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Abstract—Thermo-sensitive electrical parameter (TSEP) ap-
proaches are widely employed in the junction temperature ex-
traction and prediction of power semiconductor devices. In this
paper, the turn-off delay time is explored as an indicator of a TSEP
to extract the junction temperature from high-power insulated
gate bipolar transistor (IGBT) modules. The parasitic inductor
L.g between the Kelvin and power emitter terminals of an IGBT
module is utilized to extract the turn-off delay time. Furthermore,
the monotonic dependence between the junction temperature and
turn-off delay time is investigated. The beginning and end point
of the turn-off delay time can be determined by monitoring the
induced voltage v.g across the inductor L.g. A dynamic switch-
ing characteristic test platform for high-power IGBT modules is
used to experimentally verify the theoretical analysis. The experi-
mental results show that the dependency between IGBT junction
temperature and turn-off delay time is near linear. It is established
that the turn-off delay time is a viable TSEP with good linearity,
fixed sensitivity, and offers nondestruction on-line IGBT junction
temperature extraction.

Index Terms—High-power insulated gate bipolar transistors
(IGBTs), online junction temperature extraction, thermo-sensitive
electrical parameter, turn-off delay time.

I. INTRODUCTION

ITH high switching speeds, low conduction losses, and

high over-current capacity, high-power IGBT modules
are widely employed in voltage-source-converter-based high-
voltage direct current transmission, megawatt-level renewable
energy generation plants, and high-speed traction systems [1],
[2]. As a core component in the high-power conversion systems,
high-power IGBT module reliability is an important issue in the
power electronics applications [3], [4]. Research has shown that
31% of power electronic conversion system breakdowns are at-
tributable to the power device failure, and nearly 60% of device
failures are thermally induced [5]. In addition, failure rate dou-
bles for every 10 °C junction temperature increase [6]. It has
been concluded that power device failures are mostly triggered
by the thermo-electrical breakdown, local thermal runaway, and
thermo-mechanical failure [7], [8]. In practical applications,
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junction and case temperature fluctuations may deteriorate the
electrical specifications, such as resulting in higher leakage cur-
rents and smaller safe operation areas, etc. Since the enclosed
semiconductor packaging consists of several materials with dif-
ferent thermal expansion coefficients, power and thermal cy-
cling under complex working conditions can lead to different
degrees of thermo-mechanical failure.

Consequently, the junction temperature monitoring is a key
factor in failure mechanism analysis and lifetime prediction of
IGBT modules. Junction temperature monitoring provides an
efficient way to realize active thermal control for high-power
converters, hence is a potential approach to strengthen sys-
tem reliability [9], [10]. Consequently online junction tempera-
ture detection methods have aroused interest from both device
manufacturers and users. Existing IGBT junction temperature
measurement approaches can be categorized into the optical-
based, physical contact-based, and thermo-sensitive electrical
parameter (TSEP)-based solutions [11]-[13]. An infrared cam-
erais representative of an optical-based method, but is expensive
and restricted in practical applications [14]. The thermocouple
and build-in thermistor are the typical physical contact-based
methods, examples, and are cost-effective and widely applied
in industrial applications. But their dynamic response are rela-
tively slow, thus, cannot detect the dynamic junction temperature
fluctuations. It is, therefore, concluded that a TSEP extraction
method affords the most promising and feasible way to attain fast
temperature measurement from high-power IGBT modules [11].

By using the die itself as a thermal sensor, the TSEP method
can establish correspondence between the external observable
electrical parameters and junction temperature. This makes it
possible for the online IGBT module junction temperature mon-
itoring. In the literature, the common TSEPs are divided into the
static parameters and dynamic parameters [9]. Static TSEPs are
defined as the parameters extracted during the onstate or offs-
tate, whilst dynamic TSEPs are extracted during the turn-on or
turn-off transitions, where both category parameter possibilities
are classified in Fig. 1.

An auxiliary current source injection circuit is required to
ensure the current is low enough to avoid self-heating effects in
TSEP V.. based methods [15]. In the case of the TSEP I,., a
bypass power device is introduced under the test to produce the
short current [16]. When these limited conditions for the TSEP
Lo and Vy methods are reached in a deteriorated device, the
power module is susceptible to catastrophic.

Dynamic TSEPs include threshold voltage v;1,, Miller-plateau
voltage v, the maximum voltage slope dv/dt (y,ax), current
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Fig. 1. Classification of thermo-sensitive electrical parameters.

slope di/dt (y,x), and turn-on/off delay time (tqon /taom) [13].
In terms of TSEPs vy, and vgy,, they are unlikely for the online
extraction because of their low sensitivity (About few millivolts
per degree [11]) and sensitive sensing circuit requirements. Ad-
ditional components are needed to convert dynamic dv/dt and
di/dt to an observable signal, like RC circuitry or a PCB Ro-
gowski coil, which affect IGBT switching characteristics [17],
[18]. Particularly, the turn-on current of IGBT intertwined with
the reverse recovery current of corresponding diode in the com-
mutation circuits, thus di/dl ,,.y), during the turn-on interval
may not reflect the IGBT junction temperature accurately. In the
case of di/dt (. during the turn-off interval, the difficulty is
determination of time base in the sensing process, which relies
on the accurate measurement of a variable high collector current.
In general, the TSEP extraction methods with only low-voltage
sampling circuits, comparators, and logic circuits are ideal can-
didates, which can simplify the test procedures and achieve high
integration.

In this paper, a junction temperature extraction approach
based on turn-off delay time ¢4,g is proposed for high-power
IGBT modules. Benefitting from the specific package of high-
voltage and high-power IGBT modules, 74,7 can be extracted
by using the parasitic inductor L.r between the Kelvin emitter
and power emitter terminals. The information of the induced
voltage on L. provides a cost-effective solution to measure the
turn-off delay time ¢4, . Previous research has examined the
physical mechanisms behind dv/dt or di/dt during the turn-off
process [19], [20]. In this paper, tq.g is divided into three parts
according to the operation state of the turn-off collector voltage
Vee. Then tq,¢ measuring method and the dependences among
junction temperature, load current, and bus voltage at each stage
of tqo are analyzed.

II. SWITCHING CHARACTERISTICS ANALYSIS CONSIDERING
INTERNAL PARASITIC INDUCTOR

In this section, the specifics of modern high-voltage and
high-power IGBT modules are demonstrated. On the basis of a
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Fig. 2. High-power IGBT module package structure and equivalent circuit in
terms of parasitic inductors.

dynamic switching characteristic testing platform, the turn-off
switching transitions, accounting for the internal parasitic in-
ductors is discussed. Then the ¢4,4 measurement method using
the parasitic inductor L. is outlined.

A. Internal Parasitic Inductors in High-Power IGBT Modules

Parallel operation of multichip devices is the direct and ef-
fective way to enhance the capacity of a single module. The
Infineon high-power multichip IGBT module FZ1500R33HE3
rated at 3.3 kV/1.5 kA, is taken as an example to evaluate mod-
ule inherent characteristics, as shown in Fig. 2. The multichip
IGBT module consists of three parallel-connected IGBT de-
vices. Moreover, the power emitters of three IGBT devices are
connected together inside and share a common gate driver. Con-
nected by aluminum bond wires, copper layers, power connec-
tion terminals, and direct copper bonded, the parasitic inductors
are inevitably in the current flow path.

Accordingly, as in Fig. 2, Lac, Lca, Lg, Lex, and Lyg rep-
resent the parasitic inductors between the external terminals
(including power terminals C and E; control terminals ¢, g, and
e) and internal chips, ?;, is the internal gate driver resistor which
increases driver loop damping; the parasitic inductor L.y be-
tween the Kelvin and power emitters is the sum of L. and Lyp.
C,. is gate capacitor. The gate collector capacitor C,. consists
of the variable depletion layer capacitor Cy., and fixed oxide
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capacitor Cox. The value of Cy, is related to the turn-off tran-
sition stages. C., is the parasitic capacitor across collector and
emitter. As far as auxiliary emitter and power emitter are con-
cerned, the internal parasitic inductor L.p provides a poten-
tial intermediary for the junction temperature extraction. The
switching-related di./dt and diz./dt can produce different
induced voltages v.g across L.g. Hence, any temperature in-
duced v, affected can be measured for the junction temperature
extraction.

B. Switching Characteristics Analysis Considering Internal
Parasitic Inductors

The high-power IGBT switching performance testing plat-
form based on the double-pulse principle, is illustrated in Fig. 3
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[21]. In Fig. 3(a), the platform consists of a freewheel diode
Dy, an inspected IGBT module S); with its antiparallel diode
and a load inductor Liyaq. L1 1S parasitic inductor from dc-link
positive voltage to Li,.q, Lso is the combination of the series
parasitic inductors in the positive bus bar and in the Dj; mod-
ule, L3 is the series parasitic inductors between power emitter
E and ground, and L, is parasitic between ground and negative
bus bar. The total gate resistor I2, is defined as the sum of R;,
and R,,. The double-pulse test sequence is plotted in Fig. 3(b).
During the first pulse, Ly .q is energized through Sj; to the
desired load current I at a preset bus voltage Vj., and then
I, freewheels when S, is turned OFF. In the second turn-on
pulse, the key switching waveforms, such as the induced volt-
age vor on L., gate driver voltage v,., collector voltage v,
and collector current 7., are captured at time ¢; and ¢, transition
separately for the switching performance evaluation.

From the changes of turn-off collector voltage v.., the whole
turn-off process can be divided into four stages as plotted in
Fig. 4 [22]. Before time t,, I; flows though Sy, Lioaq, and
Lgo. The inspected IGBT is in the forward conduction mode
with a low-forward voltage drop. The freewheel diode D, is
reverse biased, by a voltage V..

Stage 1 [ty—t1]: The gating delay time from ¢ to ¢; is defined
as At;. Atty, the voltage drop of v, leads to a decreasing elec-
tron concentration in the accumulation layer. The gate voltage
v,y decreases exponentially due to the gate capacitor discharg-
ing via gate resistor I, with gate current ¢,. An induced voltage
vek Occurs across Lei due to the gate current i, variation.

Accordingly, vy, Ve, and vk during this stage can be deter-
mined from

t
_ "Ry (CgctC
Vge = ('Ugon - 'Ugoff)e 0 (CaetCre) Vgoff

ey

dige
dt

Vel =Vek = Lek
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process.

where vy,, and vy, are the steady state turn-on and off gate
voltages, respectively.

Stage 2 [t1—t5]: The depletion layer expansion under the gate
region begins at ¢; when v, reduces to be the Miller plateau
voltage vgp. Ve rises slightly and Iz remains constant. Since
Vg 1S constant, all the gate current i, is supplied by i,. during
this stage. The gate current is given by

dVee
Slee o)
7 (2)

With constant I, the induced voltage v is zero. The spe-
cific value can be defined as the knee voltage Vic. of turn-off
voltage v.. and the corresponding time instant is ¢, [19]. For par-
ticular high-power IGBT modules, Vi, is usually around tens
of volts and can be neglected when compared with the high bus
voltage V..

Stage 3 [to—t3]: Once the accumulation layer under the gate
region is fully depleted by the space charge region (SCR), the
gate collector capacitance C,. decreases quickly due to the
depletion capacitor component Cp, as v, increases rapidly.
There is a negative feedback from the rising collector voltage to
the gate voltage. An extra current caused by the rising collector
voltage will flow into the gate through C,, preventing the re-
duction of v, [19]. Both the gate voltage v,. and gate current
1, decrease slightly. Essentially the gate current i, is provided
by the discharging of C,., and the turn-off collector voltage ve.
increases near linearly. The induced voltage v} across Lej can
be neglected due to the small gate current variation.

Stage 4 [t5—t,]: At t5, when v, reaches the bus voltage V.,
the diode D), becomes forward biased, so begins to conduct
the load current. The load current I, in the collector current 7,
decreases rapidly. The collector current di. /dt induces voltage
vkg across Ly and the overshoot voltage Aw,, across the loop
parasitic inductors in the current commutation loop. The induced
voltage v, is given by

iy = ige = Cie

&

di,.
VeE =VkE = LeEE~ €))
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C. Feasibility of Measuring v.g-Based TSEP Extraction

The turn-off delay time ¢4.¢ is defined as the period from ¢,
to t3 in Fig. 4. During the IGBT turn-off process, an induced
voltage vep occurs across Leg by dig./dt and di./dt. This
induced voltage v.r consists of vex introduced by di,./dt at
the beginning of stage I and vy introduced by di./dt at the
beginning of stage 4. As a result, the start point (SP) of t4.¢
can be determined by Ly - di, /dt, and the ending point (EP) is
triggered by Ly - di./dt

UeE = VektUkE = Lk + Lyg— . 4)

Trigger of SP  Trigger of EP

The induced voltage v, is affected by variations of v, and
i.. Therefore, t4.¢ can be extracted from v.g, which is linked
to the IGBT junction temperature. Consequently, the turn-off
delay time 4, can be used as an effective TSEP.

III. TEMPERATURE DEPENDENCE CHARACTERIZATION OF
TURN-OFF DELAY TIME

The whole turn-off delay time ¢4, can be divided into three
parts according to the changes of v, in terms of Az, Aty, and
Ats. The turn-off delay time ¢4,¢ is essentially related to the
rate the stored charge is swept away, for given operation con-
ditions. In this section, the time dependency of each stage on
1}, Vi, and junction temperature 7; are studied. The planar gate
IGBT structure and relevant charge profiles during the inductive
turn-off process are shown in Fig. 5 [19], [23]. With high-level
injection of the n~ base during the onstate, the hole concentra-
tion equals to the electron concentration in n~ base region at
tp. The n~ base carrier distribution under the gate involves a
high-concentration accumulation layer. v . can increase as the
carrier storage region starts to contract from the Emitter (E) to
Collector (C). And Wy is the physical length of drift region of
IGBT, L), is half physical length under gate region.

A. Duration Aty Dependence Analysis

The duration At is the time for the gate voltage fall to the
Miller plateau voltage v,,. This gating delay duration Az is
expressed by

Ugon — Ug
Aty = Ry (Cye + Ce) In (g“) : )
Ugp — Ugoff
In (5), gate capacitance C,., oxide capacitance C,y, and turn-
off v,,, are the main impact factors. During this stage, C,. and
Cye are constant and 7} independent. At the active region of
IGBT output characteristic curve, the relationships between vy,
and the relevant trans-conductance g, are given by [24]

1
Vgp = Uth + = (6)

where g, is the IGBT trans-conductance. Usually, g,, at the
specific T can be deduced from the transfer characteristic in
the datasheet. The Infineon IGBT module FZ1500R33HE3 used
as an example, with a transfer characteristic is shown in Fig. 6.
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Threshold voltage v}, monotonically decreases with increas-
ing junction temperature [27]. On the basis of inspected IGBT
model, the threshold voltage variation with junction tempera-
ture, for the Infineon FZ1500R33HE3, can be measured with
the semiconductor parameter analyzer HP4155b from Agilent
Corporation. The measured results are approximated by

v (T) = v (T,) — 9 x 1073(T — T,) @)

where vy, (T},) is the threshold voltage at temperature 7, =
25 °C and vg, (25 °C) = 6.47 V. It should be pointed out that (7)
is a fitting equation from the measured data.

From (6) and (7), the temperature dependence of Miller
plateau voltage vy, under different load currents I7, is presented
in Fig. 7. From Fig. 7, the Miller plateau voltage v, has a neg-
ative temperature coefficient. Therefore, duration A¢ increases
with the junction temperature. Also the higher I, the higher
vgp. This means duration Af; decreases with increased [, at a
given junction temperature and bus voltage V..
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B. Duration Aty Dependence Analysis

This stage involves development of the base region depletion
layer under the gate region. Due to the slight reduction of the
gate plateau voltage, the MOS channel electron current starts
to decrease. The carriers swept out of two base regions: the ac-
cumulation layer under the gate region and the carrier storage
region under the P™ base, where the first is much larger than
the second [22]-[25]. Consequently, under the same extraction
velocity, the extraction current from the accumulation layer ac-
counts for the majority of the total carrier extraction. With a
decreasing MOS channel electron current, the carrier extraction
from the n™ drift region is needed to maintain the constant I .
Then, the depletion layer under gate region begins to widen and
the collector voltage v, starts to rise.

At 1y, a significantly high-density accumulation layer still ex-
ists. Hence, the collector-emitter capacitance C., remains high,
decreasing until the depletion layer under the gate region is fully
formed. During this process, the collector voltage v, rises but
is low compared with bus voltage V.. The feedback effect of
dv.. /dt on the gate collector capacitor Cy. represses reduc-
tion of the gate voltage vy [19]. Therefore, the turn-off Miller
plateau voltage v,,, is maintained as a plateau.

The shrinking accumulation layer width under gate region
Aty is shown in Fig. 8. w4 is the depletion layer length under the
gate region. Based on the charge control principle, the carriers
removed by the depletion layer expansion equal the carriers
removed to maintain constant /;, during Afs.

Provided the load current I is constant, the widening of
weq 1is directly related to the MOS channel current reduction
under the gate region. Assuming a uniform carrier concentration
distribution n,. in the accumulation layer, the rate of length w.q
change during Aty can be expressed by

d’wcd (t) AIch
T ac — AJC ~
ar " hTTAL

where ¢ is the unit charge, A.J, is the electron current density
reduction in the MOS channel under the gate region, and A, is
the active area of IGBT chip.

At 15, assuming the depletion layer under gate area is fully
established. The length of w.q can be approximated to L.

®)
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As carrier lifetime 7y, increases with T} [11], the carrier
concentration in the base region has an overall increase with 7}
rise, as well as n,.. This prolongs At,. However, for fixed 71},
the carrier concentration in accumulation layer under the gate
region is near independent of load current /7 [22]. As a result,
the relationship between I and Af, is determined by AJ,,
which is discussed in the next part.

C. Duration At3 Dependence Analysis

After 15, the depletion region under the gate region starts
to widen toward the collector, where the depletion capacitance
Caep appears as shown in Fig. 9. The accumulation layer un-
der the gate region has disappeared, and the gate collector ca-
pacitance Cl. is reduced by two orders of magnitude as the
collector voltage v, increases rapidly [25]. Cy,. at this stage
is series connected with the oxide capacitor C,x and depletion
capacitor Cep.

Since the gate voltage and MOS current continues to decrease,
one depletion layer boundary expands toward the collector with
areduced current density J.,,. With n~ base high-level injection,
AJey, in the MOS channel may cause a decrease in the coupled
hole current density A.J,. But the carrier extraction current
component maintains the current flowing through the SCR at I,
level. In general, the effective doping N.g can be expressed by

J, psc ﬁ

Neg = Np + — — .
qUsat qUsat

(1)

When accounting for the carrier mobility difference be-
tween holes and electrons, with a similar saturation velocity
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assumption, the effecting doping N.g is given by [19]

Je (12)

qUsat

Neg = N +

The electrical field gradient in the depletion layer, accounting
for the effecting doping N.g is expressed by

¢(Np + 77=)

qUsat

dE _ quﬁ' o

dx € €

13)

where Np is the doping concentration in the n~ base region,
¢ is the silicon dielectric coefficient. Then, the bias voltage v
related to wy. can be computed by

1 q Je 2

where wy is the length of depletion layer in this stage. Accord-
ing to the charge control principle, the depletion layer expansion
dwg /dt is related to the electron concentration in the n— drift
region n4y|

(14)

AJd.,
dt  qna

AJC]—L AJch

qNdri

dwse .

= nd,,ldwsc = dt = Wee =

From (14) and (15), the collector voltage v.. can be repre-

sented by
J. Ada \°
UCGJ(NH )( t)
2e qUsat qndrl

When v, reaches bus voltage V., with the relatively small knee
voltage Vi ignored, the duration Ats can be obtained from

2eqVyc

(16)

(At3)? = 5 (17)
(NB A ) (AJC}.)
qUsat qnadrl
The duration Af3 becomes
2eqViyc 1
Aty = N L oY (18)
B qUsat <qndc: )

Therefore, the voltage level V. dominates Arz under fixed
I, and T, which is directly proportional to Vj.

In order to analyze the interdependences of I, T} and Ats,
the relationships among AJ,,, I, and T} should be considered.
According to the square-law characteristic for the MOS struc-
ture at this stage, the saturated MOS channel current is given
by [27]

Ich - Kc(vgc - Uth)Q (19)

where K. is a constant coefficient associated with channel di-
mensions and electron mobility in the inversion layer. In the
saturated current regime of operation, the trans-conductance is
given by [27]

_dly
N dvge

ch(v e Uth)Q
— cglvge = 2K, (Vge — Vtn)-

Im (20)
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TABLE I
TURN-OFF DELAY TIME TRENDS OVER OPERATION CONDITIONS

At Trend Aty Trend Atz Trend Atqort
Trend
Operation T; 1 1 T T T
condition Vie T — — 1 T
trends Ip 1 l | l 1
TABLE II
EXPERIMENT PARAMETERS
Parameter Value Parameter Value
IGBT module Infineon Drive voltage vge +15V/—-10V
FZ1500R33HE3
Bus capacitor C'y,y 1000 uF Turn-on/off gate 2.7Q/375Q
resistor
Rg on / Rg off
Load inductor L, 400 pH Junction temperature 25°C,50°C,
T, 75°C, 100 °C,
125°C
Switching voltage 1400-1600 V Lex ~6.5 nH
Vae
Load current I, 200-1200 A Lyg ~4 nH

The relationship between the MOS channel current [}, and
load current I, is expressed by

Ien = (1 = apup) e = (1 — apnp) 1.

The change of channel current Al can be obtained by (6),
(19)-21)

2

Afch = AJChAC = QAUgC (1 - Otpnp)KCIL. (22)

The electron concentration ng,] in the carrier storage region
is approximated by
T

Ndrl = N0 (1 — W—B)

where x is the distance between the collector of the planar IGBT
structure and boundary of carrier storage region as shown in
Fig. 5.

The initial electron concentration 714,59 can be obtained
from [19]

(23)

MnIL
chhp (. + Hp)

According to (23) and (24), the initial electron concentration
nqro and AJ., are both proportional to the square root of load
current 17, :nqrio < Iz, and AJg, o< v/I1. Since the collector
current density J. is directly proportional to the load current I,
the duration Ats increase with I, is revealed by (18). While a
Aty decreases with the Iy for fixed Vy. and 7} is revealed by
(10) and (22). From (8) and (18), AJ., is

(24)

Ndr], ~

Ich
m = I =gn (Uge - Uth) (25)
Ady, = (1 - O‘pnp)gm Avge/Ac- (26)

As junction temperature 7 increases, the trans-conductance
gm decreases, while the resultant current gain oy, [28] and
electron concentration ng,| increase [29]. Further, AJ.;, reduces
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Fig. 10. Experimental waveforms of turn-off i.,vge and weg, for
different T7.

as the 7 increases under fixed Vg, and I;,. Consequently, At;
in (19) increases as 7 increases.

Table I summarizes the relationships among 7, Vg, It and
each period comprising tq.¢. As T} increases, the durations of
Aty, Aty, and Aty all increases. For a fixed 7}, the Az, and
Ats increase with higher V.. However, the voltage level V. is
not related to Az, and Af,. Conversely, each duration decreases
with higher I7, at the same T); and V.. Generally, 4,4 increases
monotonically with both T); and V.. With increasing Ir,, tqos
decreases monotonically. As a result, 4.4 is an effective TSEP
owing to the monotonicity of 7} variation, V. and I;,.

IV. EXPERIMENTAL INVESTIGATION

In order to verify the relationship between ¢4, and junction
temperature during the turn-off process, a high-voltage high-
power IGBT module (rated at 3.3 kV/1.5 kA) is assessed with
an inductive load. The IGBT and its environment are uniformly
heated to the required junction temperature via its heat-sink
in the sealed box over a long period before experimental data
are taken. The associated experimental parameters are given in
Table II. A 1000-uF bus capacitor bank maintains the dc rail
voltage constant during the double-pulse testing process. The
values of Ry, and I, are selected from the recommendation
of datasheet. The internal parasitic inductors L.x and Lyp are
about 6.5 and 4 nH, respectively.

The experimental waveforms of IGBT turn-off i., Ve, vge,
and induced v, are shown in Fig. 10. The IGBT junction tem-
perature is controlled at 25 °C, and V. and I}, are maintained at
1600 V/1200 A. t4og is defined as the time gate voltage falls to
90% until the collector current rises 10%. When induced volt-
age v.g, is utilized to extract 4.4, the time base of v, and Iy,
decrease is reflected by a synchronous jump of veg. t40 can be
extracted by confirming the start and end point of ¢4,¢ in stage
2 and stage 4, respectively.

In Fig. 11, the experimental waveforms of v., and related
Vep at 25 and 125 °C are separately plotted (V3. = 1600 V,
I;, = 1200 A). In the case of fixed V; and I, Af+Aty is
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I, = 1200 A, for different junction temperatures.

3.6 us and Arg is 1.33 us at 25 °C, while Ary+At, and At
at 125 °C are 3.87 and 1.42 us, respectively. With increasing
junction temperature, At3 and At; +Aty are prolonged, which
is consistent with the presented theoretical analysis.

The induced v.g at Vg, = 1600 V and T} = 25 °C for dif-
ferent load currents are plotted in Fig. 12. The measured ¢4,
at Iy, = 400 A is about 5.09 pus while tq,g is about 4.82 us at
I, =800 A. As shown in Table I, the trend of ¢4,¢ decreases
with increased I, under fixed V. and Tj.

Experimentally, ¢4,z not only depends on junction temper-
ature but also on Vg, and I;,. The measured ¢4, at different
IGBT junction temperatures and I, are illustrated in Fig. 13.
With fixed T}, the measured ¢4, decreases as the load current
I;, increases. For fixed I, and V. test conditions, tq,g 1S pro-
portional to the junction temperature, as analyzed. In Fig. 13(a),
the sensitivity at /7, = 800 A is about 4 ns/°C (V3. = 1400 V).
In Fig. 13(b), when the bus voltage is increased to 1600 V, the
sensitivity ratio at Iy, = 800 A is also about 4 ns/°C. As T}
increases, the measured ¢4, under different /; has the same
sensitivity. This fixed sensitivity and linearity make the proposed
tdosr a viable TSEP candidate.

The variation of tq,¢ with IGBT Tj at different V3. and Ir,
are illustrated in Fig. 14. As the bus voltage V. increases for
the same T}, the depletion layer in the SCR needs to extend to
support V.. Thus, the measured ¢4, increases with increasing
of V.. For fixed I, and Vjy., tqog tends to increase with rising
T;.InFig. 14(a), the sensitivity at /7, = 1000 A is about 4 ns/°C
(Vie = 1600 V), which is the same as the sensitivity at I} =
1200 A in Fig. 14(b).

The start and end points of {4, are easily extracted from
the induced voltage v, across the parasitic inductor L., with-
out influencing IGBT switching performance. High linearity
and relatively fixed sensitivity and simple sensing requirements
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make t4,¢ an excellent TSEP candidate for evaluating the T); of
high-power IGBT modules.

V. COMPARISON AND EVALUATION OF STATE-OF-THE-ART
TSEPs

The comparison among the voltage at low-current injection
Viat [14], voltage at high-current injection V; [30], and turn-off
delay time tq.¢ are summarized by three radar graphs, which
are plotted in Fig. 15.

In the radar graphs, a point near the outer periphery means
that the TSEP candidate has excellent performance under the
specific comparison criterion [11]. The linearity, sensitivity, cal-
ibration, online implementation, and generalization are adopted
as the comparison criterion to explore and compare the detailed
performance of TSEP candidates [11]. From Fig. 15, it can be
seen that the selected three TSEPs have good linearity with junc-
tion temperature. This means the calibration and data process
can be simplified due to the high linearity. For the voltage at
high-current injection V/, the sensitivity is from 3.5 mV/°C at
I;, = 1200 A to 0.5 mV/°C at I;, = 200 A for the tested IGBT
modules, which can be derived from the datasheet. This indi-
cates that the sensitivity of Vy-based TSEP is determined by
the current levels. Consequently, it is difficult to determinate
the junction temperature under low-load current levels. Fortu-
nately, the turn-off delay time t4,¢-based TSEP has a relatively
fixed sensitivity. Therefore, ¢4,4-based TSEP can be applied
to a wide range of load current, particularly to low-load cur-
rent levels. Compared with Vj,-based TSEP, benefitting from
the transferring effect of the auxiliary inductor L.p, the turn-
off delay time ¢4, can be extracted effectively and feasibly
for the online implementation. From the generalization point
of view, the voltage at low-current injection V,; and voltage
at high-current injection Vy-based TSEPs can be used for all
power semiconductor devices. However, the turn-off delay time
tqofr-based TSEP cannot be applicable for the power diodes.

In general, the turn-off delay time ¢4,g-based TSEP con-
tains the feature of fixed sensitivity, high linearity, and feasible
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online implementation. For the existing assembled converters,
the power module and external circuit parameters are usually
fixed. The corresponding IGBT junction temperature can be esti-
mated from a look-up table, which is drawn from the calibration
process in advance.

VI. CONCLUSION

This paper proposed a junction temperature extraction ap-
proach, for high-power IGBT modules, that utilizes turn-off de-
lay time. Only the voltage sampling circuits, comparators, and
logic circuits are required with the proposed extraction method,
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because the high current information has been changed to the
low voltage information by the inherent parasitic inductor L.g
in high-power IGBT modules. The junction temperature charac-
teristic and impact factors on turn-off delay time were discussed,
and were verified experimentally on a high power IGBT module
test system. Experimental results have shown that measuring the
voltage v.g across the parasitic inductor between the Kelvin and
power emitter terminals provides a practical approach to moni-
tor turn-off delay time. A positive near-linear dependency exists
between turn-off delay time and junction temperature. With a
database of turn-off delay with junction temperature, bus volt-
age and load current, IGBT junction temperature can be online
monitored. With fixed sensitivity and good linearity, it can be
concluded that turn-off delay time is a practical TSEP for on-
line junction temperature monitoring. This monitoring method
may not be applicable if any form of active gate control is used.
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