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Accurate Online Junction Temperature Estimation of

IGBT Using Inflection Point Based
Updated I-V Characteristics

Abhinav Arya

Abstract—The junction temperature (7;) estimation of the in-
sulated gate bipolar transistor (IGBT) is important for reliable
operation of the power converters in various applications. For
T; estimation, ON-state collector-emitter voltage (v..) at higher
collector currents (¢.) is widely used temperature sensitive electri-
cal parameter (TSEP). For real-time T estimation, this TSEP is
calibrated using the I-V characteristics of the new IGBT. Due to
bond-wire degradation, the original I-V characteristics of IGBT
changes resulting in inaccurate 7T); estimation. In this article, a
technique is proposed to update the I-V characteristics of the de-
graded IGBT, without affecting the normal operation of the power
converter. It is achieved by estimating the increment in bond-wire
resistance (A R.,.,) by using real-time samples of v.. and inductor
current. The mathematical analysis is also presented to find an
error in estimated A R..,.,. The major contributions of this article
are as follows: a) it enables the accurate T estimation of the
IGBT throughout its lifetime; and b) it also provides the parameter
AR.,n, Which could be utilized in condition monitoring of the
IGBT. Further no additional circuitry is required. The proposed
technique is validated on experimental setup, which is developed
in the laboratory. The error in T}; estimation is observed within 1 °C
the degraded IGBT, which shows the effectiveness of the proposed
scheme.

Index Terms—Bond-wire degradation, insulated gate bipolar
transistor (IGBT), junction temperature, ON-state collector emitter
voltage.

I. INTRODUCTION

N IGBT is the most commonly used power semiconductor
device in medium/high power conversion applications.
Though widely used, the reliability of insulated gate bipolar
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transistor (IGBT) is a major concern in the industrial applica-
tions. The study reveals that around 34% of the converter failures
are due to failure of the IGBTs [1], [2]. Besides, around 55%
failures of IGBTs are related to its junction temperature (7). For
reliable operation of an IGBT, the information of T has various
applications such as its: 1) CM [3]-[8], 2) active thermal control
(ATC) [9]-[12], 3) protection against thermal runaway [13],
4) power curtailment [14], etc. The T is an average value of
temperature distribution within the chip/die of an IGBT and is
a virtual value. In general, the accuracy of 1°C in estimated T}
is desired for successful implementation of the abovementioned
applications [1], [9].

To obtain the T} of an IGBT, the methods presented in the
literature are categorised into direct and indirect methods. The
comparison of these methods are provided in Table I. The direct
methods include the measurement of 7); by using the optical tem-
perature sensors, thermistors, etc. Generally, the measurement of
T; by using the direct methods is limited due to packaging of the
IGBT. There are some commercial solutions available on the di-
rect measurement of temperature inside the IGBT package. The
temperature sensor (generally thermistor or diode) is integrated
on the substrate layer of the IGBT package [15]. However, there
is a nonuniform distribution of temperature inside the IGBT
package [9]. Due to this, the temperatures are different at the
junction of IGBT chip and at the sensor. Thus, the temperature
sensor would fail to measure the 7 of the IGBT.

There are indirect methods available in the literature to
estimate the 7; by using the thermal impedance models
(Cauer/Foster) or temperature sensitive electrical parameters
(TSEPs) of the IGBT. First, the literature on 7 estimation by
using the thermal impedance models is presented. The lumped
RC parameter values of conventional Foster model are provided
in datasheet of the IGBT. By using the thermal model parameters
and estimated power loss of the IGBT, the T’; could be estimated.
However, the model parameters provided in the datasheet are
calculated for worst scenarios, thus, not suitable for accurate
real time 7; estimation [9]. In [16], a method for estimation of
an accurate lumped RC thermal model parameters is presented. It
enables the T); estimation with reduced error as compared to the
conventional thermal model. However, the thermal properties
of different packaging layers varies with the temperature. This
results in the temperature dependency of the thermal model,
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TABLE I
COMPARISON OF DIFFERENT METHODS TO OBTAIN JUNCTION TEMPERATURE OF IGBT
. . Independent of Independent
A C lexit; Real-ti
Methods Parameter ceuracy omplexity cal-time Operating Conditions of Ageing
Direct Optical sensor, thermistor, etc. High High No Yes Yes
RC Parameters from datasheet [9] Low Low No No No
Indirect Estimatef1 RC 1Par'cn‘;lelterlséof Cauer Low Low No No No
(Thermal thermal model [16]
Model Based) Temperature dependent Cauer thermal ¢ 4o Moderate No No No
model [17], [18]
Lumped RC 3-D thermal model [19] High High No Yes No
Short-circuit current [20] High High Yes No No
tops [21] Low Moderate Yes No Yes
VaEnp [22] Low Moderate Yes No No
Indirect Gate resistance [23] Low Low Yes Yes No
(TSEP) . .
Vee at low i [6] Low High Yes Yes Yes
vee at high i. [24] Moderate Low Yes Yes No
Vee at high z:c ‘With updated I-V Moderate Low Yes Yes Yes
characteristics (proposed)

which is not incorporated in [16]. The temperature dependent
thermal model for 7T); estimation is presented in [17]. The RC
parameters of the thermal model are obtained by using the
temperature dependent equations of thermal conductivity and
specific heat capacity of different packaging layers of IGBT.
In [18], RC parameters of temperature dependent thermal model
are obtained by finite element method (FEM) simulations. In
both [17] and [18], the thermal models do not incorporate the
cross coupling of power losses among different semiconductor
chips inside the packaged IGBT. In [19], the presented 3-D
thermal model incorporates this cross coupling. The parameters
of 3-D thermal model is obtained by using FEM simulations,
which are utilized in real time T estimation of IGBT. The major
limitation of the thermal model based techniques is that the
model parameters changes with the ageing of the IGBT. This
is due to voids or cracks formation in the package layers with
degradation. Thus, the accurate temperature estimation in real
applications is not possible through these techniques.

For indirect T); estimation of IGBT, it is advantageous to use
a TSEP due to its faster response and its feasibility during the
operation of power converters. However, the proper selection of
a TSEP is crucial for 1) accuracy in the estimated temperature
and 2) not affecting the actual operation and life of the converter.
In [6], ON-state collector-emitter voltage (v..) at low collector
current (i.) is used as TSEP. The calibration of v.. versus T}
is done in order to estimate the real time 7} of the IGBT. The
drawback of the technique is that the sensitivity of v, with T}
is poor at low collector currents. This would require a precise
voltage and current measurements and would increase the cost
of the system. In [20], the short-circuit current is used as TSEP
for online T} estimation of IGBT. The short-circuit current
has good sensitivity with T;. However, the large short circuit
current would increase the stress on IGBT. Thus, reducing the
operational life of the device. The techniques discussed in [6]

and [20], would also affect the normal converter operation and
require an additional circuitry for the T); estimation. In [21]
and [22], turn-OFF time (forr) and gate-emitter negative peak
voltage during turn-OFF (Vg yp) of IGBT are used as TSEPs,
respectively. The presented techniques do not affect the normal
operation and life of the converter. However, for real time T}
estimation, the high ADC sampling rate is required to obtain
tore and the measurement of Vg ) is prone to noise. Also,
the dependence of tor and Vg, On operating parameters
such as load current and blocking voltage, limits their use in
T} estimation of the IGBT. In [23], a technique is proposed in
which the internal gate resistance of MOS devices is used as
TSEP. The presented technique is immune to circuit operating
conditions. The drawback of the technique is that the calculation
of internal gate resistance includes the resistance of bond-wire,
which increases due to its degradation with ageing. The effect
of device aging on this TSEP results in inaccurate T’; estimation
over a lifetime of IGBT. In [24], v., at higher collector currents
(ic) of IGBT is used as TSEP. The real time 7} is estimated
by mapping the sampled v.. and i, on the I-V characteristics
of the IGBT. The drawback of the technique is that the I-V
characteristics change due to bond-wire degradation of an IGBT,
which results in an inaccurate 7; estimation. The general limi-
tations of the TSEP-based techniques such as their dependence
on device ageing, poor sensitivity of TSEPs, interference with
normal circuit operation and requirement of additional circuitry
are overcome in the proposed technique of this article.

In this article, a technique is proposed to real time update the
I-V characteristics of an IGBT with its bond-wire degradation.
The T of an IGBT is estimated by using the v, at high ¢, of
I-V characteristics as TSEP. The novelty of proposed technique
is that it enables the accurate T; estimation even for degraded
IGBT. The implementation of technique does not require any
additional circuitry and does not affect the actual operation.
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Fig. 1. ON-state model of IGBT. (a) Series combination of different elements.
(b) Representation in terms of electrical parameters.

Furthermore, the proposed technique also provide the increment
in bond-wire resistance due to its degradation, which could
be utilized for condition monitoring of the IGBT. The article
is organized as follows. In Section II, the sensitivity of v.e
with T at different . is presented, which helps in selection
of operating point (v-%.) for T}; estimation. In this section, the
effect of bond-wire degradation on I-V characteristics is also
discussed. The detailed explanation of the proposed technique
with mathematical analysis is presented in Section III. The
results on experimental validation of the proposed technique
is presented in Section IV. Finally, Section V concludes this
article.

II. SENSITIVITY AND ACCURACY OF v, AS TSEP
A. Sensitivity of vc. With T}

In this section, the sensitivity of v.. with T} for different
collector currents is presented. During ON-state, IGBT chip is
modeled as series combination of diode and metal-oxide semi-
conductor field effect transistor, as shown in Fig. 1 [25]-[27].
The electrical connection to the IGBT chip is made by using
interconnection elements such as chip metallization, substrate
metallization, bond-wires, and terminals. The interconnection
elements are also incorporated in the ON-state model of the
IGBT. By using this model, the temperature dependent ON-state
collector emitter voltage of healthy IGBT, v” is given by [6],
(24]

U?el = Vo + ATy + iRy (1 4+ ap AT))
+ Z.CRCO’I’L (]- + aconAjy) (1)

where ATj is the difference between operating 7; and its base
value (T},), V, is the ON-state zero-current forward voltage drop
at T)jo, and o, is its temperature coefficient. Ry, is the addition of
resistances [2g and 12, at T, o, is the temperature coefficient
of Ry, R,y is the resistance of interconnecting elements at T,
and a.,y, 1s its temperature coefficient. From (1), the sensitivity
(S) of v with Tj is given by

_ Ovee
=

S =, + Z.c (Rbab + Rconacon) . (2)
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Fig. 2. Sensitivity of v.e with T’ at different ..

The trench gate field stop IGBTs (FS-IGBTs) are widely used in
the power applications, as they combine the advantages of con-
ventional nonpunch through and punch through structures [28].
For FS-IGBTs, the value of «, is negative, whereas, the values
of ap and «,, are positive [29]. At lower values of i., the
sensitivity of v.. with T} is negative. This region is known
as negative temperature coefficient (NTC) region, as shown
in Fig. 2. The magnitude of S keeps on reducing as the i,
increases in NTC region. At a certain value of i, (I ), the
value of S reaches to zero. This operating point is known as
the inflection point, at which the value of v, is independent
of T;. Abovementioned inflection point, the sensitivity of v,
with T} is positive and the value of S increases with an increase
in ¢.. This region is known as positive temperature coefficient
(PTC) region. From Fig. 2, it is observed that the value of S
is low in NTC region with maximum of «, at zero collector
current. The magnitude of «, is around 1 — 1.5mV /°C, [4],
which is also verified in Section IV-A. On the other side, in the
PTC region, the high value of S could be achieved at higher
collector currents. Based on the abovementioned discussion, it
is suggested to estimate the T; at higher collector currents of the
IGBT. For T} estimation, it is preferred to define the threshold
value of ¢, (I};), which is near to maximum operating current of
the IGBT (™), as shown in Fig. 2.

B. Effect of Bond-Wire Degradation on I-V Characteristics

With the ageing of IGBT, the degradation of bond-wire results
in an increase in the interconnection resistance (AR, ). The
ON-state collector emitter voltage for a degraded IGBT, Ve s
given by

’ngg =V, + OZOATJ‘ + 1. Ry (1 + OébATj)
+ Z'c (Rcon + Aficon) (1 + aconATj) . (3)

From (1) and (3), for a given 7; and 4., the increment in v.. due
to ARy, 1s written as

A'Uce = Z‘C'A-Rcon (1 + aconATj) . (4)

Generally, for an IGBT the value of R, is below 10 m{2 [24].
Over the life span of IGBT, the value of A R,,,, is not more than
5% to 10% of the R, of healthy IGBT [1], [3]. The change in
ARcon, would be very small due to variation in temperature.
Therefore, the temperature dependence of AR, could be
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Fig. 3. Shiftin I-V characteristics due to bond-wire degradation.

neglected. This assumption is justified later on in Section IV.
With this assumption, (4) is written as

AvVee = 1. AReon. (5)

The increment in v, due to A R, shifts the healthy I-V char-
acteristics (HIVC) to the degraded I-V characteristics (DIVC),
as shown in Fig. 3. It is assumed that the value of 7. at inflection
point of HIVC and DIVC would not change due to bond-wire
degradation. Therefore, the inflection point would shift horizon-
tally by I int. A Reon, as marked in Fig. 3. The increment in v, at
1. int is utilized in forming DIVC from HIVC for an accurate real
time 7; estimation, which is discussed in the following section.

III. PROPOSED TECHNIQUE

In this section, a detailed explanation of the proposed tech-
nique on online 7’ estimation of IGBT is presented. The math-
ematical analysis is also carried out to determine the efficacy of
the proposed technique and included in this section.

A. Explanation of Proposed Technique

The proposed technique is explained in detail by using the
modules, as shown in Fig. 4.

1) Module 1 (Prerequirements): Prior to application of the
IGBT, its ON-state -V characterization is carried out by using
the methodology presented in [30]. During characterization,
the case temperature of healthy device under test (DUT) is
controlled by placing it inside the thermal chamber. To ensure
the junction temperature of DUT nearly equal to the case temper-
ature, a current pulse of short duration flows through it by using a
single pulse test circuit. At a particular junction temperature, the
current pulses of different magnitudes are provided to the DUT
and the respective v, is measured. The process is repeated to
obtain the I-V characteristics at different junction temperatures.
The obtained I-V characteristics of IGBT is termed as healthy
I-V characteristics (HIVC). The HIVC provide the collector
current (/.. ;) at inflection point and corresponding collector-
emitter voltage ‘/c}éfinf, which are used in updating the I-V
characteristics of the aged IGBT as discussed in the following.
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Fig. 4. Different modules of the proposed technique.

2) Module 2 (Updating I-V Characteristics): As discussed
in Section II-B, the value of I, inf is assumed to be same for
HIVC and DIVC. This property is utilized in estimating the
value of AR,,, due to bond-wire degradation. During actual
operation of IGBT, the v.. is sampled at the collector current
equals to the I jyr, which is obtained from HIVC, as discussed
in Module 1. By using the sampled v.., the value of AR, is
calculated by

s hl

ce,inf — Y ce,inf
AReop = ———— ©)
Ie it

where Vj&inf is the sampled v, at I jor. An error in sampling of
v and the collector current introduces an error in the estimation
of AR o,. The maximum value of this error is used as a tolerance
(6,-) for AR, to decide the updation of I-V characteristics. If
the value of AR,,,, is greater than J,., then this implies that the
bond-wire of IGBT is degraded and the characteristics should
be updated. The value of J, should be kept nearer to zero for
detection of even a small change in R.,, due to bond-wire
degradation. For degraded IGBT, the DIVC is obtained by
updating the values of v.. of HIVC (vfé) at different 7, and
T}. The updated values of v, of DIVC is given by
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VE[m, n] = V' [m,n] + L.[n]. ARcon
Vvm=12,....M & VYn=1,2,....N (7)

where [V is the total number of I-V points in an [-V curve at a
particular T} of HIVC and 7 is an index term representing each
I-V point of that I-V curve at a particular T);, M is the number
of I-V curves of HIVC at different 7; and m is the index term
representing each I-V curve of HIVC at a particular 77. For the
degraded IGBT, the DIVC obtained from the abovementioned
method is used in module-3 for 7T estimation. If the value of
AR,y is within the tolerance d,., then this implies that the bond-
wire of IGBT is healthy. Thus, it is not required to update the
values of v, of the HIVC. For the healthy IGBT, the HIVC is
used in module-3 for 7; estimation.

3) Module 3 (T; Estimation): In module-2, based on the
health status of the IGBT, the I-V characteristics is determined
for T; estimation. In this module, the method of T; estimation of
IGBT is presented using the I-V characteristics. During actual
operation of IGBT, the values of v, are sampled at the ¢ greater
than the I, which is obtained from HIVC, as discussed in
Module 1. The sampled v, (V) and 7. (I7) are mapped on
the I-V characteristics to estimate the 7. In practice, the I-V
characteristics are available at finite discrete temperature values
within the operating range of 7 of an IGBT. In that case, the
V2 and I? may not intersect the characterized curves, as shown
in Fig. 5. The T} lies in between the two temperature curves,
which can be obtained by linear interpolation as given by

%—ﬂlﬂw_
‘/062 - Vcel e
where T};; and T are the two nearest temperature curves where
the sampled -V point lies in-between, V.. and V.o are the
values of v, at I? at temperatures T and T)j2, respectively. The
effectiveness of linear interpolation is validated in Section I'V.

T]’ = le + chel) (8)

B. Mathematical Analysis of the Proposed Technique

In the proposed technique, the estimation of AR,.,,, is based
on assumption that the value of Iy is same for HIVC and
DIVC. In this section, the shift in I, due to bond-wire
degradation is estimated and the abovementioned assumption
is validated. Also, an error is estimated in calculating A R, by
using the I jor of HIVC.
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Fig. 6. Shift in inflection point due to bond-wire degradation.

1) Shift in I.;nr Due to Bond-Wire Degradation: For a
healthy IGBT, the value of v, at inflection point, Vc}éfinf is given
by

Vi

ce,inf

=V, + a,AT; + 1M

Jinf

+ Igljnchon (1 + aconATj) (9)

Ry (1 + ap AT))

where 1" is the collector current at inflection point of HIVC.
As discussed in Section II-A, the v.. at inflection point is
independent of T. Therefore, the T); dependent terms in (9)

cancel each other as given by

Qo + Iééénf'(Rbab + Rconacon) =0. (10)
From (10), the I/"}  is written as
—a,
Lo = — (11)

where k = Rpap + ReonQeon. From (11), it observed that the
increment in R, due to bond-wire degradation would decrease
the current at inflection point of HIVC. This results a shiftin I, j,r
between HIVC and DIVC, as shown in Fig. 6. For a degraded
IGBT, the value of v, at shifted inflection point, Vcdee,‘?nf is given
by

Vdeg

ce,inf

V, 4+ o AT 4 IF8 Ry (1 + ap AT))

c,in

d
+ IC:Sg (Rcon + ARcon) (1 + aconATj)

inf

12)
where I0%; is the collector current at inflection point of DIVC.

Similar to (11), the 1™, is given by

c,in

deg —Q

I = ——— 1
C)lnf k + ARconacon ( 3)

By using (11) and (13), a shift in collector current at the two
inflection points, Al iy is given by

aoaconARcon
(k + ARconacon) ’

By using the HIVC of an IGBT, the value of k is calculated from
(11). The value of k is typically less than 1 m€2/°C whereas, the
product of AR,y and aveop, is in order of few 1£2/°C. Thus, the
product A Reop-Qieon 1s neglected as compared to & and (13) is

deg
I c,inf

(14)

- [ffmf = Al jnr = A
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rewritten as
aoaconARcon
2

It is observed that the shift in I, ju¢ is proportional to the bond-
wire degradation. However, the product of B and A R,.,,, is small
which limits the A iy in order of milli-Amperes, where the
value of Iy is in order of few to 10’s of Amperes. Though the
shiftin I ;u¢ is small for a degraded IGBT, but it is important to
estimate an error in calculating AR, due to this shift.

2) Error in Estimation of AR, For a healthy IGBT, by
using (9) and (10), the V!, + is written as

AIc,inf = = B~ARcon~ (15)

VI e = Vo + Ie(Ry + Reon). (16)

Due to bond-wire degradation, the value of I hinf is shifted to

deg
I c,inf>

graded IGBT, the value of v,.,, at I "int 1s 10 more 7’ independent.
For a de§raded IGBT, the temperature dependent Value of v, at
IM . VisE is given by

c,inf>

Ve =V, + a,AT; + I

c,in
Ic 1nf( con T ARcon) (1 + OZCOHATj) .
By subtracting (16) from (17)
Vcd:g V}élmt = (O(O + I?,gnf(Rbab + Rconacon)) ATJ

C

as discussed in the following section. Therefore, for a de-

be (1 + OszTj)
(17)

IM $ARcon (1+ acon ATY) - (18)
By using (10), (18) is simplified as given by
Vee® = Vit = LintOReon (1 + aconST3) . (19)
From (19), the value of AR,,,, is estimated as given by
AR.  — M _c (20)
“ 18 '

where €, = ARcon-Geon.AT}. The €, in (20) is the error in
estimation of A R,,,,, due to bond-wire degradation. The product
of ARcon-Oicon 18 very small, in order of few £2/°C. Thus, the
value of ¢, is very small for an operating range of junction
temperature of the IGBT.

IV. EXPERIMENTAL VALIDATION OF PROPOSED TECHNIQUE

In this section, the experimental results on the discussion
made in the previous sections is presented. The I-V characteri-
zation of the IGBT is carried out on the characterization setup,
which is developed in the laboratory. By using the characterized
IGBT, the hardware setup of H-bridge inverter is also developed
in the laboratory. The proposed technique on updating the I-V
characteristics of degraded IGBT and T estimation is imple-
mented along with the inverter operation.

A. Calibration in Voltage and Current Measurement

In this article, v, and i, of the DUT are measured by using the
voltage measurement circuit (VMC) and current measurement
circuit (CMC), as suggested in [30]. The measured voltage and
current are sampled in the digital signal processor (DSP). An
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Fig. 7. Calibration in (a) voltage measurement and (b) current measurement.

experimentation is performed in order to obtain an error in
sampling the voltage and current.

1) Voltage Measurement Calibration: For voltage, a regu-
lated dc power supply is connected at the input of the VMC.
During the operation of this setup, the derived input voltage in the
DSP is compared with the true input voltage, which is obtained
by using Fluke multimeter (model: 87 V). The error in sampling
the voltage at different input voltage is shown in Fig. 7(a). The
trend of error is utilized in the calibration of v.. measurement
in real-time operation. The error in voltage measurement after
calibration is also plotted in Fig. 7(a). It is observed that the error
is below 0.2 mV.

2) Current Measurement Calibration: The current is swept
(0 A to 15 A) through the Hall effect current sensor and is sam-
pled in the DSP via scaling circuit. The derived current in DSP is
compared with the true current, which is obtained by using Fluke
multimeter (model: 87 V). The error in current measurement at
different current is calculated, as shown in Fig. 7(b). The trend
of the error is utilized in the calibration of CMC in its real time
operation. The error in current measurement after the calibration
is also plotted in Fig. 7(b). It is observed that the error is below
15 mA for different currents.

B. I-V Characterization of a Healthy IGBT

The characterization setup is developed in the laboratory, as
discussed in [30]. By using the characterization setup, the HIVC
of IGBT (A1P25S12M3, 1200 V, 25 A) is obtained, as shown
in Fig. 8. The value of I, jur is 4.95 A. It is found that the value
of a, is 1.3mV/°C. This validates the low sensitivity of v
with T} in NTC region, as discussed in Section II-A. However,
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Circuit diagram of H-bridge setup developed in laboratory.

Fig. 9.

TABLE I
LIST OF MAJOR COMPONENTS USED IN INVERTER SETUP

Components Specifications Company
DC Power Supply  (SGI: 600V/25A) AMETEK
IGBT Module 1200V, 25A STMicroelectronics
MCU TMS320F28379D Texas Instruments
Gate Driver IC FOD8316 ON-Semiconductors
Inductor L= 3mH —
Output Capacitor Co =3.3uF —
DC Capacitor Cpc = 1000uF —

Current Sensor LA 25-P (25A) LEM

the sensitivity of v, with T} is increased at higher collector
currents in PTC region, as shown in inset Fig. 8. The value of I}
is chosen to be 14 A, above which the value of S is greater than
1.5mV/°C.

C. Inverter Operation

The H-bridge inverter prototype is developed in the laboratory
as per the circuit diagram shown in Fig. 9. The list of components
used in the inverter setup is given in Table II. During the inverter
operation, the waveforms of inductor current, DUT gate pulses
and collector-emitter voltage of DUT are captured and shown in
Fig. 10. The i, of DUT is obtained by using the sensed inductor
current (7 7,) and the information of gate pulse to the DUT (Spur),
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Fig. 10.  Voltage and current waveforms during inverter operation (DUT gate
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Fig. 11.  Open IGBT (A1P25S12M3, 1200 V, 25 A) in the laboratory.

as given by

ic =1ir.Spur ifir >0
2y
=0 if, iy, <O0.
The value of i, and corresponding v, are sampled in the DSP.
The sampled voltage and currents are utilized in updating the
I-V characteristics of the degraded DUT and the T; estimation,
as presented in the following section.

D. Updating I-V Characteristics of Degraded IGBT

In this section, the proposed technique of updating the I-V
characteristics of degraded IGBT is implemented during oper-
ation of the inverter. The degradation of bond-wire is emulated
by cutting the two out of four bond-wires manually of the
open IGBT module (A1P25S12M3, 1200 V, 25 A), as shown
in Fig. 11. During operation of the inverter with degraded
IGBT, the value v, is measured when i, equals to the I j,r. To
ensure the sampling of v.. at Iy, 1) the loading of inverter is
maintained such that peak value of ¢, is greater than I s, ii) the
sampling frequency (fs) of v.e and 7. is kept much greater than
the fundamental frequency (f,), i.e., fs >> f,. By using the
sensed vqe at I, i the value of AR,,, is estimated by setting



ARYA et al.: ACCURATE ONLINE JUNCTION TEMPERATURE ESTIMATION OF IGBT

—60°C (deg) —80°C (deg) — 100°C (deg) ---60°C (heal) ---80°C (heal) --- 100°C (heal)

185 200
165 1| Soes
polll
12.5 Eg)o:ooz
2 10.5 0.000
I 85
6.5
4.5
2.5
0.5
0.6 0.8 1 1.2 1.4 1.6 1.8
Vee (V)
Fig. 12.  Updating I-V characteristics by using proposed scheme. Inset shows
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Fig. 13.  Validation of estimated DIVC from characterization setup.

0, = 0.16 m{2. The estimated value of AR, is found to be
0.65 mQ2. The value of AR,,, is used in updating the HIVC
to form DIVC, as shown in Fig. 12. It is observed that for a
given temperature the shift in v, is large at higher values of
i.. The accuracy in DIVC of DUT, which is obtained from
the proposed method is verified by using the characterization
setup. The DIVC obtained from the proposed method and the
characterization setup are shown in Fig. 13. It is observed that
the I-V curves at different temperatures are almost overlapping
with an average error of 0.3, 0.4, and 0.7mV at T} of 60°C,
80°C, and 100°C, respectively. This validates the assumption
of neglecting effect of temperature on AR, as mentioned in
Section II-A. The shift in I, jr due to the degradation of IGBT
is shown in Fig. 14(a). It is observed that the value of Al s is
around 30 mA and the value of &, is 0.1 m€). The value of ¢,
would introduce an error in v, (i..€,) when updating the [-V
characteristics of the degraded IGBT (DIVC). Due to an error
in Ve, an error in T estimation, (eT;) is given by

1e.Ep

Si,

p— UCC p—
5Tj = S =
(2

(22)

where S;_ (V/°C) is the sensitivity of v.. with temperature at a
particular ¢.. By using (22), the value of e, is less than 1°C.
The expected error in 7Tj estimation due shift in I jqr is
also evaluated for an IGBT with larger current rating (Infineon,
FF75R12RT4, 1200 V, 75 A). From the HIVC, it is observed
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Fig. 14.  Shift in I jot due to bond-wire degradation of IGBT. (a) With 25 A
current rating (STMicroelectronics, A1P25S12M3). (a) with 75 A current rating
(Infineon, FF75R12RT4).

that the current at inflection point is around 19.75 A, as shown in
Fig. 14(b). The degradation of bond-wire is emulated by cutting
the four out of eight bond-wires manually of the open IGBT
module. From the DIVC, it is observed that the value of A i
is around 0.1 A and the value of ¢, is 0.05 m{2. The expected
value of e isaround 1°C, which is similar for the IGBT of lower
current rating (A1P25S12M3, 1200 V, and 25 A). Therefore,
the proposed scheme would provide an estimated 7; with an
accuracy of around 1°C of the degraded IGBT, irrespective of
the current rating.

E. T; Estimation of an IGBT

The T of a healthy DUT is estimated within the power cycle
of the inverter operation in steady state, as shown in Fig. 15.
To validate the accuracy in methodology of T’; estimation, the
in-built NTC thermistor of an IGBT is used, which is marked
in Fig. 11. The difference between the T} of DUT and NTC
thermistor, AT;_ntc is given by

ATy ~te = Zinour-nre)-Fbur (23)

where Zy,(pur—ntc) 18 the thermal impedance between DUT and
NTC thermistor and Ppyr is the power loss in the DUT [31].
When the device is healthy, the value of Z;j, pur—nrc) is almost
constant. Therefore, the percentage increase in AT);_nc is same
as the percentage increase in Ppyr. In the H-bridge inverter with
unipolar PWM switching, all the IGBTs have equal electrical
stresses and each IGBT contributes equally in the total power
loss of the inverter (Pr). Therefore, the percentage increase in
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Fig. 16. Estimated T} at different inverter power loss.

TABLE III
JUNCTION AND NTC TEMPERATURE AT DIFFERENT POWER LOSS

P, (W)  Tjawg(°C) Tnrc(°C) ATj_n7c(°C)
31.4 112 79 33
36.2 126 88 38

the Py, is equals to the percentage increase in Ppyr and, hence,
equals to the percentage increase in AT} _nrc. The inverter is
operated at two different power losses of the inverter. At each
power loss the inverter is operated for a time till the NTC
thermistor temperature is settled and then the T} is estimated,
as shown in Fig. 16. The average of estimated T} (1} ay¢) and
measured temperature of NTC thermistor (Intc) at different
values of Pj, are given in Table III. It is observed that the
increase in AT _ntc is 15.15% due to the 15.2% increment in
Pr.. The fulfillment of necessary condition given in (23) implies
the accuracy in methodology used in 7; estimation of the IGBT.
To further validate the accuracy of the proposed scheme, the
H-bridge inverter is assembled containing the degraded DUT
(A1P25S12M3, 1200 V, 25 A), with cutoff two bond-wires.
When the inverter is not under operation, it is kept in the tempera-
ture controlled chamber (TCC) for a long duration. This ensures
that the T} of the DUT becomes equal to the set temperature
of the TCC (7). Then, the operation of the inverter is started.
The i, and v, of the degraded DUT are measured in the first
power cycle from the start of the inverter operation. This avoids
self-heating of the DUT. The measured values of i, and v
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Fig. 17.  Estimated T; of degraded IGBT by using HIVC and DIVC (inverter

power loss, Pr, = 40 W). (a) At Ty = 40°C. (b) At Ty, = 80°C.

TABLE IV
ESTIMATED T; USING HIVC AND PROPOSED METHOD

° Estimated 7} (°C)
Toet °CO) HIVC | proposed method
20 27.8 21.5
40 47.2 41.0
60 67.8 61.5
80 87.4 81.3

are used in estimating the 7} by using the HIVC as well as
DIVC, as shown in Fig. 17. It is observed that the estimated
T} by using DIVC is close to Ty at the starting of the inverter
operation, with an error of around 1°C and 1.3°C for T equals
t040°C and 80°C, respectively. If the T’; is estimated by using the
HIVC, error is around 7.2°C and 7.4°C for Ty equal to 40°C
and 80°C, respectively. The estimated 7; by using HIVC and
proposed method at different values of T is given in Table I'V.
It is found that there is substantial increment in accuracy of
estimated T); by using the DIVC. This accuracy is important
in the condition monitoring applications and other temperature
critical applications, as discussed in Section I.

V. CONCLUSION

This article presented a technique for an accurate T} esti-
mation of the IGBT, irrespective of its extent of ageing. The
important findings of this article are listed as follows.



ARYA et al.: ACCURATE ONLINE JUNCTION TEMPERATURE ESTIMATION OF IGBT

1y

2)

3)

4)

5)

[1]

[4]

[5]

[9]

[10]

[11]

[12]

[13]

[14]

The HIVC of IGBT changes due to bond-wire degradation.
Therefore, itis required to update the DIVC for an accurate
T} estimation.

In the proposed technique, real-time estimation of AR,
at I e of HIVC is utilized in updating DIVC. A math-
ematical analysis of the proposed technique is also pre-
sented. It is derived that for a bond-wire degraded IGBT,
the shift in /i and error in estimation of AR, are
small. Thus, the proposed technique provides a good
accuracy in T} estimation of the IGBT.

The proposed scheme is validated during real-time oper-
ation of the H-bridge inverter. The shift in I, j,r is found
to be around 0.6% for the degraded IGBT.

Due to small shiftin /. jr, an error in estimation of ARy,
(g,-) is observed to be around 15% for a variation in T; of
60°C. Due to this, the expected error in T estimation is
within 1°C.

The information of real-time AR,,, of the degraded
IGBT could be utilized for its condition monitoring.
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