted model was validated
against our measured failure cycles, confirming its suitability.
Therefore, the lifetime analysis complements the thermal results
and provides a clearer demonstration of the overall effectiveness
of the proposed method.

REFERENCES

[1] X. Zhu, M. Jiang, Z. Xiang, L. Quan, W. Hua, and M. Chen, “Design
and optimization of a flux-modulated permanent magnet motor based
on an airgap-harmonic-orientated design methodology,” IEEE Trans. Ind.
Electron., vol. 67, no. 7, pp. 5337-5348, Jul. 2020.

Z. Xiang, Y. Zhou, X. Zhu, L. Quan, D. Fan, and Q. Liu, “Research
on characteristic airgap harmonics of a double-rotor flux-modulated PM
motor based on harmonic dimensionality reduction,” IEEE Trans. Transp.
Electrif., vol. 10, no. 3, pp. 5750-5761, Sep. 2024.

(2]



WANG et al.: NOVEL ACTIVE TEMPERATURE MANAGEMENT STRATEGY FOR SIC MOSFETs

[3]

[4]

[5]

[10]

(11]

[12]

[13]

[14]

[15

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

L. Zhang, M. Zhang, X. Zhu, Z. Pei, and X. Chen, “Space decoupling
sensorless control of five-phase flux-intensifying PM motor based on
AFCCF-SMO considering flux-weakening operation,” IEEE Trans. Ind.
Electron., vol. 72, no. 7, pp. 6865-6875, Jul. 2025.

R. Wang, L. Tan, C. Li, T. Huang, and X. Huang, “Analysis, de-
sign, and implementation of junction temperature fluctuation tracking
suppression strategy for SiC MOSFETSs in wireless high-power trans-
fer,” IEEE Trans. Power Electron., vol. 36, no. 1, pp. 1193-1204,
Jan. 2021.

K. Ma and F. Blaabjerg, “Thermal optimized modulation methods of three-
level neutral-point-clamped inverter for 10 MW wind turbines under low-
voltage ride through,” IET Power Electron., vol. 5, no. 6, pp. 920-927,
2012.

B. Hu et al., “Failure and reliability analysis of a SiC power module based
on stress comparison to a Si device,” IEEE Trans. Device Mater. Relib.,
vol. 17, no. 4, pp. 727-737, Dec. 2017.

M. Ciappa, “Selected failure mechanisms of modern power modules,”
Microelectron. Rel., vol. 42, nos. 4/5, pp. 653-667, Apr. 2002.

C. Herold, M. Schaefer, F. Sauerland, T. Poller, and J. Lutz, “Power cycling
capability of Modules with SiC-diodes,” in Proc. 8th Int. Conf. Integr.
Power Electron. Syst., 2014, pp. 1-6.

S. Liebig and J. Lutz, “Efficiency and lifetime of an active power fil-
ter with SiC-MOSFETs for aerospace application,” in Proc. Int. Exhib.
Conf. Power Electron., Intell. Motion, Renewable Energy Manage., 2014,
pp. 1-9.

S. Liebig, A. Engler, and J. Lutz, “Design and evaluation of state of the art
rectifiers dedicated for a 46 kW E-ECS aerospace application with respect
to power density and reliability,” in Proc. 14th Eur. Conf. Power Electron.
Appl., 2011, pp. 1-10.

X. Ke, “Progress of interconnect materials in the third-generation semi-
conductor and their low-temperature sintering of copper nanoparticles,” J.
Inorganic Mater., vol. 39, no. 1, pp. 17-13, Jan. 2024.

J. A. Dicarlo, “Creep of chemically vapour deposited SiC fibres,” J. Mater.
Sci., vol. 21, no. 1, pp. 217-224, Jan. 1986.

S. Zhu, M. Mizuno, Y. Kagawa, J. Cao, Y. Nagano, and H. Kaya,
“Creep and fatigue behavior of SiC fiber reinforced SiC composite at
high temperatures,” Mater. Sci. Eng., A, vol. 225, nos. 1/2, pp. 69-77,
Apr. 1997.

Z. Wang and X. Li, “Study on the performance of a novel mixed-particle
silver paste sintered at 180°C,” IEEE Trans. Compon., Packag. Manuf.
Technol., vol. 13, no. 9, pp. 1494-1501, Sep. 2023.

C. Herold, M. Schaefer, F. Sauerland, T. Poller, J. Lutz, and O. Schilling,
“Power cycling capability of modules with SiC-diodes,” in Proc. 8th Int.
Conf. Integr. Power Electron. Syst., 2014, pp. 1-6.

M. Riccioetal., “Thermal simulation and ultrafast IR temperature mapping
of a smart power switch for automotive applications,” in Proc. 21st Int.
Symp. Power Semicond. Devices, Jun. 2009, pp. 200-203.

K. Ma, M. Liserre, and F. Blaabjerg, “Reactive power influence on the
thermal cycling of multi-MW wind power inverter,” IEEE Trans. Ind.
Appl., vol. 49, no. 2, pp. 922-930, Mar./Apr. 2013.

H. Wang, A. M. Khambadkone, and X. Yu, “Control of parallel connected
power converters for low voltage microgrid: Dynamic electrothermal
modeling,” IEEE Trans. Power Electron., vol. 25, no. 12, pp. 2971-2980,
Dec. 2010.

P. Zanchetta, S. Bifaretti, J. Clare, A. Watson, A. Bellini, and L. Tarisciotti,
“Distributed commutations pulse-width modulation technique for high-
power AC/DC multi-level converters,” IET Power Electron., vol. 5, no. 6,
pp- 909-919, Jul. 2012.

J.-C. Wang, K.-C. Kuo, J.-C. Shieh, and J.-A. Jiang, “A novel multipoint
direct-estimation method for the maximum power point tracking of pho-
tovoltaic modules under partially shaded irradiation conditions,” in Proc.
IEEE Int. Energy Conf. Exhib., 2012, pp. 13-19.

Q.Zhang and P. Zhang, ““A junction temperature smoothing control method
for SiC MOSFETS based on the gate driving signal delay,” IEEE Trans.
Ind. Electron., vol. 71, no. 3, pp. 3122-3132, Mar. 2024.

A. Ibrahim, M. Kamarol, M. T. Delgado, and M. K. M. Desa, “Review
of active thermal control for power electronics: Potentials, limitations,
and future trends,” IEEE Open J. Power Electron., vol. 5, pp. 414—435,
2024.

M. Ouhab, Z. Khatir, A. Ibrahim, J. -P. Ousten, R. Mitova, and M. -X.
Wang, “New analytical model for real-time junction temperature estima-
tion of multichip power module used in a motor drive,” IEEE Trans. Power
Electron., vol. 33, no. 6, pp. 5292-5301, Jun. 2018.

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

5781

W. Li et al., “Thermal optimization of modular multilevel converters with
surplus submodule active-bypass plus neutral-point-shift scheme under
unbalanced grid conditions,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 7, no. 3, pp. 1777-1788, Sep. 2019.

X. Ding, X. Song, Z. Zhao, Z. Shan, and B. Wang, “Active junction
temperature control for SiC MOSFETSs based on a resistor-less gate driver,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 10, no. 5, pp. 4952-4964,
Oct. 2022.

V. L. Choo and M. Pfost, “A variable gate resistance SiC MOSFET driver
network to mitigate overshoot and parasitic ringing,” in Proc. Int. Exhib.
Conf. Power Electron., Intell. Motion, Renewable Energy Manage., 2023,
pp. 1-7.

C. H. van der Broeck, L. A. Ruppert, R. D. Lorenz, and R. W. De Doncker,
“Methodology for active thermal cycle reduction of power electronic
modules,” IEEE Trans. Power Electron., vol. 34, no. 8, pp. 8213-8229,
Aug. 2019.

L. Wen, W. Yu, J. Geiger, and I. Husain, “Multilevel selective gate
driver with real-time feedforward control for SiC inverters,” IEEE J.
Emerg. Sel. Topics Power Electron., vol. 13, no. 3, pp. 3480-3492,
Jun. 2025.

G. L. Rgdal and D. Peftitsis, “Gate-drive circuits for adaptive operation of
SiC mosfets,” IEEE Trans. Power Electron., vol. 39, no. 7, pp. 8162-8186,
Jul. 2024.

T. Ivani§ and M. Kovacié, “An overview of advanced gate driver concepts
for SiC semiconductors,” in Proc. Int. Conf. Elect. Drives Power Electron.,
2023, pp. 1-9.

M. J. Frank and M. -M. Bakran, “An active gate driver to enhance SiC-MOS
performance utilising a controlled parasitic turn-on effect,” in Proc. Int.
Exhib. Conf. Power Electron., Intell. Motion, Renewable Energy Manage.,
2025, pp. 498-507.

H. Liu, X. Li, M. Qian, Y. Li, J. Guo, and J. Zhong, “Active thermal control
algorithm for Si/SiC hybrid switch-based energy storage converter,” in
Proc. 5th Int. Conf. Power Eng., 2024, pp. 63-67.

D. Deldimos, F. Stella, A. Piccioni, and G. Pellegrino, “Active temperature
balance control of parallel-connected SiC power MOSFETS,” in Proc. Int.
Exhib. Conf. Power Electron., Intell. Motion, Renewable Energy Energy
Manage., 2025, pp. 2502-2506.

W. Ruoyin and Z. Xiaoyong, “An online junction temperature de-
tection circuit for SiC MOSFETs considering threshold voltage drift
compensation,” Microelectron. Rel., vol. 163, 2024, Art. no. 115548,
doi: 10.1016/j.microrel.2024.115548.

K. Ma, M. Liserre, F. Blaabjerg, and T. Kerekes, “Thermal loading and
lifetime estimation for power device considering mission profiles in wind
power converter,” [EEE Trans Power Electron., vol. 30, no. 2, pp. 590-602,
Feb. 2015.

F. Spinato, “Reliability of wind turbine subassemblies,” IET Renewable
Power Gener., vol. 3, no. 4, pp. 387-401, 2009.

T. Happonen, T. Ritvonen, P. Korhonen, J. Hékkinen, and T. Fabritius,
“Modeling the lifetime of printed silver conductors in cyclic bending with
the Coffin—Manson relation,” IEEE Trans. Device Mater. Rel., vol. 16,
no. 1, pp. 25-29, Mar. 2016.

M. Musallam, C. Yin, C. Bailey, and M. Johnson, “Mission profile-based
reliability design and real-time life consumption estimation in power
electronics,” IEEE Trans. Power Electron., vol. 30, no. 5, pp. 2601-2613,
May 2015.

C. Schwabe, N. Thonelt, J. Lutz, and T. Basler, “High cycle fa-
tigue testing of silicon IGBT devices under application-close condi-
tions,” IEEE Trans. Power Electron., vol. 38, no. 11, pp. 14516-14525,
Nov. 2023.

R. Wang, X. Huang, and J. Li, “Active thermal management for SiC
MOSFETs based on equivalent adjustment of buffer capacitor,” IEEE
Trans. Circuits Syst. II, Exp. Briefs, vol. 69, no. 3, pp. 1502-1506,
Mar. 2022.

Wei Wang, “A dual fuzzy logic controller-based active thermal control
strategy of SiC power inverter for electric vehicles,” IET Elect. Power
Appl., vol. 16, no. 2, pp. 190-205, Feb. 2022.

S. Baba, “Active power cycling of SiC modules extended by long-term
monitoring of after test,” in Proc. IEEE 18th Int. Conf. Compat., Power
Electron. Power Eng., Jun. 2024, pp. 1-5.

V. S. B. Kurukuru, M. N. Hassan, and R. Petrella, “Active thermal control
of SiC MOSFETs utilizing transient thermal characterization,” in Proc. Int.
Exhib. Conf. Power Electron., Intell. Motion, Renewable Energy Energy
Manage., 2024, pp. 875-882.


https://dx.doi.org/10.1016/j.microrel.2024.115548

5782

Ruoyin Wang received the master’s degree in electri-
cal engineering from Jiangsu University, Zhenjiang,
China, in 2018, and the Ph.D. degree in electrical en-
gineering from Southeast University, Nanjing, China,
in 2023.

He is currently a Lecturer with the School of Elec-
trical and Information Engineering, Jiangsu Univer-
sity. His research interests include power electronics,
wireless power transfer, and wide band-gap semicon-
ductor devices.

Hong Zheng received the B.Sc. and Ph.D. degrees in
electrical engineering from Jiangsu University, Zhen-
jiang, China, in 1987 and 2011, respectively.

Since 2002, he has been with Jiangsu University,
where he is currently a Professor with the School of
Electrical and Information Engineering. His research
interests include power converter topologies, power
quality control, distributed energy, and generation and
storage technologies.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

Xiaoyong Zhu (Member, IEEE) received the B.Sc.
and M.Sc. degrees from Jiangsu University, Zhen-
jiang, China, in 1997 and 2002, respectively, and the
Ph.D. degree from the School of Electrical Engineer-
ing, Southeast University, Nanjing, China, in 2008,
all in electrical engineering.

Since 1997, he has been with Jiangsu University,
where he is currently a Professor with the School
of Electrical Information Engineering. From 2007 to
2008, he was a Research Assistant with the Depart-
ment of Electrical and Electronic Engineering, The
University of Hong Kong, Hong Kong. From 2012 to 2013, he was a Visiting
Professor with the Graduate Automotive Technology Education Center for
Electric Drive Transportation, funded by the Department of Energy, University
of Michigan, Dearborn, MI, USA. His research interests include the design
and drive control of electric machines with wide-speed range, less rare-earth
permanent magnet motors, and multiport permanent-magnet motors.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


