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For the online condition monitoring of IGBTS, a new estimation method of both the junction temperature (7y) and
the load current (/) of IGBTs using a momentary high-Z gate driving (MHZGD) from the output voltage (Voyr) of the
gate driver is proposed, which can be integrated into the gate driver ICs. T is estimated from Voyr difference during
and after the MHZGD period, and I, is estimated from Voyr during MHZGD. In the 110 switching measurements at
11 different Tj’s from 25°C to 125°C and 10 different I;.’s from 12.5 A to 80 A for each of the three IGBTs, T} and
I, estimation errors in a low test cost parameter determination method are +4.9°C/-8.4°C and +1.1 A/—4.3 A, respec-
tively. In contrast, Ty and I}, estimation errors in a parameter determination method with small error are +4.9°C/-8.1°C

and +1.0 A/—1.8 A, respectively.
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1. Introduction

In order to achieve reliable power electronics systems, on-
line condition monitoring for power devices is required to
predict power device failures. The development goals of the
online condition monitoring in this paper include: (a) estima-
tion of both the junction temperature (77y) and the load current
(IL) without using temperature sensors and current sensors,
because 7 and I are important parameters that determine
the reliability of power devices; and (b) measurement from
the gate terminal of a power device that can be integrated
into gate driver ICs. Many papers have been published on
the estimation of 7 and/or I}, "'°, however, there have been
no papers achieving the two development goals. In Ref. (7),
only I, is estimated using a momentary high-Z gate driving
(MHZGD) and it is necessary to give 77 as a known value for
I, estimation. To solve the problems, in this paper, a new es-
timation method of both 75 and I;, of IGBTs using MHZGD
from the output voltage (Vour) of the gate driver is proposed.
The purpose of this paper is to achieve low cost by eliminat-
ing the temperature sensors and current sensors to measure
Ty and Iy, and substituting the sensors with the proposed 77
and /. estimation method using Voyr measurement.
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2. Measurement of AV and Vout,muz Using
MHZGD

2.1 Momentary High-Z Gate Driving (MHZGD) to
Estimate Ty and I, Fig. 1 shows a circuit schematic of a
gate driver and an IGBT. The target of this work is to estimate
both 75 and I, from Vgout, where I¢ is the collector current,
which matches /i in the steady state when the IGBT is turned
on. Fig.2 shows waveforms of a conventional gate driving
and MHZGD  at turn-off of IGBT. In the conventional gate
driving shown in Fig. 2(a), Voyr at the Miller plateau is not
equal to the internal gate-emitter voltage (Vggnt) due to I
(RginT + Rgexr) drop, where I is the gate driving current,
Rgnr is the internal gate resistance of IGBT, and Rggxr is
the external gate resistance. The constant /g flows until the
gate capacitance is fully charged as shown in Fig. 2, because
a constant current-source based gate driver instead of a con-
stant voltage-source based gate driver is used in this paper.
In MHZGD ? shown in Fig. 2(b), the period from the start of
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Fig. 1. Circuit schematic of gate driver and IGBT
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Fig.3. Measurement setup of double pulse test

turn-off to the end of the Miller plateau is divided into three
parts and defined as #,, f,, and #3. t, and #3 must be during
the Miller plateau period. In MHZGD, I is zero during .
In this work, the zero I is achieved using the digital gate
driver (DGD) 7. During t,, Vour is equal to Vgg Nt because
of zero Ig, and this Vgyr is defined as Vourmuz. Vour dur-
ing t3 is defined as Vour,conv, and the difference between
VOUT,MHZ and VOUT,CONV is defined as AV, where AV = |IG|
(RgnT + Rgext). Assuming that I is constant in this paper
because of the constant current-source based DGD “”, AV is
linearly dependent on Tj, because Rgnt is linearly depen-
dent on T; . Therefore, in this paper, T is estimated from
AV, while I, is estimated from Voyrmuz. The principle of
estimating I;, from Voyt Mmuz 1S the same as Ref. (7), while T
is not estimated and must be known in advance in Ref. (7).
2.2 Measurement Setup Fig. 3 shows the photo of
the measurement setup of the double pulse test of IGBT mod-
ule (ZMBI100VA-060-50, 600V, 100 A) at 300V for the es-
timation of 7 and ;.. The DGD IC “” drives the low side of
the IGBT module. Ty is assumed to be equal to the hot plate
temperature. Rg gxr is zero. In this paper, after the switching
measurements are performed under 110 different conditions
with 11 different 7)’s from 25°C to 125°C in 10°C steps and
10 different I;.’s from 12.5 A to 80 A in 7.5 A steps for each of
the three IGBTSs and Voyr waveform data are saved, the esti-
mations of Ty and /i, from AV and Vourmuz are done. Vour
waveforms are measured using the differential probe and AV
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Fig.5. Measured Voyr waveforms of 73 = 25°C and
125°Cat I, = 12.5A

and Vout Muz are extracted from the Voyr waveforms. In the
future, the measurement of AV and Voyrmuz can be done
with an A/D converter, which can be integrated on DGD IC.

2.3 Measurement of AV and Vourmuz Fig. 4
shows the measured waveforms at 75 = 25°C and I, = 80 A
during the turn-off of IGBT. In this paper, #, is fixed to
2us. AV and Vourmuz generated by MHZGD are clearly
observed. In this measurement, 7, is set as long as 2 pus to
ease the measurement of AV and Vourmuz. The long 1,
however, increases the turn-off delay and will degrade the
control performance of the inverter. In practice, therefore, 7,
should be set to the minimum necessary value at which AV
and Vour,muz can be measured. Please note that MHZGD has
no effect on the switching loss and Vg overshoot. In this pa-
per, to verify the principle of the proposed estimation method,
AV and Vourmuz are measured with a slower turn-off than
the data sheet indicated. Specifically, the turn-off time in the
data sheet of the IGBT is 600 ns, while the measured turn-
off time in Fig. 4 is 5.9 pus including 2 ps to achieve the pro-
posed MHZGD. The slow turn-off is achieved by adjusting
Ig of DGD“”. In practice, the turn-off should be done fol-
lowing the data sheet, because the slow turn-off increases the
switching loss. The proposed T and [, estimation method is
independent of the turn-off speed. Fig. 5 shows the measured
Vour waveforms of Ty = 25°C and 125°C at I, = 12.5A.
With increasing Ty, Vourmuz is reduced, because the thresh-
old voltage of IGBT is reduced. Fig.6 shows the measured
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Flg 7. Measured VOUT,CONV and VOUT,MHZ under 60 dif-
ferent conditions with 6 different 7;’s and 10 different 1, ’s

Vour waveforms of I, 12.5A to 80A at Ty 25°C.
Vour,muz increases with increasing Iy . Fig. 7 shows the over-
all view of measured Vour,conv and Vourmuz under 60 dif-
ferent conditions with 6 different 7’s ranging from 25°C to
125°C and 10 different I ’s ranging from 12.5 A to 80 A. AV
is the difference between Vourmuz and Vourcony. In the
next chapter, the methods for estimating 7y and I, from AV
and VoutMuz, respectively, will be explained.

3. Tjand I, Estimations from AV and VourMmuz

3.1 Overview of Proposed Ty and I;, Estimation

Fig. 8 shows an overview of the proposed 7 and I, esti-
mation from AV and Vourmuz. When the measured AV and
Vourmuz are given, Tj is estimated using Eq. (1) and 1. is es-
timated using Egs. (2) to (4), where k(Ty) is the Tj-dependent
constant, Vryg(7y) is the Tj-dependent threshold voltage of
IGBT, Ty is the room temperature (25°C) whose unit is ab-
solute temperature, k(TR) is k(Ty) at Ty = Tg, Viu(Tr) is
Vru(Ty) at Ty = Tg, and q, b, «, B, and 7y are constants. Com-
paring Ref. (7) with this paper, Egs. (2) to (4) are identical to
Ref. (7), and only Eq. (1) is newly added in this paper. The
values of seven parameters (a, b, @, 3, ¥, k(Tr), and Vry(TR))
are determined by the calibration measurements.

3.2 Parameter Determination Methods for 7y and Iy,
Estimation Fig.9 shows two parameter determination
methods for multiple IGBTs compared in this paper. In both
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methods, calibration measurements are required for each
IGBT to compensate for variations in characteristics such as
the threshold voltage for each IGBT. Fig. 9(a) shows a low
test cost method, where a five-point calibration is performed
for the first IGBT (IGBT1), and a one-point calibration is
performed for the second and subsequent IGBTs (IGBT2 and
IGBT3). The details of the five-point and the one-point cal-
ibrations will be explained later. Fig.9 (b) shows a method
with small error, where a five-point calibration is performed
for all IGBTs. The two methods have a trade-off in terms of
the estimation error and the test cost for the calibrations. The
low test cost method has the disadvantage of large estimation
error, while the method with small error has the disadvantage
of high test cost.

Fig. 10(a) shows the steps for the five-point calibration to
find the values of seven parameters shown in Fig. 8. In Step
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Step 1| Measure V,,;; waveforms under 5 conditions: (T, /) = (25°C, 12.5 A),
(25°C, 42.5 A), (25°C, 80 A), (125°C, 12.5 A), (125°C, 80 A)

Extract AV'’s from V,,; waveforms at (25°C, 12.5 A), (125°C, 12.5 A)
Derive a and b by curve fitting (Fig. 11(a))

Extract Voyrmuz's Vour waveforms at (25°C, 12.5 A), (25°C, 42.5 A),
(25°C, 80 A)

Derive k(Tg), Vi(Tx), and a (Fig. 11(b))

Extract Voypyuz's from Voyr waveforms at (125°C, 12.5 A), (125°C, 80 A)
Derive k(T,=125°C) and Viy,(T,=125°C) (Fig. 11(c))

Derive Band y (Fig. 11(d)(e))

()

Measure Vqr waveform at (T, /) = (25°C, 12.5 A)
Extract Voyrmuz and AV from Vi, waveform
Derive b and V,(Tg) by curve fitting

(b)
Fig.10. Steps for calibrations. (a) Five-point calibra-
tion. (b) One-point calibration

1, Vout waveforms under five conditions at (77, I) = (25°C,
12.5A), (25°C, 42.5A), (25°C, 80 A), (125°C, 12.5A), and
(125°C, 80 A) are measured. In Step 2, two AV’s are ex-
tracted from Voyr waveforms at (7j, I) = (25°C, 12.5A)
and (125°C, 12.5 A). In Step 3, a and b in Eq. (1) are deter-
mined by the curve fitting as shown in Fig. 11(a). In Step 4,
three Vourmuz’s are extracted from Voyr waveforms at (77,
I) = (25°C, 12.5A), (25°C, 42.5A), and (25°C, 80A). In
Step 5, k(Tr), Vru(Tr), and « in Egs.(2) to (4) are deter-
mined by the curve fitting as shown in Fig. 11(b). In Step 6,
two Vourmuz's are extracted from Voyr waveforms at (77,
I) = (125°C, 12.5A) and (125°C, 80 A). In Step 7, k(Ty =
125°C) and Vry(Ty = 125°C) in Egs. (3) to (4) are determined
by the curve fitting as shown in Fig. 11(c). In Step 8, B and
v are determined by Eqgs. (3) and (4) as shown in Figs. 11(d)
and (e), respectively, which completes the five-point calibra-
tion.

Fig. 10(b) shows the steps for the one-point calibration to
find the values of two parameters (b and Vry(7Tr)). In the
one-point calibration, five parameters (a, a, 3, v, and k(Tr))
of IGBT1 are reused to other IGBTSs to reduce the test cost.
The intention of the one-point calibration is to express the
variation of each IGBT in terms of b and Vry(Tr). In Step 1,
a Vour waveform at (T, I) = (25°C, 12.5 A) is measured. In
Step 2, b and Vrg(TRr) in Egs. (1) and (4) are determined by
the curve fitting.

Tables 1(a) and (b) show the measured conditions and the
calibrated parameters obtained by the low test cost method
(Fig.9(a)) and the method with small error (Fig.9(b)), re-
spectively, for three IGBTs (IGBT1 to IGBT3). In the low
test cost method (Table 1(a)), the five parameters (a, «, S,
v, and k(TRr)) of IGBT1 are reused to IGBT2 and IGBT3 to
reduce the test cost. As shown in Tables 1(a) and (b), the cali-
brated parameters of the three IGBTs are obviously different,
therefore calibration for each IGBT is mandatory to compen-
sate for the variations in characteristics for each IGBT.

3.3 Ty and I;, Estimation Results As shown in
Fig.9, Figs.12 to 16 show T} and /. estimation results in
IGBT1 to IGBT3. Figs. 12 to 14 show Tj and [ estimation
results using the low test cost method, while Figs. 12, 15, and
16 show T and I, estimation results using the method with
small error. Fig. 12 shows the results of IGBT1 using the five-
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Fig.11. Example of parameter determination in IGBT1.
(a) Step 3 in Fig. 10(a). (b) Step 5 in Fig. 10(a). (c) Step 7
in Fig. 10(a). (d) and (e) Step 8 in Fig. 10(a)
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Fig.16. Results of IGBT3 using five-point calibration
in method with small error. (a) Measured and estimated
T, dependence of AV at 10 different /’s. (b) 7 estima-
tion error. (c) Measured and estimated /;, dependence of

Vourmuz at 11 different 7;’s. (d) I, estimation error
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point calibration, which is the same for both methods. Fig. 13
shows the results of IGBT2 using the one-point calibration in
the low test cost method. Fig. 14 shows the results of IGBT3
using the one-point calibration in the low test cost method.
Fig. 15 shows the results of IGBT2 using the five-point cali-
bration in the method with small error. Fig. 16 shows the re-
sults of IGBT3 using the five-point calibration in the method
with small error.

The details of Figs. 12 to 16 are explained using Fig. 12 as
a representative example. Fig. 12(a) shows the measured and
estimated 7'y dependence of AV at 10 different I ’s. The esti-
mated curve is calculated using Eq. (1) and Table 1(a). AV in-
creases with increasing 7 because of increasing Rg int. AV’s
are in the range of 0.96V to 1.10V, which is reasonably ex-
plained by |Ig|Rgnt = 108 mA x 90 = 0.972 V. Fig. 12(b)
shows the Ty estimation error in Fig. 12(a). Please note that
Ty estimation errors at (T7y, I1) = (25°C, 12.5A) and (125°C,
12.5 A) are 0°C, because the calibration of a and b is done
at (Ty, I.)) = (25°C, 12.5A) and (125°C, 12.5 A). Ty estima-
tion error in the range of 25°C to 125°C and Iy, = 12.5A
to 80 A is within +4.9°C/-6.2°C. Fig. 12(c) shows the mea-
sured and estimated /1. dependence of Vouyrmuz at 11 differ-
ent 7}’s. The estimated curves are calculated using Egs. (2) to
(4) and Table 1(a). Fig. 12(d) shows the ;. estimation error in
Fig. 12(c). I estimation error in the range of 12.5 A to 80 A
and Ty = 25°C to 125°C is within +0.6 A/-0.7 A.

Tables 2(a) and (b) show summaries of Ty and I estima-
tion errors in the low test cost method (Fig.9(a)) and the
method with small error (Fig. 9(b)), respectively, for IGBT1
to IGBT3. Comparing the estimation errors using the two
methods, the T; and I estimation errors (+4.9°C/-8.4°C
and +1.1 A/-4.3A) of the low test cost method is larger
those (+4.9°C/-8.1°C and +1.0A/—1.8 A) of the method
with small error, as expected. The method with small er-
ror, however, requires five measurements at 75 = 25°C and
125°C for each IGBT as shown in Step 1 in Fig. 10(a), which
is not practical, because the test cost is too high. Therefore,
in conclusion, the low test cost method, which requires only
one measurement at 77 = 25°C for each IGBT as shown in
Step 1 in Fig. 10(b), is recommended in this paper.

3.4 Comparison with Previous Works Table 3
shows a comparison table of 77 and/or I estimation for the
condition monitoring. This paper is the first work to success-
fully estimate both 7} and I, from the measured values ob-
tained from the gate terminal. Here, improvement methods
for Ty estimation errors are discussed. The principle equa-
tion for Ty estimation in this paper (Eq. (1) in Fig. 8) is based
on Ref. (2). As shown in Table 3, the 7; estimation estima-
tion error in Ref. (2) is 7.5°C, which is comparable to the Ty
estimation error (8.4°C and 8.1°C) in this paper. Two pos-
sible ways to reduce the 7y estimation error are as follows.
The first is to refine the principle equation for Ty estimation.
Eq. (1) in Fig. 8 is a first-order approximation of the relation-
ship between Ty and AV, thus a second-order or higher term
should be added. The second is to improve the accuracy of
AV measurement. The accuracy of AV measurement in this
paper is limited by the noise of the oscilloscope probe, which
should be improved.
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Table 1. Measured conditions and calibrated parameters for three IGBTs. (a) Low test cost method. (b) Method
with small error

Measured Parameters

conditions Sample Calibrated parameters .

(T, 1) a[mV/'C] b [mV] Viu(TR) V1 | K(Tg) [AIV] a B y [mVIK]

(25°C, 12.5A),
(25°C, 42.5A),
(25°C, 80A), IGBT1 a, b, Viy(TR), k(TR), @, By 949 7.01
(1:;59&1&53)’ 1.12 17.2 157 | 1.8 6.63
IGBT2 b, Vpy(T, 938 7.16
(25°C, 12.5A) (Te)
IGBT3 b, Viy(Tg) 947 7.16
(a)
Parameters
Measured
conditions Sample Calibrated parameters .

(T 1) a[mVIC] b [mV] Viu(Te) [V | k(Tg) [A/V9] a B y [mVIK]
(25°C, 12.5A), IGBT1 a, b, Viy(TR), k(TR), & B, v 1.12 949 7.01 17.2 157 | 1.18 6.63
(25°C, 42.5A),

(25°C, 80A), IGBT2 a, b, Viy(TR), k(TR), @, By 1.13 938 7.12 15.9 1.62 | 1.30 7.57
(125°C, 12.5A),
(125°C, 80A) IGBT3 a, b, Viy(TR), K(TR), &, B 7 1.06 948 7.08 14.9 1.67 | 1.27 7.78
(b)

Table 2. Summaries of 7} and I estimation errors. (a) Low test cost method. (b) Method with small error

Table 3. Comparison table of T} and/or I, estimation

Reference 11 [2] [5] [61 71 This work
Estimated value T, T, I T, I I T, 1
Measured value |Peak of Ig| Ve exr I Ve Vour Vour
Measured value

from gate Yes Yes Yes No Yes Yes

terminal
T,range ['C] |20 —140* 10 - 100* 25 - 75 | 25 - 105* |25 — 125 25-125

I, range [A] |50 — 1200*15 — 325*| 1-50 {100 - 550*| 5 - 80 12.5-80
Max estimation B 8.4°C,4.3 A

error N.A. 75°C | 0.5A N.A. 7.7% 8.1°C. 1.8 A®

Ad_dmc_)nal Peak holdl None fI?te?u F_’eak hold, Switch Constant

circuits detector| integrator current DGD

*Obtained from graph, (1) Low test cost method, (2) Method with small error

4. Conclusions

For the online condition monitoring of IGBTs, this paper
is the first work to successfully estimate both 7y and I, us-
ing MHZGD from Vgyr. 7T is estimated from AV, while I,
is estimated from Vouyrmuz. In the 110 switching measure-
ments at 11 different 7;’s from 25°C to 125°C and 10 dif-
ferent I1.’s from 12.5 A to 80 A for each of the three IGBTs,
Ty and I estimation errors in the low test cost method are
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Sample Calibration T, estimation error [°C] I estimation error [A]
p method Max Min Max-Min Max Min Max-Min
IGBT1 5-point +4.9 -6.2 1.1 +0.6 -0.7 1.3
IGBT2 1-point +3.9 -7.9 11.8 +1.1 -2.0 341
IGBT3 1-point +3.1 -8.4 11.5 +0.8 -4.3 5.1
IGBT1-IGBT3 +4.9 -8.4 13.3 +1.1 -4.3 5.4
(a)
Sample Calibration T, estimation error [°C] I,_estimation error [A]
P method Max Min Max-Min Max Min Max-Min
IGBT1 5-point +4.9 -6.2 1.1 +0.6 -0.7 1.3
IGBT2 5-point +2.8 -8.1 10.9 +1.0 -1.4 2.4
IGBT3 5-point +3.3 -7.0 10.3 +0.6 -1.8 24
IGBT1-IGBT3 +4.9 -8.1 13.0 +1.0 -1.8 2.8
(b)

+4.9°C/-8.4°C and +1.1 A/—4.3 A, respectively. In contrast,
Ty and I} estimation errors in the method with small error are
+4.9°C/-8.1°C and +1.0 A/-1.8 A, respectively. In this pa-
per, the low test cost method is recommended, because the
test cost of the method with small error is too high.
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