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Abstract

In high-step-up ratio converters for portable battery-powered devices, MOSFET switching
loss limits efficiency and thermal design. This paper evaluates a multi-stage adaptive
gate driver (MS-AGD) after transfer from a 900 V SiC MOSFET high-step-up converter
to a 25 V 5i MOSFET transformer-based boost circuit. The MS-AGD detects the Miller
plateau by differential sensing and controls gate current in four stages through cascode
current mirrors. The target-platform comparison combines measured switching waveforms
with a temperature-based { coefficient and an apparent Ry, ¢ffective indicator under a
fixed device, load, fixture, pulse sequence, and thermal path. Total switching energy is
not determined directly. Tests at 15 frequency points from 23.26 to 125 kHz show that
drain-source voltage reaches its valley in about 500 ns with MS-AGD rather than about
1300-1450 ns with fixed-resistor drive and that the MOSFET package-temperature rise is
reduced at all tested points by about 25% on average. The fitted apparent thermal-electrical
indicator is also lower. These mutually consistent waveform and thermal results indirectly
support a reduced turn-on switching-loss contribution while avoiding interpretation of
or apparent Ry, effective @s direct measurements of total switching loss or instantaneous
channel resistance.

Keywords: adaptive gate drive; equivalent switching resistance; switching loss
characterization; cross-platform verification; MOSFET thermal behavior

1. Introduction

Flyback and transformer-based boost converters are widely used in portable high-
voltage equipment, such as plasma generators and portable medical devices [1,2]. These
systems usually raise a 12-48 V battery voltage to several hundred or several thousand
volts [3,4]. The voltage gain can reach 20:1 to 100:1 [5]. Under this condition, the switch has
high drain-source voltage stress [6]. At the same time, compact products need high power
density and high efficiency, so the switching frequency is often increased [7]. As a result,
MOSFET switching loss becomes an important design problem [8].

Hard-switching loss is a main barrier to high converter efficiency [9,10]. This problem
is more serious when small MOSFET packages are used for compact designs [11]. Their
heat-spreading area is small, so a watt-level switching-loss term can cause a fast package-
temperature rise [12]. In compact low-wattage (e.g., 5 W) high-step-up systems, switching
loss can therefore become a key thermal limit. The main physical reason is the Miller plateau
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during turn-on [13]. In this stage, V5 is almost constant, while V¢ falls. For design analysis,
the voltage slew rate can be written as Iy = Cgy.rr X dVps/dt, where Cgy . ¢f is the effective
Miller capacitance in the Vpgs transition range [14]. Since Cgy4 is voltage-dependent, this
relation is only used for gate-current design and loss-EMI discussion. It is not used to rebuild
the exact measured waveform. A larger gate current can shorten the Vp fall time and reduce
switching loss, but it also increases dVpg/dt, EMI, ringing, and parasitic excitation.

A fixed gate resistor gives one fixed driving strength during the whole switching
process. Thus, it can only give a static trade-off between loss and EMI. Active gate driver
(AGD) methods have been proposed to improve this trade-off. They are usually divided
into current-source drive, closed-loop feedback control, and multi-stage discrete control [15].
Current-source drivers can control the gate charge process, but they often bring extra cost,
area, and power loss [16,17]. Closed-loop drivers can control dv/dt and di/dt in real time,
but their delay, sampling resolution, and controller power are not ideal for low-power
high-frequency products [18-23]. Multi-stage drivers use different gate currents or resistors
in different switching stages [24,25]. However, many of them still need calibration at given
operating points.

These methods all have limits [26]. A low-cost discrete driver still needs fast response,
low hardware cost, and real-time adaptation without calibration. This requires direct
sensing of the Miller plateau from the MOSFET switching process instead of relying on
digital sampling or pre-calibrated timing.

Existing active gate drivers provide different trade-offs. Current-source drivers of-
fer controlled gate charging but require additional analog hardware and may introduce
driver loss [16,17]. Closed-loop dv/dt or di/dt drivers provide real-time regulation but
require high-bandwidth sensing and control, increasing delay, complexity, and controller
power [18-23]. Multi-level discrete drivers reduce the digital-control burden but often rely
on preset timing or operating-point calibration [24,25]. The present MS-AGD uses analog
dVpg/dt sensing and dual thresholds to identify the Miller interval without high-speed
digital sampling or timing calibration. Its intended advantage is low-cost event-based
adaptation, not universal superiority in loss reduction. Because published gate drivers use
different devices, voltage levels, topologies, and loss definitions, their reported percent-
ages cannot be compared directly. The fixed gate resistor is therefore retained as a stable
controlled baseline in this experiment; same-platform experimental comparison with other
active gate drivers remains future work.

Our previous MS-AGD detects the Miller plateau by Vpg differentiation and dual-
threshold comparison. It then generates a four-stage gate current with cascode current
mirrors. It was first tested on a 5 W, 24-800 V flyback platform, where it reduced switching
loss by about 30% and reached 94.5% full-load efficiency. However, that test used one
topology and one device group. Its use on other devices and circuit platforms still needs
verification (more details are given in the Supplementary Material). Our previous thermal
measurement work also introduced R, effective and the ¢ coefficient [27]. It used the
relation between temperature rise and current integral 1%t to evaluate MOSFET loss under
transformer load. That work showed that transformer parasitic impedance can greatly
increase the equivalent switching resistance. The present paper tests whether the same
method can compare different gate-drive schemes.

Compared with our previous work, the present study focuses on three new aspects.
First, it provides cross-platform feasibility validation of the MS-AGD by transferring
the previously reported scheme from a 900 V SiC MOSFET high-step-up converter to a
25 V Si MOSFET transformer-based boost circuit. Second, it develops the device- and
platform-specific adaptation required for this transfer, including redesign of the staged
gate-current setpoints and Miller-plateau detection parameters for the different gate charge,
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voltage swing, package, and load characteristics. Third, it applies the {-coefficient-based
loss-comparison method to evaluate fixed-resistor and MS-AGD operation on the same
temperature-controlled platform over 15 frequencies from 23.26 to 125 kHz and relates
the observed waveform and thermal-indicator improvements to the resonance behav-
ior of the transformer circuit. Thus, the novelty of this work lies in cross-platform
feasibility validation, migration of the gate-drive scheme from SiC to Si MOSFET hard-
ware, and (-based comparative loss evaluation, rather than in proposing the MS-AGD
topology itself.

2. Theoretical Background
2.1. Equivalent Switching Resistance (Ro, —¢f fective) and the § Coefficient

During MOSFET switching, the transient drain-source resistance R, (t) can be much
larger than the steady on-resistance Rps(on) [28,29]. Ron—effective is defined as the current-
squared weighted average of Ry,(¢) during conduction:

3o Ry (£) x I3 (H)dt
Joor 12 (#)dt

Ronfeffective = 1)

where f,, is the conduction time and Ip(f) is the drain current. In this paper, 1%t is
obtained by offline integration of I (t) over the same conduction window and pulse
sequence. Under transformer load, the high-R () interval overlaps with nonzero Ip(t).
This increases the weighted average resistance and makes Ry, _,fective higher than that
under resistive load [27].

For two drive methods tested with the same device, fixture, and thermal path, an
energy-balance approximation can link electrical stress to the measured package tempera-
ture rise:

I? x Ron—effective X ton = ¢ X m X AT (2)

where c, m are the effective thermal capacitance and the equivalent thermal mass of the
measured package and sensor path, and AT is the package-surface temperature rise. This
relation is used only for equivalent comparison. It does not assume that all loss is switching
loss or that the process is adiabatic. The ¢ coefficient is defined as:

_ AT N Ron—effective

TPt cxm ®)
Then, the relationship between AT and It can be simplified as:
AT = x PPt+ A (4)

where A accounts for residual thermal offsets in the fixed test protocol. The coefficient { is
calculated from the slope of the measured AT — I?t relationship, with units of K/(A2-s),
and therefore quantitatively describes how the device temperature rise changes with the
integrated current-squared stress under the same device, load, fixture, pulse sequence,
and thermal path. In physical terms, { represents the device temperature rise per unit
current stress; a smaller { indicates a lower thermal response for the same I 2¢. Once { has
been calibrated for a given packaged device and test configuration, the measured current
integral can be used to approximately estimate the corresponding package-temperature
rise through AT = { x I?t + A. This makes { useful when direct observation of internal
loss or junction temperature is difficult after packaging because comparative thermal
behavior can be evaluated from externally measurable current and package-temperature
signals. In this paper, ¢ and the apparent Ry, . fective derived from it are used only as
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relative comparison indicators under fixed conditions and are not interpreted as direct
measurements of instantaneous channel resistance. Further methodological details are
provided in the Supplementary Material.

Direct determination of total switching energy would require deskewed integration of
Ups(t) X ip(y) over the switching interval or an independent calorimetric loss separation,
neither of which is performed in this study. Instead, shortening of the measured high-
vps/nonzero-ip overlap interval, reduction in package-temperature rise, and reduction in
the fitted {-based apparent indicator are treated as mutually consistent indirect evidence
of a reduced turn-on switching-loss contribution. The method does not quantify total
Eon + E,ff or completely separate conduction and switching losses, or establish target-
platform system efficiency.

2.2. Operating Mechanism and Limitations of Fixed Gate Resistor Drive

The fixed gate resistor drive is the most common MOSFET drive method in boost
circuits. A PWM signal is amplified by an isolator and a gate-driver IC. The driver
then charges and discharges the MOSFET gate through one fixed resistor R, usually
2-20 3 [13,14]. This method is simple, low-cost, and easy to use. Its main limit is that
all switching stages use the same R,. The gate time constant T = Ry x Cjg is fixed dur-
ing turn-on. Therefore, the driver cannot give different currents to different switching
stages [15,24].

The MOSFET turn-on process has four stages, and each stage needs a different gate-
current level. A small R, gives fast switching and lower loss, but it can cause high dIp /dt,
EMI, and ringing. A large Ry reduces EMI but extends the Miller plateau and increases
loss [10,29]. The Miller-plateau duration changes with input voltage. Thus, one fixed Rg
cannot stay optimal over a wide operating range.

Therefore, the gate current should be changed with time and matched to each switch-
ing stage.

2.3. Operating Principle of the MS-AGD

The MS-AGD uses three main mechanisms to reduce switching loss and control EMI.
First, it detects the Miller plateau in real time. A band-limited differentiator extracts
dVps/dt, and an added RC filter reduces high-frequency noise before the comparator input.
Since the differentiator response follows dVpg/dt, the threshold relation changes with the
operating condition. A dual-threshold comparator detects the start and end of the Miller
plateau at 90% and 10% of the peak value, respectively. Second, it controls the gate current
in four stages. Three cascode current mirrors provide different gate currents for the turn-on
delay, current rise, Miller plateau, and enhanced conduction stages. Figure 1 shows the
MS-AGD circuit topology. The upper part is the current-mirror block, and the lower part is
the differentiator and comparator block. Third, the circuit is fully discrete. It uses common
components, has relatively low hardware cost, and can receive a standard PWM enable
signal without firmware changes.
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Figure 1. Circuit topology of the MS-AGD. The upper dashed box contains three sets of cascode
current mirrors (mirror_1 to mirror_3), each consisting of four transistors, and one enable switch
(51-53), providing independent gate-drive currents. The lower-left part is the differentiator circuit
(capacitor C2 and the resistor network), which performs time-domain differentiation on Vpg to extract
the dVpg/dt signal. The lower-right part is the comparison circuit, which calibrates the entry and
exit of the Miller plateau in real time through dual-threshold discrimination.

3. Experimental Setup
3.1. Platform Differences and Adaptation Strategy

This paper adapts the MS-AGD from the original high-step-up converter platform
to the target transformer-based boost circuit. The original platform uses a 900 V SiC
MOSFET C3M0065090D (Wolfspeed, Inc., Durham, NC, USA), while the target boost circuit
uses a 25 V 5i MOSFET BSC670N25NFS3 (Infineon Technologies AG, Neubiberg, Bavaria,
Germany). Because the device type, voltage rating, and load are different, the gate-current
setpoints and detection parameters must be adjusted. The load circuit and the temperature-
measurement platform are kept unchanged. Table 1 compares the main device parameters.
The largest difference is the voltage rating. The BSC670N25NFS3 has a much smaller
Vbs swing than the C3M0065090D, so the differentiator output is also smaller. The two
devices still have useful common features. Their Miller-plateau voltages are close, both are
N-channel enhancement MOSFETSs, and the dVpg/dt detection principle does not depend
on a specific device model.

Table 1. Comparison of key parameters between the two MOSFET devices.

Parameter BSC670N25NFS3 (Si) C3M0065090D (SiC) Parameter Ratio
V(BR)DSS 25V 900 V 1:36
Rps(on) 50 mQ) 65 mQ) 1:1.3
s ~25nC ~60 nC 1:24
Qqd ~8nC ~18 nC 1:2.25
Vep ~42V ~45V 1:1.07
Mass ~40 mg ~500 mg 1:12.5
Specific Heat Capacity ~15]/(K-g) ~1.0J/(K-g) 1.5:1

The adaptation follows a minimum-change rule. The transformer load board and
the temperature-controlled measurement system are kept the same. Only the front-end
gate-drive stage is replaced. Figure 2 shows the replacement scheme.
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Figure 2. Replacement scheme for the MS-AGD in the transformer-based boost circuit. In Mode 1,
the FPGA outputs a PWM signal through an isolator and a power driver IC and drives the MOSFET
gate through a fixed gate resistor (approximately 10 2). In Mode 2, the output of the power driver IC
serves as the enable signal for the MS-AGD, and the three sets of cascode current mirrors take over
the gate charging process.

3.2. MS-AGD Parameter Optimization

The calculations in this subsection are first-order design estimates used to select the
current and detection parameters. They provide design guidance only; experimentally
verified switching behavior is presented in Section 4.

More specifically, tiiier ideai, Vpeak, the I sweep in Figure 3, and the ideal LTspice
timing in Figure 4 are analytical design guidance. They are used to select the initial I, Cg;ff,
and comparator thresholds, but e igeas and Vpeqx are not treated as measured quantities.
In the actual transformer circuit, leakage inductance Ly, inter-winding capacitance Cy,
Coss, loop damping, PCB noise, and other circuit parasitics modify the plateau duration
and waveform shape. Their combined influence is therefore evaluated from the measured
Vis, Vps, and Ip waveforms in Figures 5-7. These measurements confirm the functional
adequacy of the selected I, through the observed 300-400 ns Miller plateau and the approx-
imately 500 ns Vpg fall to its valley and confirm the functional adequacy of Cy;ss through
correct stage transitions at 76.92, 100, and 125 kHz. The temperature-controlled AT and
I?t results provide the comparative thermal validation. Thus, the analytical quantities
guide parameter selection, whereas the measured waveform and thermal data establish
performance under the actual parasitic network.

The current setpoints were redesigned for the BSC670N25NFS3. For mirror_1, which
is used in Stages I and II, the current is set to 50 mA. With C;; ~ 1200 pF at Vps =12V,
the Vg rise rate is:

dVes L 50 x 103

dt  Cue 1200 x 10-12 mV/ns ©)

Vs needs about 70 ns to rise from 0 V to the threshold voltage of about 3 V. This
lower slew rate helps reduce gate-trace EMI and crosstalk during turn-on delay. For
mirror_2, which drives the Miller plateau, the current is set to 200 mA. The first-order
estimate is tyijierideat = Qgdeff/ L2, which gives about 40 ns when Qg is 8 nC. In the
transformer circuit, leakage inductance Ly, inter-winding capacitance Cy, Coss, and loop
damping extend the actual plateau. Figure 3 shows the MATLAB sweep used to choose
I,. When I, increases from 50 mA to 200 mA, E,, decreases by about 35%. A further
increase mainly raises dVpg/dt and EMI risk. Thus, 200 mA is selected as the loss-EMI
compromise. For mirror_3 (Stage IV drive current, i.e., the enhanced conduction stage),
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the setpoint current I3 = 150 mA. The charge required in this stage is approximately
Qga = Qg — Qgs — Qgg = 25 —7 — 8 =10 nC, and the charging time required at a current
of 150 mA is approximately 67 ns. Moderately reducing the drive current in this stage
helps mitigate the voltage overshoot of Vs when entering the overdrive region, thereby
reducing the electrical stress on the gate oxide layer.

The differentiator parameters also need adjustment. Under 12 V input and about
200 ns Miller-plateau duration, the original parameters give a small Vyeq (Rgirr = 1 kQ),
Cdi ff = 5 pF)
12

Vbp 12
= 1000 x5 x 10 X — =03V 6
Fovillor % 200 x 109 ©)

Vpeak = Raiff X Caiff ¥

This value is too close to the PCB high-frequency noise floor of about 50-100 mV.
Increasing Cy;fs to 22 pF raises the expected peak to about 1.32 V. The added RC filter
further improves noise immunity. The TLV3601 thresholds are set to about 1.2 V for
Miller_Start and 0.13 V for Miller_End [30].
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Figure 3. MATLAB (R2024a) parameter sweep for mirror_2 current. (a) The Miller-plateau duration.
(b) Peak dVpg/dt. (c) Turn-on loss Eyy. (d) The joint dVpg/dt and E,, trade-off. The selected value is
200 mA.
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https:/ /doi.org/10.3390/app16136653


https://doi.org/10.3390/app16136653

Appl. Sci. 2026, 16, 6653

90f19

9f T 112425
8 |
il | 119 42.0
6f 48
5t | 415
4t . 6
al | [ fixed V_GS (V) d1.0
o | fixed V. DS (V) 14
il | fixed I D (A) {2 195
ot ] | N— Ay P 40 40.0
-1
0 | 200 400 600 800 1000 1200 1400 1600
(a) ==\ I time (ns)
A .
10 ! ; 412 4
9 2.5
8 " 10 o 20
g DS accelerates 18 1,5
Z I lope ofI_D narrows slightly____\s.aepv Ggs(v) 46 |
3 \ ——MS-AGDV DS (V) 44 110
2 I ——MS-AGDI D (A) 2 105
1
0 < I 40 40.0
-1 1 — 1
0 200 400 - — 600 800 1000 1200 1400 1600
(b) time (ns)
Figure 5. Measured MOSFET switching waveforms at 76.92 kHz. (a) Fixed-resistor drive; (b) MS-
AGD drive. The annotations identify the Miller interval and Vpg valley. The main comparison is a
reduction in the Vg transition from approximately 1300 ns to approximately 500 ns; detailed stage
interpretation is given in the text.
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Figure 6. Measured MOSFET switching waveforms at 100 kHz. (a) Fixed-resistor drive; (b) MS-AGD
drive. The Vpg transition decreases from approximately 1400 ns to approximately 500 ns, while the
measured four-stage Vs behavior is retained.
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Figure 7. Measured MOSFET switching waveforms at 125 kHz. (a) Fixed-resistor drive; (b) MS-AGD
drive. The Vpg transition decreases from approximately 1450 ns to approximately 500 ns, reducing
its share of the 4 us conduction window from about 36% to about 12.5%.

3.3. Ideal-Model LTspice Simulation for Design Guidance

An ideal LTspice model is built to guide the current-mirror and differentiator design.
The model checks the timing relation and parameter trend. It is not used to reproduce all
hardware non-idealities. Figure 4 shows the simulation result. The simulation gives the
expected four-stage Vs waveform and a Vg of about 1.2-1.4 V at Miller-plateau entry.
Because the model uses ideal switching elements and lumped parasitic parameters, it does
not include all measured ringing, non-monotonic behavior, or noise [31,32]. Accordingly,
Figures 3 and 4 are used to establish parameter trends and expected timing, whereas the
performance claims in this paper are based on the measured waveforms and temperature-
controlled experiments.

3.4. Fixed Gate Resistor Drive Baseline Configuration

The fixed-resistor baseline uses the FPGA signal, a digital isolator, a gate-driver IC,
and a 10 () gate resistor. The 10 (2 value follows the device application practice and is also
the value used in the previous temperature-rise study [27]. Using the same value keeps the
two studies comparable. As discussed in Section II-B, the fixed resistor cannot meet the
different needs of the four switching stages. It is simple and stable, but it provides only
one gate-current level. This makes it a suitable baseline for evaluating the MS-AGD. The
previous study [27] gave the full temperature-rise baseline for this fixed-drive case. Under
transformer load, the { coefficient was 26.15 K/(A?-s), and R,,,_, Ffective Was about 1.57 Q).
These data are used as the reference for this work.

3.5. Comparative Experiment Design

The experiments use a controlled-variable method. The gate-drive method is the
only changed factor. All other conditions are kept the same. The transformer load board
includes the BSC670N25NFS3 module, an EF15 transformer, a decoupling module, and a
secondary voltage-doubler rectifier with a 0.4 uF load capacitor. The measurement system
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includes an acrylic enclosure, a programmable chamber at 16 °C, a reference PT1000 sensor,
a Keysight 34470A multimeter, current probes with bandwidth above 200 MHz, and digital
oscilloscopes. A PT1000 sensor is attached to the MOSFET package with Shin-Etsu X-23-
7921-5 thermal compound [27]. As shown in the Supplementary Material, the short-term
reference ambient fluctuation in the enclosure is better than £0.003 K. This value means
chamber stability during the measurement window, not the absolute accuracy of the sensor.
The frequency sweep uses 15 points from 23.26 to 125.00 kHz. The PWM high-level time is
fixed at 4 ps. At each frequency, 15,000 switching cycles are measured. Each test is repeated
three times and averaged. The cooling interval between two tests is at least 10 min.

The comparative measurement procedure was carried out in the following order. First,
the fixed-resistor configuration was measured as the baseline using the 15-point frequency
sweep, a fixed 4 us PWM high-level duration, 15,000 cycles per point, and three repeated
measurements. Second, only the gate-drive module was replaced by the MS-AGD; the
device, transformer load board, sensors, fixture, and thermal environment were unchanged.
Third, after replacement, the system operated without load for at least 30 min to restore
thermal equilibrium. Fourth, the same measurement procedure was repeated for the MS-
AGD configuration, with at least 10 min cooling between consecutive tests. The complete
comparison was finished within 8 h so that the long-term ambient drift remained within
+0.15 K [33,34].

4. Results
4.1. Switching Waveform Comparison at Multiple Frequency Points

This section compares the switching waveforms at 76.92, 100.00, and 125.00 kHz. These
points are used to verify the four-stage drive and the Miller-plateau shortening effect. The
oscilloscope average mode is used, so the curves are timing waveforms for comparison,
not single-shot noise records.

(a) 76.92 kHz (near the resonance peak, duty cycle 30.77%)

Figure 5 compares the two drive methods at 76.92 kHz. This frequency is close to the
resonance peak of the temperature-rise curve and has relatively high current stress.

Under fixed drive, Vg rises as an RC charging curve and shows a Miller plateau near
4.2 V. Because of transformer parasitics, the Vpg fall is not smooth and lasts about 1300 ns.
The Ip waveform rises slowly and does not form a steady plateau.

Under MS-AGD drive, Vg shows four clear stages. The Miller plateau is shortened
to about 300-400 ns, and Vpg reaches its valley in about 500 ns. Under fixed drive, the
same process takes about 1300 ns. The Ip peak and envelope are close for the two drive
methods. The high-frequency Vps oscillation appears in both cases, so it comes mainly
from transformer parasitics. The MS-AGD shortens the oscillation duration and reduces its
loss contribution.

(b) 100 kHz (high-frequency region, duty cycle 40%)

Figure 6 compares the waveforms at 100 kHz. The duty cycle is 40%, so the switching
interval takes a larger part of the total cycle.

At 100 kHz, the MS-AGD still keeps the four-stage drive shape. Vpg reaches its valley
in about 500 ns with MS-AGD drive and about 1400 ns with fixed drive. Since the duty cycle
is higher than at 76.92 kHz, the benefit of a shorter transition becomes more important.

(¢) 125 kHz (highest frequency, duty cycle 50%)

Figure 7 compares the waveforms at 125 kHz. This is the highest test frequency, and
the duty cycle is 50%.
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At 125 kHz, the Vpg fall time is about 1450 ns under fixed drive and about 500 ns
under MS-AGD drive. Thus, the high-impedance transition interval is greatly shortened.
The differentiator and comparator also work normally at this frequency.

The main takeaway from Figures 5-7 is that the MS-AGD maintains the intended
four-stage operation throughout the representative frequency range while shortening the
high-impedance transition. At 76.92 kHz, Vpg reaches its valley in about 500 ns with the
MS-AGD and about 1300 ns with fixed drive. At 125 kHz, the corresponding times are
about 500 and 1450 ns, reducing the transition-time share of the 4 ps conduction window
from about 36% to about 12.5%. This shorter overlap between nonzero Ip and high Vpg is
important because it reduces the interval associated with high transient dissipation.

4.2. Frequency Characteristics of Full-Frequency-Range Temperature Rise and 1°t

Figure 8 compares the temperature-rise and I?# trends over 23.26-125 kHz.

fixed resistor I’t (A%s)

20 fixed resistor AT (K)
——MS-AGD AT (K) 0.10 | ——MS-AGD Pt (A%)

18}
) —
= §0.08
< 14} &

12f W |

0.06 | ! 1
10f )
20 40 60 80 100 120 20 40 60 80 100 120

(a) Frequency (kHz) (b) Frequency (kHz)

Figure 8. Full-frequency-range temperature rise and current integral comparison (23.26-125 kHz,
15 frequency points). (a) AT-frequency characteristics: the gray curve represents fixed gate resistor
drive, and the red curve represents MS-AGD drive. Each data point is the mean of three repeated
measurements, and the error bars indicate the standard deviation. The MS-AGD reduces the temper-
ature rise at all 15 frequency points, and the resonance peak and valley positions of the two curves
are essentially the same. (b) I?t-frequency characteristics: the I’t under fixed drive fluctuates within
the range of 0.07-0.095 AZ.s, while the I?t under MS-AGD is concentrated around 0.06-0.063 AZ-s,
with a significantly reduced fluctuation amplitude, and the resonance peak and valley positions are
synchronized with the AT curve.

The main takeaway from Figure 8 is that the MS-AGD reduces the MOSFET tem-
perature rise at all 15 tested frequencies, with an average improvement of about 25%,
while preserving the peak and valley positions of the fixed-drive curve. The common
frequency trend indicates that transformer coupling and circuit parasitics mainly determine
the resonance pattern, whereas the gate-drive method changes the thermal-loss level at
each operating point.

The temperature-rise reduction is larger than the I’t reduction. In the relation
AT = { x I’t + A, this means that the improvement is associated with both a smaller
accumulated current integral and a smaller fitted { coefficient. The latter is interpreted as a
lower thermal response per unit current stress under the fixed protocol, rather than as a
direct measurement of the MOSFET channel resistance.

4.3. Quantification of Equivalent Switching Resistance (Rop e fective)

Figure 9 shows the AT — %t scatter plots and linear fits for the two drive methods.
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Figure 9. AT — I?t scatter plots and linear fitting. (a) MS-AGD drive, with the data of the 15 fre-
quency points distributed near the fitted line, { ~ 7.39 K/(A?:s), and the data points concen-
trated around 12t & 0.06 AZs. (b) Fixed gate resistor drive (baseline remeasurement in this round),
{ ~ 24.31 K/ (A?-s) (the original value in the prior study was 26.15, with a deviation of approximately
7%, which is within the experimental repeatability range), with data points distributed in the range
of I’t = 0.06 ~ 0.10 A%s. The  coefficient is reduced by approximately 70%, indicating that the
comprehensive equivalent resistance of the MOSFET under MS-AGD drive is significantly decreased.

Within the measured range, the AT — I?t relation remains consistent under MS-AGD
drive. The I?t values shift lower and become narrower than those under fixed drive. This
shows that MS-AGD reduces both the current integral and the fitted { coefficient.

The local ¢ values at 32.26, 50.00, and 100.00 kHz are 7.8, 7.1, and 7.6 K/ (Az-s). They
agree with the full-range value of 7.39 K/(A?:s) within 10%.

Because c x m is treated as an effective package-and-sensor thermal term rather than
independently identified for each test, the R, . fective values calculated below are reported
as apparent comparative indicators. Their numerical difference represents a change in
fitted thermal-electrical response under fixed conditions, not a direct measurement of
instantaneous channel resistance or total switching energy.

Using the ( coefficient and the known thermophysical parameters of the
BSC670N25NFS3, Ry f fective can be calculated from Equation (3) for the two drive methods:

Fixed drive (remeasured in this study):

Ron—effective,fixed = G fixed X € X m = 24.31 x 1.5 x 40 x 107° =145 0 (7)
MS-AGD:
Ron—effective, MSAGD = GMSAGD X € X 1 =7.39 X 1.5 X 40 X 107° =0443Q (8)
The reduction in the equivalent switching resistance is:
AR = Ron—effective, fixed — Ron—effective msacp = 1459 — 0.443 = 1.016 () )

The reduction rate of the equivalent switching resistance is:

AR 1.016
R = % 100% = ——— ~ 69.6% (10)
7 Ron—effective,fixed 1.459

The main takeaway from Figure 10 and Table 2 is the relative separation among the
thermal-electrical indicators under different load and drive conditions. Under the fixed
measurement assumptions, the apparent Ry, fective decreases from 1.459 ) with fixed
drive to 0.443 Q) with the MS-AGD, a reduction of about 69.6%. The MS-AGD value
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remains higher than the 74.4 m() resistive-load result and the nominal Rpg,,), showing
that transformer parasitics remain important. These values are comparative indicators for
the fixed protocol and are not direct extractions of instantaneous channel resistance.

Lo b I R on-effective (€©2) £=26.15
1.459

—_— =
N s

-effective (Q)
=

0.8
g
10.6
[a7
0.4
0.2
0.0
Datasheet-specified Transformer load —
R DS(on) R on-effective ~ MS-AGD driving Transformer load —

under resistive load fixed resistor driving

Figure 10. Bar chart comparison of the equivalent switching resistance. From left to right: datasheet
nominal R DS(on) (50 mQ2), equivalent resistance under resistive load (74.4 mQ), { = 1.24), transformer
load with MS-AGD drive (0.443 ), { = 7.39), and transformer load with fixed drive (1.459 Q),
¢ = 24.31). The specific values and their multiples relative to the nominal R/, are annotated above
each bar. The MS-AGD reduces the equivalent resistance under transformer load by approximately
70%, but the reduced value of 0.443 () is still approximately 6 times the equivalent resistance under
resistive load.

Table 2. Comparison of the { coefficient and equivalent switching resistance between the two
drive methods.

Parameter. Fixed Drive MS-AGD Reduction Reduction Rate
4 [K/ (A2~s)] 24.31 7.39 16.92 69.6%
Ron_gffgcm,g (@) 1.459 0.443 1.016 69.6%
Ronfeffective /RDS(on) 29.2x 8.9x _ -
Ron—effective/Relec 19.6x 6.0 - —_

Note: Rps(on) = 50 mQ); R is the equivalent switching resistance under resistive load, with a value of 74.4 mQ.

4.4. Full-Frequency-Range Temperature Rise Improvement Rate and Resonance Correlation

The temperature rise improvement rate 17,7 ( f) is defined as in Equation (11). Figure 11
shows the result at all 15 frequencies.

nar(f) = ATfixed(£ )T;:j("}/;SAGD(f ) « 100% (1)

The main takeaway from Figure 11 is that the temperature-rise improvement is positive

at all 15 frequency points, with an average of about 25%. The improvement is larger near
the resonance peak, where current stress and the parasitic-transition interval are greater,
and smaller at lower-loss operating points. The 125 kHz result confirms operation at the
upper end of the tested range but does not establish performance outside the 23.26-125 kHz
test band.
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Figure 11. Temperature-rise improvement rate versus frequency. The gray line shows the absolute
temperature-rise reduction, and the red line shows #7,7. The average improvement is about 25%. The
improvement is larger near the resonance peak and smaller at lower-loss frequencies.

5. Discussion
5.1. Physical Mechanism of the Equivalent Switching Resistance Reduction

The decrease in the apparent Ry, _effective i mainly associated with the shorter high-
resistance transition in Equation (1). The 200 mA Stage-III current shortens the mea-
sured Miller plateau from about 800-1200 ns under fixed drive to about 300-400 ns under
MS-AGD drive, thereby reducing the interval in which nonzero Ip overlaps with high
Vbs [35,36]. The 50 mA current in Stages I and II limits excessive dIp /dt, while the 150 mA
Stage-IV current completes gate charging after the plateau [37]. Because the function of
each stage is described in Section II-C, it is not repeated here. Overall, Stage III provides
the primary reduction, and the other stages support a controlled transition [38].

5.2. Methodological Significance of the { Coefficient Method

The ( coefficient is used as a relative evaluation tool, not as a direct measurement of
channel resistance. In physical terms, it describes the package-temperature rise per unit I
under the fixed device, load, fixture, pulse sequence, and thermal path. The near-linear
AT — I?t trend and the less than 10% difference among the local { values support its use
for within-platform comparison. A lower { indicates a lower thermal response for the
same accumulated current stress, consistent with the shorter high-impedance transition
observed in the waveforms. Practically, the reduced temperature rise provides additional
thermal-design margin, but the present experiment does not quantify the system-level
efficiency improvement of the target platform.

The uncertainty of this method contains both repeatability and systematic components.
Repeatability is represented by the standard deviations of three measurements at each
frequency, the approximately 7% difference between the remeasured fixed-drive { value
(24.31 K/(A%:s)) and the previous value (26.15 K/ (A?:s)), and the less than 10% spread
between the local and full-range  fits. Environmental control is characterized by short-
term reference fluctuation below +0.003 K and long-term drift within £0.15 K over the
complete comparison. Remaining systematic sources include PT1000 absolute accuracy
and attachment, sensor-to-package contact resistance, the package-surface-to-junction tem-
perature gradient, current-probe amplitude and bandwidth errors, the selected integration
window, heat leakage during the pulse sequence, and uncertainty in the fitted intercept
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and slope. These quantities do not constitute a complete metrological uncertainty bud-
get; consequently, ¢ and apparent R, ffective are used only for within-platform relative
comparison under the fixed protocol.

5.3. Significance and Limitations of Cross-Platform Verification

The cross-platform experiment supports the transferability of the MS-AGD detection
and staged-current principles from the previous 900 V SiC flyback platform to the present
25 V Si MOSFET transformer-based boost circuit. The two platforms differ in device
type, voltage rating, package, gate charge, and load, yet both show shortened switching
transitions and improved thermal behavior. On the target platform, however, the validation
is based on waveform shortening and relative thermal-electrical indicators; full system
efficiency was not measured. The efficiency data in the Supplementary Material apply only
to the original platform [39,40].

The method has several limitations. First, devices with very small Qs may have
Miller plateaus that are too short for the differentiator and comparator delays. Second,
higher-power systems may require parallel or higher-current mirror stages, whereas very-
low-power systems may be affected by driver static power. Third, detection thresholds
and the measured benefit remain sensitive to PCB noise, transformer leakage inductance,
winding capacitance, Cyss, and loop damping. Fourth, the present study uses one target
MOSEFET, one transformer-based boost circuit, one thermal fixture, and a frequency range of
23.26-125 kHz; applicability to other devices, higher-power systems, and lower-frequency
operation requires further validation. Finally, the present driver adapts the turn-on process
only. Future work will examine turn-off control, broader device classes, and system-level
efficiency on the target platform [41-44].

Lower-frequency applicability must be considered separately for the gate driver and
the thermal evaluation method. The MS-AGD detection principle responds to the Miller
plateau and dV pg/dt of each switching event, so it is not intrinsically limited by switching
frequency provided that the plateau duration, signal amplitude, comparator delay, and
noise margin remain suitable. At lower frequency, however, fewer switching events per
unit time reduce the average temperature-rise signal, while a fixed pulse count lengthens
the test and increases inter-pulse cooling and exposure to ambient drift. Application
of the ¢ method below the tested range therefore requires re-calibration for the device
and fixture, verification that AT remains sufficiently larger than the combined thermal
and instrumental uncertainty, and confirmation that the pulse-sequence duration remains
appropriate relative to the dominant thermal time constant. The present experimental
validation is limited to 23.26-125 kHz and does not establish performance below this range.

6. Conclusions

This paper adapts the MS-AGD from a 900 V SiC MOSFET high-step-up converter
platform to a 25 V Si MOSFET transformer-based boost circuit. The adapted driver main-
tains four-stage Vg behavior over 23.26-125 kHz, shortens the measured Miller-related
transition, and reduces MOSFET package-temperature rise at all 15 frequency points by
about 25% on average. Under the fixed measurement assumptions, { decreases from 24.31
t0 7.39 K/(A2:s), and the apparent Ry fective indicator decreases from 1.459 () to 0.443 ().
These mutually consistent waveform and thermal results indirectly support a reduction in
the turn-on switching-loss contribution caused by the shorter high-impedance transition
interval. Total switching energy and target-platform system efficiency were not directly
measured, and the 69.6% decrease in the apparent indicator must not be interpreted as an
equal reduction in total switching loss. The ¢ coefficient and apparent Ry, ¢ fective remain
comparative indicators under the fixed protocol. Future work will examine direct loss
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measurement, same-platform comparison with other active gate drivers, lower-frequency
operation, and turn-off control.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /app16136653/s1, Figure S1: Flyback prototype PCB with the
integrated MS-AGD module (52 mm X 26 mm); Figure 52: Complete MS-AGD schematic. The upper
dashed region shows three cascode current-mirror groups (mirror_1-mirror_3), their enable switches
(S51-53), and the low-voltage supply vcc_L. The lower-left part is the differentiator. The lower-right
part is the comparator stage. The center part is the flyback power stage; Figure S3: MS-AGD current-
mirror PCB with a dimension reference; Figure S4: Measured Vg at V;, = 24V, Pyt = 5 W,
fsw = 100 kHz; Figure S5: MOSFET temperature rise AT vs. fg, (20-125 kHz); Figure Sé: Efficiency
vs. Poyt (0.5-5 W), fixed Rg vs. MS-AGD; Figure S7: Efficiency and detected Vi vs. input voltage
(10-50 V); Figure S8: Previously published temperature-controlled measurement system. (a) Test
system; (b) reference ambient-temperature trace in the acrylic box; (c) MOSFET package and PT1000
sensor attachment; Figure S9: Temperature-rise extraction and pulse-count dependence. The figure
shows the short-time temperature-rise test, the cooling curve, and the relation between AT and 1%t
under transformer and resistive loads; Figure S10: Frequency-dependent thermal-characterization
results from the previous work. The transformer-load data show the relation among switching
frequency, AT, I 2¢, and the fitted { coefficient.
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