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Abstract—P-i-N diode chip temperature is a significant indica-
tor when evaluating the reliability of high-power converters. The
feasibility of state-of-the-art thermosensitive electrical parameter
(TSEP) extraction strategies for a high-power module is investi-
gated and the limitations of using forward voltage drop for high-
power P-i-N diode TSEP are explored. In the widely employed
half-bridge topology, by detailed analysis of the upper antiparallel
diode reverse recovery process due to lower nonideal insulated-
gate bipolar transistor switching behavior, the inherent monotonic
relationship between the maximum recovery current rate dig /dt
and chip temperature is disclosed. The maximum dig/dt dur-
ing the recovery period is chosen as the better TSEP, which can
accurately reflect P-i-N diode chip temperature variation. Fortu-
nately, by monitoring the negative peak voltage on the parasitic
inductor between the Kelvin and power emitters under different
temperatures, the maximum recovery rate diy/dt can be read-
ily determined. Consequently, additional passive components are
not required for P-i-N diode chip temperature extraction, which
is practical and cost-effective for high-power applications. Finally,
a dynamic switching characteristics test platform based on a half-
bridge topology is designed and adopted to experimentally verify
the theoretical analysis. The experimental results show that the
dependence between P-i-N diode chip temperature and the maxi-
mum recovery di, /dt is approximately linear. This leads to a 3-D
lookup table that can be used to estimate online P-i-N diode chip
temperature.

Index Terms—Chip temperature extraction, high-power P-i-N
diode modules, reverse recovery current di/dt, thermosensitive
electrical parameter (TSEP).

1. INTRODUCTION

IGH-POWER converter capacity is increasing in indus-
H trial applications. For instance, the power rating has been
extended to 100 MW in electric propulsion systems [1] and over
1000 MVA in high-voltage direct current transmission systems
used to enhance the flexibility of modern power systems [2].
Although power semiconductor and manufacturing techniques
are continually improving, the switching power and switch-
ing frequency product of hard switching has been restricted
to approximately 10°—~10'© VA/s due to material limitations of
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silicon-based power devices [3]. An auxiliary snubber circuit
with advanced modulation can provide optimized operation for
the power devices and increase the frequency—power product to
5 x 10° VA/s [4]. Unfortunately, the auxiliary snubber is com-
plex and difficult to design in high-power conversion systems.
Wide bandgap semiconductors, such as silicon carbide devices,
are promising candidates to break through the frequency—power
product limitation of silicon-based power devices. However, the
use of such power devices for the high-power applications is
rare, since they are currently too expensive for the industrial
applications. Consequently, silicon-insulated-gate bipolar tran-
sistors (IGBTs) are still the mainstream power devices for MW
high-power systems.

The potential of IGBT power modules has not been fully
exploited. Increasing chip operating temperatures from 150 to
175 °C, and higher, would reduce heat sink size and enhance
the power density [5]. Nearly 60% of power device failures are
temperature induced [6]. For instance, the wire-bond, emitter
metallization, and die-attach interfaces are the common power
module failure areas, and are related to the mean temperature
T\, and the thermal swing amplitude AT} during power cycling.
The thermal swing amplitude AT} has more impacts on power
module life than the mean temperature 7, [7]. The chip temper-
ature 7T} of power semiconductors during high-power converter
operation is a significant parameter, which can provide valuable
information on the internal operational status.

IGBT failure mechanisms are discussed in the literature and
research effort has been devoted to IGBT failure reduction [5],
[7]1-[10]. For commercial high-power IGBT modules, the tran-
sient thermal impedance of the antiparallel diodes is higher than
that of the IGBTSs. Also, the safety operation area (SOA) of an-
tiparallel diodes is smaller than that of the IGBTs. For MW wind
power generators, a power cycling overview of two-level wind
power converters under full-grid code operation is presented in
[11]. Tt is concluded that when the generator-side converter op-
erates as a rectifier or with rated reactive power injection, higher
conduction losses are produced in the antiparallel diodes than
in the IGBTSs. Therefore, the antiparallel diodes have a higher
chip mean temperature 7, than the IGBTs. The unbalanced
power losses distribution in a neutral point clamped three-level
topology is discussed in [12]. From the simulated losses dis-
tribution and the corresponding average chip temperature com-
parison, the antiparallel diodes are clearly identified with the
higher thermal stress. Generally, the switching frequency and
output power of converter systems are restricted by the highest
thermally stressed power device. Consequently, the reliability
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design of the antiparallel diodes is important. As a result, mon-
itoring the chip temperature in a power module, especially the
antiparallel diodes, can enable a power module to operate within
its SOA.

In practice, operational chip temperature and thermal swing
of power modules vary with thermal design and operation mode
[13]. Consequently, achieving accurate online thermal stress
measurement and monitoring is paramount to improving reli-
ability in MW high-power conversion systems. Conventional
IGBT chip temperature measurement methods can be divided
into optical, physical contact and thermosensitive electrical
parameter (TSEP) methods [14], [15]. The TSEP extraction
method is the only way to attain fast (within 100 ps) measure-
ment from packaged IGBT modules [16]. However, most on-
line chip temperature measurement methods focus on the IGBT
rather than the antiparallel diode.

P-i-N power diodes with breakdown voltages of several kilo-
volts are mainly used as antiparallel diodes in high-voltage IGBT
modules and high-power applications [17]. In this paper, the typ-
ical TSEP extraction methods for temperature indication of the
high-power IGBTs and P-i-N diodes are summarized and the
feasibility of online testing of these methods is assessed first.
From the insightful overview of the TSEP extraction methods,
it will be concluded that most TSEP extraction methods cannot
directly be employed to evaluate high-power P-i-N diodes. It is
summarized that the reverse recovery current and forward volt-
age drop are two important TSEPs of high-power P-i-N diodes.
Hence, this study aims to explore the interaction between P-i-N
diode chip temperature and reverse recovery current. Although
the suitability of measuring the other TSEPs that could be used
has also been studied, the maximum recovery current rate di/dt
is chosen as better when extracting the chip temperature of
high-power P-i-N diodes.

This paper is organized as follows: In Section II, the feasibility
of online temperature extraction-based TSEPs is overviewed,
and a new online temperature measurement method for the high-
power P-i-N diode is proposed. In Section III, the proposed
approach is discussed, and the P-i-N diode reverse recovery
process with nonideal IGBT switching commutation, in a half-
bridge topology, is analyzed in Section IV. The relationship
between reverse recovery current and diode chip temperature
is discussed in Section V. In Section VI, the substantiating
experimental results are presented, and this paper is concluded
in Section VII.

II. FEASIBILITY OF ONLINE POWER MODULE
TEMPERATURE EXTRACTION

A. TSEP Approaches for Online Power Module
Temperature Measurement

Most physical parameters of silicon semiconductor devices
are temperature dependent. The intrinsic carrier concentration
and carrier lifetime increase with silicon temperature, but the
mobility of electrons and holes decreases with temperature [18].
Because the relationships between semiconductor physical pa-
rameters and temperature exist, the chip temperature can be
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Fig. 1. Classification of TSEPs.

extracted from the electrical characteristics without access into
the package. This means thermal sensors or infrared instruments
are not required for simple noninvasive online chip temperature
extraction. Consequently, many TSEP approaches have been
proposed, which can be classified into static and dynamic-based
parameters, as illustrated in Fig. 1.

The static parameters are constant at a defined chip tempera-
ture. These parameters can be extracted when the power device
operates in the on-state or the off-state. In the case of high-
power P-i-N diodes, static parameters like [;;; and Vj,¢ can be
chosen as TSEPs. However, leakage current I, is relatively low.
Any milliampere-level current sensor inserted in series with the
power module would suffer the large operational current when
the power module is in the conducting on-state. The forward
voltage drop under low injection current V, can be adopted to
predict the chip temperature and monitor wire bonding lift-off
[19], [20]. But precise current-injection equipment is required
to ensure that the current is low enough to avoid self-heating ef-
fects. Moreover, the measurement equipment requirements are
high when using I;; and Vj,, as TSEPs.

Unlike static parameters, dynamic parameters can be obtained
during the switching transient of the power module [21]. Be-
cause the passive power P-i-N diode does not need a gate driver,
the plotted TSEPs like Vi, and t4_o, /tq_os are usually for used
IGBT modules. Therefore, the chip temperature estimation of
power P-i-N diodes should be carried out by monitoring the
maximum dv/dt during the turn-off transition, which is sensed
by a shunt-connected capacitor. Similarly, the maximum di/dt
measurement uses a series-connected inductor. As a result, the
forward voltage drop under high current injection Vp, or di/dt
and dv/dt dynamic parameters can be employed to indirectly
extract P-i-N diode chip temperature. However, in the case of
P-i-N diodes, there is somewhat limitation on the use of
Vr-based TSEP.

B. Limitation of Forward Voltage Drop for TSEP

In [22], the on-state voltage drop V under high current in-
jection is used as a TSEP. However, the high-power P-i-N diode
is a typical bipolar device, where the typical forward /-V char-
acteristic in Fig. 2 shows the 25 and 125 °C curves intersecting,
at intersection A.

Asin Fig. 2, around a particular current, close to the load cur-
rent, Vp has the property of both negative and positive temper-
ature coefficients (NTC/PTC) depending on the current rating.
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Fig. 3. Diagram of dynamic switching performance test platform with para-
sitic inductors and double pulse test sequence.

Vi declines as the chip temperature rises for a certain current in
the NTC region, but increases in the PTC region. It can be seen
the closer to intersection A, the lower the TSEP sensitivity ratio.
There would be a “blind region” for the TSEP near intersection
A, where it is difficult to determinate the chip temperature when
only utilizing VF. When commutating from conduction to the
reverse-biased state, the charges stored in the diode base region
have to be swept out during the reverse recovery process because
the reverse recovery behavior is strongly affected by the P-i-N
diodes chip temperature. Consequently, dynamic parameter ex-
traction approaches based around the reverse recovery process
are better candidates for TSEPs of high-power P-i-N diodes.

III. DIODE TEMPERATURE EXTRACTION
USING A DYNAMIC TSEP

The dynamic switching performance IGBT module test plat-
form in Fig. 3 uses the conventional double-pulse test method.

In Fig. 3(a), the half-bridge topology platform is composed of
an upper IGBT module with antiparallel diode Dj; which is the
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inspected P-i-N diode, a lower switch S, with an antiparallel
diode, and a load inductor Lj,,q. The conventional double-pulse
test sequence is plotted in Fig. 3(b). The inductor Lj,,q is en-
ergized through switch S); to the desired current, at a certain
bus voltage, in the first pulse. The current then freewheels when
S is turned off. When the second turn on pulse is applied to
switch Sy, at time ¢., the switching waveforms, such as gate
driver signal, chip temperature, collector voltage, and collector
current are captured for power device switching performance
evaluation [23]. The TSEPs of high-power P-i-N diodes can
also be measured and extracted with this single-ended chopper
test platform because the dynamic switching performance of the
P-i-N diodes is intertwined with that of the IGBTs.

In high-power device packages, due to the connection of the
aluminum wire between die and the copper layer, and the con-
nection between the die and power terminals, there are small
parasitic inductors between the output terminals and inner die
in modules. Generally, there are two emitter terminals for high-
power IGBTs as shown in Fig. 3(c), namely the Kelvin emitter
for the gate driver and the power emitter for the power path. The
inductor Ly, is the combination of the series parasitic inductors
in the upper D), module and the positive bus bar parasitic in-
ductor. L is the parasitic inductor between Kelvin emitter and
the lower IGBT module power emitter. Lo is the sum of the
series parasitic inductors in the lower IGBT module and the neg-
ative bus bar parasitic inductor, excluding L.p. Together these
parasitic inductors perform a turn-on snubber function. In the
test bench in Fig. 3(a), for current commutation from antiparal-
lel diode D), to switch Sy, initially the load current I flows
through Lyo.q, D, and Ly, when switch Sy, is in an off-state
between ¢, and ¢.. By turning on Sy, at t., the load current
I}, begins to commutate from diode D), to switch S);. The re-
verse recovery current of diode D), which is dependent on chip
temperature, induces a measurable voltage v.g across the para-
sitic inductor Ly, during the Sy, turn-on transition. Compared
with dv/dt measurement, auxiliary sensor components are not
required for di/dt measurement. Because the parasitic inductor
is tens of nanohenries, v, is tens of voltages under high load
current. Once the relationship between the voltage v.g and the
Dy chip temperature T is characterized, the chip temperature
can be extracted, facilitating a measurement circuit design, at
the emitter potential, without auxiliary high voltage or isolated
Sensors.

In former literatures, the bond wire voltage drop v.g is ac-
tively measured and used for the estimation of IGBT chip tem-
perature and closed-loop gate driver [24]-[26]. The voltage sig-
nal v, measurement can be realized with some fast operational
amplifiers and can be integrated into the gate drive circuit [27].
This measurement circuit can be also directly shifted to the gate
driver in Fig. 3(a) with half-bridge topology. The voltage signal
Ve, containing the P-i-N diode chip temperature information,
can be monitored and assessed in every switching cycle. This
approach can quickly detect P-i-N diode chip temperature and
quickly derate the system or increase the cooling capability.
Also, the thermal swing amplitude can be limited to improve
the power converter reliability. The reverse recovery time and
current of silicon carbide diodes are small, so this approach for
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Fig. 4.
waveforms and induced v,y during the second turn-on transition.

indirect temperature extraction may not be applicable to high-
power silicon carbide diodes.

IV. DIODE REVERSE RECOVERY PROCESS WITH NONIDEAL
IGBT SWITCHING BEHAVIOR

In order to further explain the P-i-N diode reverse recovery
process, in Fig. 3(a), D), is the tested device, Vj. is the bus
voltage, v is the diode voltage of inspected D)y, 44 is the diode
current, I is the load current, 7. is the collector current of S,
Uy 18 the gate driver waveform, and v, is the collector-emitter
voltage of S);. Sy is turned on and off to form the dynamic
switching test for D). The key waveforms of the conventional
double pulse test at a certain ambient temperature are shown in
Fig. 4, along with the corresponding v,y waveforms induced by
the reverse recovery current.

The complete high-power P-i-N diode turn-off transition can
be divided into four periods as follows. Before time %, the
forward current I; flows though P-i-N diode D,;, inductor
Lioad, and parasitic inductor Lg;. The Dy is in a forward-
biased state with a low on-state voltage. Switch S); is in the
turn-off state, while the voltage across Sy equals the bus voltage
Vic. Switch turn-on is initiated by applying gate voltage.

Stage 1 [to, t1]: At ty, the gate—emitter voltage vge reaches
the threshold voltage V;;,, where the forward current of the diode
14 1s equal to I}, and begins to decline with an approximately
fixed linear slope. Although the diode carrier concentration de-
cays rapidly, Dy, retains a forward voltage drop. The collector—
emitter voltage v., of Sy, falls to a platform voltage Av; during
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this stage. During this stage, following the expression:

dt M

where i.(f) is the collector current though Sy,. The di./dt is
determined by the bus voltage V., the loop parasitic inductors,
and the switching speed of switch Sy

Stage 2 [ty, to]: At ty, the forward current though diode D,
has linearly decreased to zero and a reverse recovery current oc-
curs due to the stored charges. The P-i-N diode voltage decreases
but the junction remains slightly forward biased. Because the
space charge region is not completely depleted, the P-i-N diode
remains in on-state with negligible forward voltage v;. At o,
the carrier concentration in the space charge region of the diode
P*n~ junction falls to zero, when the diode can support reverse
voltage as the depletion region widens. The collector current 7.
of IGBT S}, is composed of the reverse recovery current i, and
load current Iy,

Uce(t) = V:ic - (L52 + LeE)

. =11 +1i4.

@)

Therefore, the di.. /dt is mainly due to the bus voltage V. and
the commutation loop parasitic inductors Ly, Lso, and L.y as
shown in Fig. 3(a). Thus, di./dt during stage 1 and stage 2 is
defined as C'S,, given by

dl _ Vie — Ve

dt Lg+ Lo+ Lep
Stage 3 [to, t3]: At ty, diode D), begins to support re-

verse blocking voltage v; which increases as the depletion

region widens. Now, the di./dt is influenced by diode D,

CS, = - 3
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TABLE I
SUMMARY OF FACTORS AFFECTING REVERSE RECOVERY CURRENT RATE

Parasitic | Bus voltage Collector Diode voltage

Stages | inductor Vie voltage v V4
Negative Stage 1 Vv Vv Vv X
current slope Stage 2 v v N x
diq /dt Stage 3 Vv v Vv Vi
Positive
current slope Stage 4 V4 v Vv N4
dig /dt

characteristics and defined as C'S;, during this stage, which is
derived from
di. Vie — Ve — v
CS = — = ——— 4
P at Lgi + Lso + Leg @
Stage 4 [t3, t4]: During this stage, the current diy(f)/dt is
defined as the recovery di/dt [28], which is represented by C'S,

o dld_ V;lc_vce_vd

O =@ Lot Lt L ®

At t3, the reverse recovery current rate diy/dt of diode Dy
falls to zero because the diode current ¢; has reached its negative
peak —I.,,,. Then, the diode reverse current ¢4 begins to fall to
zero. The diode voltage v, at t3 is given by

Vg = Vdc — Uce- (6)

Atthe maximum di, /dt, the voltage across diode D reaches
its peak V;,,. Since the inductance produces unexpected over-
shoot, V;,, is higher than V{.. Considering v.. and v, are in-
fluenced by the chip temperature of the power module, it can
be concluded that the current rate C'S,. is determined by the
P-i-N diode and IGBT characteristics once the external circuit
parameters are determined. From the presented analysis, Table I
summarizes the relationship between P-i-N diode di, /dt, par-
asitic inductor, bus voltage, diode voltage, and switch collector
voltage during the diode reverse recovery process. For inductive
loads, it is reasonable to assume that the load current /7 remains
constant during the relative brief switching transition process.

The diode di,/dt is equal to di./dt. From stage 1 to stage 3,
the dynamic di,/dt may induce a positive ver on the parasitic
inductor L. This measurable voltage v, is determined by the
switch Sj; turn-on behavior from stage 1 to stage 3 and the
characteristics of diode D), in stage 3. As a result, during stage
1 and stage 2, the voltage v.p cannot be used as the TSEP for
the power P-i-N diode because v.g is not related to the diode
characteristics. Although the switch collector voltage v.. and
diode voltage v; of D), have distinct contributions to the v
during stage 3, it is difficult to accurately determine the interval
when operation enters stage 3. Furthermore, stage 3 is too brief
to extract the voltage v.g, as seen in Fig. 4.

Fortunately, during stage 4, the P-i-N diode diy/dt is pos-
itive, and has a distinct relationship with P-i-N diode voltage
vq(f) and switch collector voltage v..(f). When di;/dt varies
from negative to positive, stage 4 starts. This means that the
accurate start instant of stage 4 is readily captured. In stage 4,
the relationship between the voltage v, and the dig/dt can be
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From (7), the maximum di, /dt can be obtained by measuring
the negative peak voltage v.r_np during stage 4. From power
semiconductor fundamentals, once the negative peak voltage
Vep_NP 18 captured, the maximum diy/dt is obtainable. This
indicates that C'S, in stage 4 can be employed as the TSEP to
predict or estimate P-i-N diode chip temperature.

—Ler )

VeE =

V. EXPLORATION OF THE RELATIONSHIP BETWEEN RECOVERY
CURRENT RATE AND CHIP TEMPERATURE

In order to simplify P-i-N diode reverse recovery current anal-
ysis, the variation of free carrier concentration in the diode drift
region can be approximated as linear. As a result, the P-i-N
diode reverse recovery current from stage 2 to stage 4 in Fig. 4
can be substituted by a triangle [29], [30]. In the high-power
and high-voltage applications, the P-i-N diode voltage v; dur-
ing stage 3 is significantly smaller than Vj., so can be ignored.
Consequently, during stages 1-3, the diy/dt before the peak
reverse recovery current is related to switch Sy, conditions and
external circuit parameters. Thus P-i-N diode behavior has min-
imal contribution to the di,;/dt. This implies that the current
slopes before the peak I, are the same under different P-i-N
diode chip temperatures, for fixed external circuit parameters.
However, after the peak reverse recovery current I, during
stage 4, the maximum diy /dt of practical diode operation varies
with P-i-N diode chip temperature. The maximum di, /dt varia-
tion for different diode chip temperatures is reflected by current
slope changes in stage 4. From this analysis, the simplified di-
agram of the P-i-N diode reverse recovery current at different
chip temperatures, with a fixed IGBT temperature, is plotted in
Fig. 5. The diode D), temperature is defined as 7 and two
P-i-N diode chip temperatures T and Tpo are given, where
Tps is higher than T, . The related definitions labeled in Fig. 5
are listed in Table II.

From Figs. 4 and 5, the maximum di,;/dt after diode peak
reverse recovery current can be approximated by

dia
dt max

1,
oy J1rm ) 8
trrb ( )
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TABLE II
ELECTRICAL DEFINITIONS FOR DIFFERENT DIODE TEMPERATURES

Notations Tpi Tpo
Reverse peak current lrrm1 Lerm2
Current slope before reverse peak current ay as
Current slope after reverse peak current by bo
Recovery time terpt tirbo
Storage time trral trrao
Constant load current I I

In the case of high-level injection current, the high-level car-
rier lifetime 7711, of the power diode can be expressed by

Qur
~

THL ~
I

©))

where @, is the reverse recovery charge stored in the power
diode before commutation. Because the diode carrier lifetime
L increases with chip temperature increase, the relationship
between 7y11, and P-i-N diode chip temperature Tp can be mod-

eled by
n \"
THL = T0 300

where the exponent k varies from 2 to 2.5 [18]. From (9) and
(10), once chip temperature T is higher than T, the diode
stored charge Q,, (Tp2) at Tpo is larger than its charge at T .
Diode softness factor SF is defined as the ratio of the recovery
time %1, to storage time ¢,.,, that is

(10)

tl“l“
SF = b

trra

Y

Since the current slope a; is equal to slope as as plotted in
Fig. 5, it can be derived from

Irrm?
=—— = Irrml “Trra2 = Irrm? “trral-
trraZ

1, rrml ( 1 2)

trral

Because the softness factor SF increases with increased diode
temperature, under fixed forward current [28], then

trrb 2 trrh 1

13)

trra? trral

From (11) and (13), the maximum diy/dt at Ty is higher
than that at T’p, which is given by
dt

Irer dld

Irrml Qld
trrb2 dt

|II13‘X (TDl) > |max (TDQ) . (14’)

trrb1

From (14), it can be concluded that the relationship between
the maximum di; /dt and T}, is monotonic during the recovery
period (in stage 4). The maximum di,/dt during the recov-
ery period decreases as diode chip temperature increases. As
a result, the maximum diy/dt during the recovery period is
an effective TSEP, which reflects P-i-N diode chip temperature
variation.
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Fig. 6. Diagram of test platform and layout of an inspected power module.

TABLE III
PROTOTYPE SPECIFICATIONS

Parameters Value

IGBT module IMBI800UG-330
Vde 1200-1600 V

I, 200-500 A

Bus capacitor 1000 uF
Ll():\d 400 p,H

Gate driver voltage v +15 V on/~10 V off
Turn-on gate driver resistor 24Q
Turn-off gate driver resistor 3.75Q

VI. EXPERIMENTAL VERIFICATION

In order to verify the revealed relationship between the maxi-
mum diy /dt and T during the recovery period, the device test
requirements for Fig. 3 are expanded in Fig. 6. The antiparallel
diode D), is employed as the inspected diode and S, is used
to generate dynamic switching operation.

Two separate high-power IGBT modules with associated an-
tiparallel diodes are mounted on two independent heat-sinks to
allow independent chip temperatures. And a constant tempera-
ture box is employed the make sure the chip temperature is quite
similar to the surrounding temperature. In order to minimize any
self-heating caused by forward conduction losses of Dj;, the
time interval between the two pulses is minimized, 40 us. A
time interval between each test ensures a constant, uniform de-
vice temperature distribution. The test bed soak heats the base
plate, die, and material surrounding the die, all to the required
chip temperature. Given the mass around the die and its thermal
time constant, in conjunction the relatively short test duration,
the switching process can be considered adiabatic, with minimal
self-heating because of the short duration of the test.

The associated experimental parameters are given in Table I1I.
The Fuji Corporation 3300 V/800 A IGBT (IMBISOOUG-330)
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TABLE IV
CALCULATION UNDER OPERATION CONDITION

Operation condition 25°C 75°V 125°C

200 A 6.63nH  6.62nH  6.10 nH

300 A 6.24nH  6.55nH  6.08 nH

400 A 6.05nH  633nH  6.37nH

500 A 6.28nH  639nH  6.83nH
100

! .QT[F'ETC
\TD=?5‘C
T|)=35"C
=20 :
0 0.8 1.6 2.4 32 4
Time (us)

Fig. 7. Waveforms of diode current ¢; and voltage v.p at different T'p
and constant enabling IGBT temperature (V3. = 1600 V, I, = 400 A, and
TigpT = 25°0).

is employed to examine its antiparallel P-i-N diode behavior at
different chip temperatures. It consists of eight parallel connec-
tion diode chips and 16 parallel connection IGBT chips as shown
in Fig. 6. Based on the industrial applications of this IGBT mod-
ule type, Vg, is set to 1600 V. The bus capacitors are 1000 pF, to
maintain the bus voltage. The load inductor is 400 H to ensure
near constant current during the tested switching period.

A proportionality constant L.g is the precondition for using
diq/dt to determine the diode chip temperature. The calculation
of L.g at typical operation currents and temperatures are sum-
marized under 1600 V bus voltage in Table IV. It can be found
that the value of L.g is proportionality constant under different
operation conditions.

The experimental waveforms of P-i-N diode reverse recov-
ery current ¢; and induced voltage v, under different P-i-N
diode chip temperatures are shown in Fig. 7. The diode chip
temperature is controlled and varied between 25 and 125 °C
by averaging successive regulation, while the enabling IGBT
module temperature is maintained at 25 °C. Thus, the influ-
ence of IGBT characteristics, on the reverse recovery process, is
eliminated.

From Fig. 7, the current waveforms before the peak are the
same because of the fixed enabling 71T and the fixed external
circuit parameters. The peak reverse recovery current increases
from 440 A (Tp = 25°C) to 550 A (Tp = 125 °C). Because the
carrier lifetime of D), increases as 1p increases, the reverse
recovery current peak magnitude is proportional to the rise in
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Fig. 8.  Experimental results of SF against P-i-N diode chip temperature with

varying forward diode current at V3. = 1600 V.

diode chip temperature. The time interval At in Fig. 7 represents
the period of stage 1 and stage 2 in Fig. 4. Because the com-
mutation speeds are the same during At, the voltage waveforms
of v, are the same although the P-i-N diode chip temperatures
are different. However, the voltages v.g after At are different
due to the different temperature-dependent P-i-N diode charac-
teristics. Once the recovery current rate reaches its maximum,
the induced voltage v.g on the parasitic inductor L.g reaches
the negative peak value. As T increases, the current rate be-
comes lower in stage 4. Therefore, the negative peak value of
ver reduces with increasing Tp although the time to the peak
increases. It can be concluded that the negative peak voltage
ver induced by the maximum recovery di, /dt is an appropriate
TSEP.

The diode softness factor SF versus Tp is shown in Fig. §,
with varying load currents and a constant 1600 V bus voltage.
SF increases with rising Tp, at different load currents. The
measured results are in agreement with the analysis in [28].

Because the value of L.g is proportionality constant, veg_xp
is proportional to the maximum recovery current di, /dt-based
TSEP as shown in (7). The measured v.g_np at different diode
chip temperatures and load currents are illustrated in Fig. 9.
According to the presented analysis, carrier lifetime increases
with increased T . Consequently, more carriers need to be swept
out when the temperature increases.

Therefore, the absolute value of v._xp induced by the maxi-
mum recovery current di, /dt plotted in Fig. 9 shows a declining
tendency with increasing 7p under the same load current, as
from inequality (14). When the P-i-N diode chip temperature is
constant, the measured v.g_np is proportional to load current.
The sensitivity ratio of v.g_np at 200 A is about 70 mV/°C and
48 mV/°C at 500 A, as in Fig. 9(a).

The variation of v.p_np with P-i-N diode chip temperature
at different bus voltages is illustrated in Fig. 10. As the bus
voltage increases under the same 7, the carries stored in the
P-i-N diode base region are swept out quicker. Thus, the absolute
values of v.p_np increase with increasing V.. In Fig. 10(a),
the sensitivity is in the range 60 mV/°C (V4. = 1600 V) to
45 mV/°C (V4. = 1200 V). In Fig. 10(b), when the load current
I, increases to 400 A, the sensitivity ratio range is 62 mV/°C
(Vae = 1600 V) to 39 mV/°C (V4. = 1200 V).
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Fig. 9. Correlation between negative peak voltage of v, , P-i-N diode chip

temperature, and load current: (a) bus voltage V. = 1600 V and (b) bus voltage
Vie = 1400 V.

Figs. 9 and 10 present the extracted dependences of the
ver_np against P-i-N diode chip temperature, load current, and
bus voltage. The experimental results expose an approximately
linear relationship between Tp and v.g_np . The sensitivity ratio
of the v.g_xp is several tens of millivolts per degree (mV/°C).
However, the sensitivity ratio of TSEP Vx at 200 and 500 A is
about —2 and 0.8 mV/°C, respectively, for a given IMBIS8OOUG-
330 module. This sensitivity of v.g_xp is higher than the sen-
sitivity of the forward voltage drop Vp-based TSEP. These two
factors make v.g_np induced by the maximum recovery current
rate di/di an excellent TSEP candidate for extracting P-i-N diode
temperature, Tp.

Based on presented analysis, a 3-D database can be created
to reflect the relationships between v.r_np across the parasitic
inductor L.g, Tp, and the other related factors. A 3-D database
of the v.g_xp induced by the maximum recovery current rate
digq /dt at different P-i-N diode chip temperatures and load cur-
rents with bus voltage V3. = 1600 V and Vg, = 1200 V is
plotted in Fig. 11.

For a designed voltage-source converter, the gate driver,
power devices, and external circuit parameters are fixed. Once
the bus voltage, load current, and IGBT temperature are mea-
sured, the corresponding P-i-N diode chip temperature can be
derived from the 3-D lookup table in Fig. 11. This means that the
3-D database can be used as a lookup table to estimate online,
P-i-N diode chip temperature.
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Fig. 10.  Variation of v.g_np with Tp and Vj: (a) load current I, = 300 A,
enabling IGBT temperature 25 °C and (b) load current I;, = 400 A, enabling
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Fig. 11. Three-dimensional database of v, _np Wwith variety of P-i-N diode

chip temperature and load current: (a) bus voltage V3. = 1600 V, IGBT tem-
perature TigpT = 25 °C and (b) bus voltage V3. = 1200 V, IGBT temperature
TigpT = 25°C.

VII. CONCLUSION

This paper proposed a chip temperature extraction method
for high-power P-i-N diode modules that utilized the maximum
recovery current rate dig/dt. The measurement feasibility of
using the maximum recovery current rate dig /dt was discussed.
It is deduced that the maximum reverse recovery current rate
diy/dt decreases with P-i-N diode chip temperature increase.
Consequently, the maximum recovery current rate diy/dt can
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be used as a TSEP for P-i-N diode chip noninvasive temperature
extraction.

An experimental platform based on half-bridge topology was
used for switching characteristic tests of a high-power device
module, there from verifying the theoretical analysis. A constant
parasitic inductor between the Kelvin emitter and power emitter
terminal L., used to measure the negative peak voltage v.g_xp
on L.g, provides a flexible approach for monitoring the max-
imum recovery rate diy/dt. The experimental results show an
approximately linear dependence between the P-i-N diode chip
temperature and negative peak voltage v.r_xp. The sensitivity
ratio of a v.g_np-based TSEP is higher than that of previous
TSEP using forward voltage drop. A 3-D database of veg_xp
with varying temperature and other relevant factors is invalu-
able for online chip temperature prediction of P-i-N diodes in
real-time operation.
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