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Abstract— A digital gate driver is effective to solve the trade-
off between the switching loss and the current/voltage overshoot
of power transistors. A load current and temperature dependent
optimization of the gate driving vectors for the digital gate
drivers, however, is required [13], because an optimum vector
at a particular load current and temperature does not often
work at different conditions. When sensors for the load current
and/or temperature are not available, the digital gate drivers are
not useful under load current and temperature variations. To
solve the problem, robust gate driving vectors to load current
and temperature variations for the digital gate drivers are
proposed. To compare a conventional single-step gate drive and
the proposed robust gate driving vectors, the switching loss and
the current/voltage overshoot in turn-on/off state of IGBT are
measured by using a 6-bit programmable digital gate driver 1C
across nine conditions including different load currents (20 A,
50 A, and 80 A) and temperatures (25 °C, 75 °C, and 125 °C).
The performance of the switching loss and the current/voltage
overshoot of the proposed robust vectors is improved by 2% to
11 % and 16 % to 29 % across the nine conditions in turn-on/off
state, respectively, which indicates that the proposed robust
vectors requiring no current and temperature sensors are a
useful method for the digital gate drivers.
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I. INTRODUCTION

Active gate driving of power transistors, where the gate
driving current is dynamically controlled during the turn-
on/off transients, is a promising technology to solve the trade-
off between the switching loss (Eross) and the current
overshoot (loversuoor) or voltage overshoot (Voversuoor) of
power transistors with a conventional fixed gate resistance
driver. Digital gate drivers [1-13] are useful for the active gate
driving, because the gate driving current is programmable
with gate driving vectors using a software. For example, a 6-
bit programmable digital gate driver with four 6-bit variables,
where an optimum gate driving vector is automatically found
out of 64* (~1.7 x 107) combinations using a simulated
annealing algorithm, reduces Eioss by 55% at the same
Voversuoot and reduces Voversuoot by 53% at the same Eross
at the turn-off of IGBT [5]. The optimum gate driving vector,
however, changes depending on a load current (/Loap) and
temperature [13]. When an optimum vector at a particular
lioap and temperature is reused to another Ilioap and
temperature, Eioss and Joversnoot/ Voverstoor are sometimes
worse than the conventional single-step gate drive [13].
Therefore, lioap and temperature dependent gate driving
vectors are required [13]. When sensors for /roap and/or
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temperature are not available, the digital gate drivers are not
useful under load current and temperature variations. To solve
the problem, robust gate driving vectors to Iroap and
temperature variations for the digital gate drivers are proposed
in this paper. Compared with the conventional single-step gate
drive, the digital gate driver has a potential to reduce E1oss and
Ioversnoot/ Voversnoot, because the digital gate driver with
four variables has a higher flexibility than the conventional
single-step gate drive with only one variable. Eioss and
IToversnoot/ Vovershoor in turn-on/off state of IGBT are
measured by using a 6-bit programmable digital gate driver IC
across nine conditions including different load currents (20 A,
50 A, and 80 A) and temperatures (25 °C, 75 °C, and 125 °C).
Compared with the conventional single-step gate drive, Eross
and Ioverstoot/ Voversnoor of the digital gate drivers with the
proposed robust vectors is reduced across the nine conditions.

II. MEASUREMENT SETUP

Fig. 1 shows a circuit schematic of the measurement setup
for the double pulse test for turn-on and turn-off of IGBT at
300 V. The measurement system including a 6-bit
programmable digital gate driver, 2-in-1 IGBT module
(2MBI100VA-060-50, 600 V, 100 A), and the signal
acquisition/control system is the same as [13] except for the
gate driving vectors. In order to realize a programmable 63-
level drivability in the programmable gate driver, 63 parallel
transistors are connected to the gate of IGBT and a 6-bit
control signal is applied to specify the number of activated
PMOS (NMOS) transistors, npmos (nnmos) [6]. Fig. 2 (a)
shows the gate driving vectors and waveforms in the 6-bit
digital gate driver. In this paper, the gate driving vector is

300V

e ——————————— N
7 N

——————————

Nymos and Npyos

Control signals:

63 NMOSs | |
Digital gate driver IC "~ 1GBT module”

7
’

Fig. 1. Circuit schematic of measurement setup.
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Fig. 2. Gate driving vectors and waveforms. (a) Proposed. (b) Conventional single-step gate drive.

Fig. 3. Photo of measurement setup.

defined as (n1, n2, n3, ns) , Wwhere ni, na, n3, and n4 are integers
from 0 to 63. Four 160-ns time steps in turn-on state and four
400-ns steps in turn-off state are used. Fig. 2 (b) shows the
gate driving vectors and waveforms of the conventional
single-step gate drive emulated by the digital gate driver. The

gate driving vector is (n) , where 7 is an integer from 0 to 63.
Fig. 3 shows the photo of the measurement setup. The IGBT
module is put on a hot plate to control the temperature, while
the gate driver IC is away from the hot plate.

III. How TO FIND ROBUST GATE DRIVING VECTORS

In this chapter, a method to find the proposed robust gate
driving  vectors is  explained. First, Eross and
Toversnoot/ Voversnoor in turn-on/off state of IGBT are
measured by using the 6-bit digital gate driver IC with all
combinations of four variables at the nine conditions, (/Loap,
temperature) = (20 A, 25 °C), (20 A, 75 °C), (20 A, 125 °C),
(50 A, 25 °C), (50 A, 75 °C), (50 A, 125 °C), (80 A, 25 °C),
(80 A, 75°C), and (80 A, 125 °C). The levels of ni, n», n3, and
ns are reduced from 64 to 10, because the number of
combinations of 64* (~1.7 x 107) is too large to measure.
Specifically, in this paper, i, n2, n3, and ns are 0, 7, 14, 21, 28,
35, 42,49, 56, and 63, and the number of combinations is 10*.
The required time for 10* measurements is 36 minutes. In

TABLE L TOP FIVE RANKING OF fop; on OUT OF 10* MEASUREMENTS IN TURN-ON STATE. PROPOSED ROBUST GATE DRIVING VECTOR IS (11, Nz, N3, N4) =
(7,35,7, 14).
fosy
Vectors 25°C 75°C 125°C Min. fogy
Rank| ny [ n, [ ny [ ng | (1)20A | (2)50A | (3)80A | (4)20A | (5)50A | (6)80A | (7)20A | (8)50A | (9)80A | in(1)to(9)
1 7 35 7 14 | 6.106E-01| 6.133E-01| 5.887E-01| 6.568E-01| 6.591E-01| 6.369E-01| 6.835E-01| 6.961E-01| 6.983E-01 6.983E-01
2 49 7 14 42 | 6.541E-01| 5.983E-01| 5.859E-01| 6.813E-01| 6.491E-01| 6.236E-01| 6.987E-01| 6.925E-01| 6.777E-01 6.987E-01
3 49 7 14 28 | 6.598E-01| 6.173E-01| 5.919E-01| 6.840E-01| 6.462E-01| 6.343E-01| 6.981E-01| 7.015E-01| 6.789E-01 7.015E-01
4 49 7 14 35 | 6.650E-01]| 6.148E-01| 5.881E-01| 6.830E-01| 6.417E-01| 6.286E-01| 7.016E-01| 6.896E-01| 6.848E-01 7.016E-01
5 49 7 14 56 | 6.658E-01| 5.976E-01| 5.849E-01| 6.857E-01| 6.326E-01| 6.202E-01| 7.016E-01| 6.895E-01| 6.802E-01 7.016E-01
TABLE II. TOP FIVE RANKING OF fo;_orr OUT OF 10* MEASUREMENTS IN TURN-OFF STATE. PROPOSED ROBUST GATE DRIVING VECTOR IS (ny, N, N3, Ny) =
(49,42,7, 14).
fOBJ
Vectors 25°C 75°C 125°C Min. fog,y
Rank| n; | n, | n; | n, | (1)20A | (2)50A | (3)80A | (4)20A | (5)50A | (6)80A | (7)20A | (8)50A | (9)80A | in(1)to(9)

1 49 42 7 14 | 7.147E-01| 5.348E-01| 5.403E-01| 7.566E-01| 5.978E-01| 5.884E-01| 7.396E-01| 6.700E-01| 6.637E-01 7.566E-01
2 49 42 7 56 | 7.389E-01| 5.429E-01| 5.469E-01| 7.540E-01| 6.001E-01| 5.943E-01| 7.609E-01| 6.853E-01| 6.643E-01 7.609E-01
3 49 42 7 7 7.166E-01| 5.384E-01]| 5.426E-01| 7.551E-01| 5.892E-01| 5.917E-01| 7.651E-01| 6.838E-01| 6.594E-01 7.651E-01
4 49 42 7 42 | 7.137E-01| 5.308E-01| 5.438E-01| 7.549E-01| 6.134E-01| 5.892E-01| 7.657E-01| 6.779E-01| 6.650E-01 7.657E-01
5 49 42 7 63 | 7.370E-01| 5.376E-01| 5.532E-01| 7.538E-01| 5.913E-01| 5.955E-01| 7.666E-01| 6.747E-01| 6.642E-01 7.666E-01
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Fig. 4. Gate driving vectors across nine conditions including different /1 oap (20 A, 50 A, and 80 A) and temperatures (25 °C, 75 °C, and 125 °C). (a) and (b)
Turn-on. (c) and (d) Turn-off. (a) and (c) Best gate driving vectors at each / oap and temperature. (b) and (d) Proposed robust gate driving vectors.

total, the measurement time across the nine conditions is 5.5
hours for 9 x 10* measurements. Then, the turn-on object
function (foss on) and the turn-off object function (foss orr) of
each measurement are calculated to evaluate FEross and
Toversnoot/ VovERSHOOT-
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where the subscript MAX signifies the maximum of the
corresponding quantity. Small fog;y is preferred. Tables I and 11
show the top five ranking of foss on and foss orr out of 10*
measurements, respectively. Maximum fog; in each vector
across the nine conditions are selected and are arranged in
ascending order. The top ones in Tables I and II are the
proposed robust gate driving vectors, where (n1, na, n3, ns) =
(7, 35, 7, 14) in turn-on state and (1, n2, n3, na) = (49, 42, 7,
14) in turn-off state. The proposed robust gate driving vectors
achieve the best fop,’s out of the 10* worst fop;’s across the
nine conditions, which is the reason why the proposed vectors
are robust to /L oap and temperature variations.
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IV. MEASURED RESULTS

In order to clarify the advantage of the proposed robust
gate driving vectors, Eross and Joversnoot/ Voversnoot of four
gate drives are compared in measurements across the nine
conditions including different /roap (20 A, 50 A, and 80 A)
and temperatures (25 °C, 75 °C, and 125 °C). Figs. 4 (a) and
(c) show the best gate driving vectors achieving the minimum
Josy’s in 10* measurements at each I oap and temperature in
turn-on and turn-off state, respectively. In this paper, they are
defined as “full search (FS)” and the FS shows the lower limit
of fopy at each I oap and temperature. Figs. 4 (b) and (d) show
the proposed robust gate driving vectors (RV) extracted from
Tables I and II in turn-on and turn-off state, respectively. In
RV, different from FS, the same vector is applied to the nine
conditions. Fig. 5 shows the measured E1oss vs. loversaoor of
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the four gate drives in turn-on state. Fig. 6 shows the measured
Eross vs. Vovershoor of the four gate drives in turn-off state.
The black curves show the trade-off curves of the
conventional single-step gate drive in Fig. 2 (b) with varied n
from 5 to 63. The red circles show the representative points of
the conventional single-step gate drive, where n = 15 in turn-
on state and # = 9 in turn-off state. The green asterisks show
the proposed RV. The green circles show FS, which means the
lower limit of fopy at each ILoap and temperature. The blue
triangles show the reuse of the optimum gate driving vectors
at (50 A, 25 °C) [13] for comparison, which is defined as
“Reuse”. The dotted concentric curves Figs. 5 and 6 show the
contour of fopy on and foss orr defined in Egs. (1) and (2),
respectively. Figs. 7 (a) and (b) show fop; of the four gate
drives at the nine conditions in turn-on and turn-off state,
respectively. The red circles in Figs. 5 and 6 are plotted in Fig.
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Fig. 10. Gate driving vectors and measured waveforms at 80 A, 125 °C in turn-on. (a) Conventional single-step gate drive. (b) Full search (FS). (c)

Proposed robust vectors.

7. As clearly shown in Figs. 5 to 7, foss of the proposed RV is
always smaller than that of the conventional single-step gate
drive, while fos; of Reuse is sometimes larger than that of the
conventional single-step gate drive. Therefore, Reuse is not
robust to /1 oap and temperature variations, while the proposed
RV is robust to /lioap and temperature variations.
Quantitatively, as shown in Fig. 7, fop; of the proposed RV is
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smaller than that of the conventional single-step gate drive by
2% to 11 % and 16 % to 29 % across the nine conditions in
turn-on and turn-off state, respectively. fopy of FS is the
smallest, while the gate driving vectors are varied depending
on I oap and temperature as shown in Figs. 4 (a) and (c). The
variable vectors depending on /Loap and temperature do not
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work, when the sensors for /Loap and/or temperature are not
available.

In the followings, the measured waveforms at (50 A, 25
°C) and (80 A, 125 °C) are shown. Figs. 8 (a), (b), and (c)
show the gate driving vectors and measured waveforms of the
conventional single-step gate drive, FS, and the proposed RV
at 50 A, 25 °C in turn-on state, respectively. The
corresponding Eross and loversuoot are shown in Fig. 5. np =
0 of FS in Fig. 8 (b) and (n3, n4) = (7, 14) of RV in Fig. 8 (c)
are important to reduce loversuoot, because small gate current
before the peak reverse recovery current of the diode is
required to reduce loversuoot. Figs. 9 (a), (b), and (c) show
the gate driving vectors and measured waveforms of the
conventional single-step gate drive, FS, and the proposed RV
at 50 A, 25 °C in turn-off state, respectively. The
corresponding Eross and Voverstoor are shown in Fig. 6. n3 =
0 of FS in Fig. 9 (b) and n3 =7 of RV in Fig. 9 (¢) are important
to reduce Voversuoot, because small gate current is required
to reduce the slew rate of the collector current (/c). Figs. 10
and 11 show the gate driving vectors and measured
waveforms at 80 A, 125 °C in turn-on and turn-off state,
respectively. Compared with Figs. 8 and 9, FEioss and
]OVERSHOOT/ VOVERSHOOT are increased, because ]LOAD is
increased from 50 A to 80 A. The tendency of the gate driving
vectors of FS and RV, however, is similar to Figs. 8 and 9.

V. CONCLUSIONS

In this paper, the robust gate driving vectors to /L oap and
temperature variations for the 6-bit digital gate drivers are
proposed. In the switching measurements of IGBT at 300 V
across the nine conditions including different /1 oap (20 A, 50
A, and 80 A) and temperatures (25 °C, 75 °C, and 125 °C),
fos of the proposed robust vectors is smaller than that of the
conventional single-step gate drive by 2 % to 11 % and 16 %
to 29 % in turn-on and turn-off state, respectively. Therefore,
the proposed robust vectors requiring no current and
temperature sensors are a useful method for the digital gate
drivers. A future challenge of the proposed robust vectors is
the test cost to find the robust vectors, because 9 x 10*
measurements take more than 5.5 hours in this work.
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