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In-Situ Calibration Method of Online Junction
Temperature Estimation in IGBTs for
Electric Vehicle Drives

Wei Lai

Abstract—Junction temperature is the most important factor to
induce the insulated gate bipolar transistor module failure and
conduct operational management. In-situ calibrated method and
junction temperature calculation model are proposed to timely in-
dicate the junction temperature for the electric vehicle drive system.
It aims to solve that the conventional calibration methods need to
be calibrated in the temperature chamber and the model cannot
meet variable current conditions, which ignores the effects of the
stray parameters of electrode connection on the on-state voltage. A
mathematical junction temperature estimation model based on the
relationship between saturation voltage drop and different currents
is established, whose accuracy depends on the prior narrow range
junction temperature calibration. A control strategy for the in-situ
calibration is proposed to generate an instantaneous large current
by creating a zero-torque condition and using integrated negative
temperature coefficient thermistors, current sensor, and on-state
voltage measured circuit when the new-energy vehicle is in an
idle state. Experimental results prove that the proposed in-situ
calibration method can be realized totally inside the electric vehicle,
which can serve the full-service lifetime of the electric vehicle with
high precision.

Index Terms—Insulated gate bipolar transistor (IGBT), junction
temperature calibration, junction temperature estimation,
negative temperature coefficient (NTC), reliability.

I. INTRODUCTION

EASONABLE development and utilization of new energy
are important means to solve energy shortages and envi-
ronmental pollution. As a key component of the electric vehicle,
insulated gate bipolar transistor (IGBT) modules play the role
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of energy transfer and power conversion. However, frequent
start-stops, accelerations, and decelerations make IGBT with-
stand higher thermal stress fluctuations than in other application
scenarios, which leads to a higher failure risk. According to
the survey, it shows that 38% of ac system failures are caused
by power device failure [1]. There are various failure modes
for wire-bonded packaging power modules, the most commonly
observed ones are packaging-related failures. The root cause of
the predominant failure mechanisms, i.e., bond wire lift-off and
solder delamination, is junction temperature cycling with the
associated internal temperature gradient acting on the mismatch
of coefficients of thermal expansion between adjacent layers and
internal temperature gradients [2]. Therefore, to avoid operating
failures of electric vehicles, it is necessary to obtain the IGBT
junction temperature in the electric drive system using a real-
time scheme.

Recently, many methods have been proposed, e.g., optical
measurement method and physical contact method. However,
these methods demand dismantling devices from converters and
cannot meet the goal of online monitoring methods [3]. Thermal
network models are used to acquire junction temperature based
on the calculated power loss of devices, which heavily relies on
the parameters of the thermal network and cannot ensure accu-
racy due to the aging effects of devices [4], [5], [6]. A thermal
estimation method for the IGBT module is proposed, which is
adaptable to operating conditions [7], however, the power loss
needs to be calculated exactly. Sensor-based direct measurement
is the second method using an infrared thermal camera or built-in
thermal sensors on the silicon chip [8], however, the packing
housing should be removed or changed.

Temperature-sensitive electrical parameters (TSEPs) use the
terminal electrical parameters, which are easy to obtain and
have a one-to-one relationship with the junction temperature of
IGBTs for condition monitoring, such as small current injection
method, turn-off time, turn-off delay time, etc. [9], [10], [11],
[12], [13]. A converter-level IGBT junction temperature estima-
tion method based on the dc bus voltage ringing is proposed,
where an additional auxiliary heating unit is connected and
used to calibrate the method [14]. There is a difference between
the work condition and the calibration condition. An accurate
junction temperature estimation method is proposed through-
out its lifetime, which eliminates the effects of the bond-wire
degradation [15], however, the updated I-V characteristics need
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Fig. 1. Basic IGBT structure and equivalent on-state circuit.

to be measured offline. On-state collector-emitter voltage at
higher collector currents is used to estimate the junction tem-
perature, however, it only can be used for the constant current
condition, which can meet the variable current conditions of
the electric vehicles due to the polytropic speeds and motor
torques [16]. Although TSEPs provide many possibilities for
obtaining the junction temperature, almost all methods require
calibration of the relationship between temperature-sensitive
parameters and the junction temperature under laboratory con-
ditions. Nevertheless, a small injection current source is con-
nected in the circuit, and there are differences between the
calibration environment and the actual working conditions.
Meanwhile, the device status will degrade in service, which
leads that the previous calibration parameters are no longer
applicable.

There are two main contributions of this article: 1) A novel
junction temperature estimated model based on the relationship
between the junction temperature and the saturation voltage
drop, which can be used for variable load current conditions,
especially for the motor driver. 2) An repeatable in-situ cali-
bration method is proposed to acquire the coefficients of the
junction temperature estimation model with narrow temperature
range under different degraded status, which gets rid of the
limitation of the traditional junction temperature non-in-situ
calibration that the devices need to be placed in a temperature
chamber or be placed on an auxiliary heating unit. This scheme
exploits the current sensor in the motor driver, the integrated
negative temperature coefficient (NTC) in the module, and the
low-cost on-state voltage measurement circuit to calibrate the
corresponding coefficients in the model when the electric vehi-
cle is idle. This junction temperature estimated model can be
calibrated during the full-service cycle of electric vehicles. It
can be used for high-precision real-time acquisition of the junc-
tion temperature to improve the operation reliability of electric
vehicles.

II. ONLINE JUNCTION TEMPERATURE CALCULATION MODEL

A. Relationship Between On-State Voltage and Junction
Temperature

According to the internal structure of IGBT chips and the
simplified on-state circuit shown in Fig. 1, the on-state voltage
VeEe_on of the chip contains two parts as shown in (1) [17],
where Vp; is the internal equivalent diode conduction voltage
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drop, and VyjosreT is the internal equivalent MOSFET conduc-
tion voltage drop

Ver_on = Vpein + VmosreT (1)

Vpin can be written in the form of the following equation:

v 2k T I.- Wy
PNy 44-Dy-ni-p-Z - F(Wy/2Ly,)

where k is the Boltzmann coefficient, T is the thermodynamic
temperature, ¢ is the charge of an electron, /. is the on-state
current of the IGBT, D, is the bipolar diffusion coefficient, n; is
the intrinsic carrier concentration, p is the chip cell size, Z is the
cell width perpendicular to the direction of cross-section, Wy
is the N-type base region width, L, is the ambipolar diffusion
length, d is the half-width of the drift region. The function
F(Wn/2L,) can be expressed as (3) [17], where V), is the
conduction voltage drop in the drift region

@

-aVur

e (3)

Wn W
T tanh S

4 (W,
\/1 — 0.25 tanh? (§)

When the MOSFET works in the linear zone, conduction volt-
age drop VyiosreT can be expressed as [17]

Ic : LCH
Z - pini - Cox - (Va — Vra)

where Loy is the length of the channel, p,; is the electron
migration rate, Cox is the capacitance of the gate oxide layer,
V¢ is the gate drive voltage, and Vrp is the threshold voltage
of the gate.

Hence, the on-state voltage of chip Vor_on can be rewritten
as

F(Wn/2L,) =

“

Vmosrer =

2k-T

I.-W,
Vee on = . 1 a

"44-Da-ni-p-Z-F(Wy/2L,)
4 I.-Lcu

Z - pini - Cox - (Vo = Vru)
Since the thermal behavior of the materials is different under

different temperatures, the temperature dependences of D,, n;,
Lni, and Vg are expressed as

15 x 10% - 713

(&)

o= 6
¢ (1+ 5520 01) ©)
n; = 3.87 x 1016715 . =7 (7
T —2.42
4euyK T -Na-In(Najn;) K-T N
VTH:\/E 4 -In( A/ﬂ)+2 -ln( A>.
Cox q n;
9)

When the gate voltage is much higher than the threshold
voltage, the internal equivalent MOSFET in the IGBT structure
works in the linear region, and the internal equivalent MOSFET
conduction resistance R ps.o at this time can be approximated
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using (10), where Ry is the initial resistance, T} is the junction
temperature, and m is the temperature coefficient

Rps on = Ry +m - Tj. (10
Substituting (10) into (5), Vor_on can be rewritten as
VCEON:2k.T1n I.- Wy
- q 4q-Dy-ni-p-Z-F(Wn/2L,)
+1.- (Ro+m-Tj) (11

Substituting (3), (6) and (7) into (11), Vor_on can be rewrit-
ten and simplified further as (12), where k; is expressed as (13),
and ko is expressed as (14)

TO.17

V. kT (kg L) —In—
CBON = 81745 (n(2 ) EE

7020  q-Vm
T 2K.Tj>+lc~(Rg+m-TJ) (12)
2
klZﬁ (13)
q

Wi - \/1 — 0.25 tanh* (§2 )

- 6X109X3'87X1016k'p'Z~g/TZtanthsz'
(14)

)

In actual applications, usually the junction temperature 7j is
typically situated between 273 and 423 K. The range of (15) is
[-0.48, 0.36], and the range of 7020/T; is [17], [25]. Therefore,
(15) can be ignored by comparing with the 7020/7;,and Vor_on
can be simplified as (16)

7017
I T (15)
Ver on = k- <Tj “In (ks - I.) + 7020
q-Vm
+ 5% >+Ic~(Ro+m-Tj). (16)

T can be rewritten as (17). Where m ~mjs are related to IGBT
structure and materials, and these parameters can be extracted
using function fitting under different collector currents /.

Vee.on —ma -1 —ms

T, ~ (17)

my-In(mo- 1) +ms- I,

From the (17), when m -In(my-I.)+mg3-1.~0, it means that 7;
has no relationship with the Vor_on. This work condition is
the zero temperature coefficient point as shown in Fig. 2 [18],
which is the relationship between collector current and collector-
emitter voltage of the INFINEON FF600R 12ME4 IGBT module
(1200 V/600 A) extracted from the datasheet, which is usually
used for electric vehicles. When m -In(ms-1.)+ms3-1.>0, T; is
in proportion to Vog_on, which corresponds to the zone of the
positive temperature coefficient. When m; -In(ms-1.)+m3-1. <0,
T; is inversely proportional to Veg_on, which corresponds
to the zone of the NTC. The value ranges can be used as

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 1, JANUARY 2023

1200 — T T
-+ 298K junction temperature
-8 423K junction temperature

—
(=3
(=3
(=)

positive temperaturg
coefficient

[0
(=3
(=]

IS
(=3
(=)

zero temperature
coefficient

Collector current (A)
3
(=]

[\*)
(=3
S

(=]
(=

25 3

S o1 1.5 2 . 3.5
Collector-Emitter voltage (V)

Fig. 2. Relationship between collector current and collector-emitter voltage.
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Fig. 3. Forward conduction characteristics of IGBT in 298-398 K [16].

the constraints to solve the parameters (17). It can be used to
qualitatively prove that the derived model is reasonable.

B. Analysis of Temperature Calculation Model Characteristics

Experimental data are selected as an example for analysis
in the literature [19]. The forward conduction characteristics
of IGBT modules in the temperature range of 298-398 K are
shown in Fig. 3. Those data are used to fit the coefficients of
(17) and the traditional model, which uses a cubic polynomial
model as shown in (18). Where a, b, ¢, d, e, f, and g are obtained
using the function fitting. The parameters a, b, ¢, d, e, f, and g
of the cubic polynomial model are -412.8619, 0.9677, -0.6650,
-0.001599, 0.002607, 7.8652E-7, and -1.5955E-6, respectively.
The parameters my, ms, ms, my, and msy of the proposed model
are 0.2392, 0.00003206, 0.007498, -0.9193, and 1255.7169,
respectively. Fig. 4 shows the fitting errors of the two models.
Pearson’s correlation coefficient of determination R? is calcu-
lated to check the fitting strength, the correlation coefficient is
0.9979, and the sum of squares due to error (SSE) is 464. R? of
the proposed model is 0.9985, and the SSE is 342. The results
confirm that the above two models fitted with calibration data in
the full temperature range can reflect the variation of junction
temperature with on-state voltage and collector current well,
however, the proposed model is more accurate

Tj:a+b'VCE_ON+C'Ic+d'Ic'VCE_ON+e'IC2

+f-I?2 - Vepon+g-I2 (18)
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Fig. 4.  Fitting errors of the two models in temperature.

It can be seen that it is beneficial to calibrate the temperature-
sensitive parameters of the IGBT modules over the full work
condition temperature range. However, the calibration over the
full temperature range requires taking the IGBT modules out
of the system and placing them in the temperature chamber,
which is inconvenient. It leads that there is a working condition
difference with or without in-situ calibration, because stray
parameters of electrode connection are not considered. If the
temperature-sensitive parameter calibration can be performed
in the actual system where the device is located, the influ-
ence of interconnection can be avoided for traditional methods
to improve the junction temperature estimation accuracy. In
addition, the calibration in the system will be free from the
traditional and complex manual calibration process, and it can be
calibrated multiple times in the system to overcome the changes
in the temperature-sensitive parameter relationship caused by
the aging of the devices.

One of the problems faced in achieving in-system calibration
of the device is the lack of a wide range of temperature changes.
Based on (17), the junction temperature has an approximately
linear relationship with the on-state voltage of IGBT modules
when the collector current is constant, and the function fitting
of the linear relationship can be completed with a small amount
of data. Therefore, the calibration data in the temperature range
of 298-303 K, 298-308 K, 298-313 K, and 298-318 K are
used to fit the (17) and (18) respectively, and the fitted mod-
els are used to predict the junction temperature of the IGBT
modules in the high-temperature region. Fig. 5 shows the junc-
tion temperature prediction errors of the two models for the
four temperature regions respectively. Fig. 6(a) compares the
R? and SSE of the fitted models under different temperature
regions.

Fig. 5(a) shows that the models predict the junction tempera-
ture with a large error due to the extremely narrow temperature
range. With the temperature range expansion of the fitted data,
as shown in Fig. 5(b) and (c), it can be seen that the temper-
ature range can improve the model accuracy sharply, and the
overall prediction error can be limited to 5%. However, with
the temperature range of the fitted data further expansion, the
prediction accuracy of the models is improved slowly as shown
in Fig. 5(d). From Figs. 5 and 6(a), it can be concluded that
the proposed model has better extrapolation performance than
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Fig.5. Estimation error of the models fitted with different temperature regions.
(a) 298-303 K. (b) 298-308 K. (c) 298-313 K. (d) 298-318 K.

the cubic polynomial model under the same narrow temperature
range. Fig. 6(a) shows that it can meet the calibration require-
ments when the junction temperature is from 298 to 308 K.
Fig. 6(b) and (c) shows the 7} relative error with and without
considering the measured error using the above narrow junction
temperature range, where the assumed measured error is 3% for
Ver_on and I.. It can be seen that the cubic polynomial model
has low accuracy considering the measured error, especially with
high currents.
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The proposed method relies on the forward conduction char-
acteristic of IGBT modules with a good linear relationship
between the junction temperature and on-state voltage when the
current is constant. Substituting the currents from 430 to 980
A into (16), the linear relationship can be obtained as shown in
Fig. 7. Therefore, it can use a series of straight lines to restore
the characteristic.

The proposed model fitted through the full temperature range
can represent the forward conduction characteristics of IGBT
modules well. It means that the straight lines produced by the
model at any current level can pass through the calibration
data uniformly. However, using a narrow temperature range of
the fitted data to calibrate the model will lead that the model
does not have good junction temperature prediction accuracy
in all temperature regions, because the straight-line slope and
intercept fitted by the narrow temperature range deviate from
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the model fitted by the full temperature range. The straight line
fitted by the narrow temperature range may lie in the blue area,
as shown in Fig. 8. Fig. 9 shows that the errors of the slope
and intercept cause the prediction error in the IGBT junction
temperature.

To more intuitively reflect the difference between the slopes
and intercepts of the data fitting models in different temperature
ranges for different current levels, the slopes and intercepts
obtained by fitting the proposed model under different currents in
the full temperature range are used as reference values. Fig. 10(a)
compares the difference in slope between the reference and the
fitted results with narrow temperature ranges for each constant
current. As can be seen from Fig. 10(a), the slopes obtained
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Fig. 10.  Error of the model parameters. (a) Error of slope. (b) Error of intercept.

in the 298-308 K temperature range are all smaller than the
reference slope, and the slopes of other temperature regions
gradually change from greater than the reference slope to less
than the reference slope with the increase of the current level.
The middle section (shallow green) has a small slope error. The
intercept also has a similar variation to the current level, and
there is a small error around the middle current level, as shown
in Fig. 10(b). Combing Figs. 5, 10, and 11, it can be seen that
the estimated junction temperature error is caused by the slope
and intercept difference. Note that the fitting narrow temperature
range is selected according to the estimated error of the proposed
model.

Comparing the differences in the slope and intercept with the
reference value, the current and temperature ranges determine
the prediction accuracy of the junction temperature. Therefore,
the junction temperature calculation model fitted by the narrow
temperature range calibration data has a relatively higher accu-
racy around medium current levels. For better performance, the
working current level of the IGBT modules should be located in
the middle of the calibration current level as much as possible
according to Fig. 11.

III. CALIBRATION STEPS INSIDE THE ELECTRIC VEHICLE

To determine the coefficients in (17), many groups of data
regarding T3, I., and Vcg_on need to be obtained. Different
from the conventional calibration method, this article proposes
that the calibration process can be accomplished using the infor-
mation offered by the NTC thermistors welded inside the IGBTSs
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when the new-energy vehicle is in an idle state. The control of
the in-situ junction temperature calibration is described below.

A. Junction Temperature Measurement With an NTC
Thermistor

In high-power IGBT modules, thermistors with NTCs are
directly welded on the ceramic layer [20], [21]. The temperature
of the ceramic layer can easily be obtained using the thermistors,
as shown in Fig. 12(a). According to the thermal path, an
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Fig. 12.  IGBT structure with NTC sensor. (a) IGBT module with NTC. (b)
Thermal network.

equivalent junction-to-NTC Cauer network of IGBT modules
can be represented, as shown in Fig. 12(b), where Pj,s indicates
the power loss of the silicon chip, Ry, and C, refer to the
thermal resistance and capacitance of different layers, Tyrc
is the temperature measured by the NTC sensor. However, it is
too complicated to obtain the parameters. NTC is usually used
for protection purposes, that is, when the temperature inside the
module exceeds a certain value, the converter is considered to
be in a dangerous condition or malfunctioning. When P},¢5~0
and the modules do not work for some time, it can be seen
that 7; is approximately equal to T rc. Therefore, the electric
vehicle is not used, and the measured temperature of the NTC is
equal to the junction temperature of the IGBT modules, which is
close to the ambient temperature. The temperature of the NTC
can be obtained by (19). where RxTc is the resistance of the
NTC thermistors at the current temperature, B is the material
constant of the NTC thermistors and Rygg is the resistance of
the NTC at 298 K. In order to calculate the temperature of the
NTC, the value B needs to be used. Since the temperature is the
module temperature when the electric vehicle is idle, the B value
is selected as Bagg /323 for higher precision

1

19
e ) /B +

1

Inrc =
In ( 208

B. Generation of Large Current at Stationary State

When the new-energy vehicle is in an idle state, the calibration
can be conducted, and the control of in-situ junction temperature
calibration is shown in Fig. 13. There are two-time phases in a
sequence, as described below: 1) Predetermined location stage:
in the calibration stage, a sudden pulse signal of the torque might
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Fig. 13.  Block diagram of the proposed junction temperature calibration. (a)
Predetermined location stage. (b) Stage (1) for calibration. (c) Stage (2) for
calibration.

cause the potential risk, and the predetermined location control
method of the rotor should be proposed to avoid the risk. The
calibration of the lower bridge arm IGBT module for phase C
is taken as an example, and the schematic diagram is shown in
Fig. 13(a). Where S1, Sa, S3, S4, S5, and S are IGBT modules
for phases A, B, and C, respectively. The rotor initial position of
the idle electric vehicle is assumed as shown in Fig. 13. The gate
signals of S3 and S6 are set as the chopped wave as shown in
Fig. 14, and the rest switches are turned OFF, which will generate
a stator current. A magnetic field is formed under this current,
and the rotor will be rotated to the position of the blue dotted
line rectangle.

2) Calibration stage: a short-time high-level voltage signal for
S3, the switch Sg is always turned ON, and the rest switches are
turned OFF as shown in Fig. 13(b). A large current is generated
under zero torque conditions to reach the on-state voltage of
the IGBT modules’ work zone, which is usually designed from
0.9 to 1.1 times the working current, and the electric vehicle
will not move as shown in Fig. 14(a) stage (). Vor_on, NTC
temperature T7c and 1. are measured at the same time with
instantaneous reduced current values as shown in Fig. 14(a) stage
(2) and Fig. 13(c). In this condition, the power loss could be
considered as nearly zero at this time, and the NTC temperature
is equal to the junction temperature. The calibration flowchart is
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Fig. 14.  Calibration stage. (a) TnTC, VoE_ON, and /. measurement sequence
considering transient oscillation. (b) Calibration flowchart.

shown in Fig. 14(b), where the T, is the estimated junction tem-
perature using calibrated coefficients. The calibration flowchart
can be divided into three parts. The first part is the preparatory
and data acquisition stage. The second part is the function fitting
stage using (17), where the calibrated temperature range is
designed from 298 to 308 K. The third part is the verification
stage.

C. Measurement Method of Vop_on

To measure Vog_on in the proposed calibration process and
monitor the junction temperature, a special Vg oy measure-
ment circuit that has the advantages of large voltage blocking
capability and high-precision measurement is utilized [22], [23].
Collector-emitter voltage of IGBT modules will withstand dc
bus voltage (hundreds of volts) during turn-OFF time, and it drops
to a few volts when the modules turn ON. If Vg oy 1s measured
directly, wide-range measurements will inevitably affect the
measurement accuracy. Moreover, IGBT modules work at a
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Fig. 15.  On-state voltage measurement circuit.
TABLE I
TEST PLATFORM PARAMETERS
parameter value
Motor model TY-132M1
Busbar voltage 300V
Motor power 7.5kW
Pole pairs 3
Direct axis inductance 3.69mH
Quadrature axis 9 39mH
inductance
Stator resistance 0.44Q
Flux linkage 0.4wb
Switching frequency 10kHz
IGBT type FPIOR12W1T4

higher switching frequency, and the measurement circuit needs
to be able to respond quickly. Sensitivity for the junction temper-
ature estimation is about 1-10 mV/°C. Therefore, it is hoped that
the measurement accuracy of the Vog_ oy measurement circuit
isas high as =1 mV. To meet the above-mentioned requirements,
a special Vog_ oy measurement circuit can be used as shown in
Fig. 15 [24], which has a simple topology and only needs a small
hardware cost to realize the online measurement of Vop_on
in an electric drive system, where D1 = Dy = IN4148, D3 =
IN4733,R; =10, Ry =20 Q, C =10 nF, and M = IRFR310.
It is worth noting that the IGBT may experience a transient
oscillation due to the influence of parasitic parameters during
the turn-ON period. Therefore, Vor_on measurement should
be carried out when the IGBT reaches a steady-state to improve
the measurement accuracy, which is shown in Fig. 14(a).

IV. EXPERIMENT VALIDATION

To validate the effectiveness and precision of the proposed
calibration schemes under a locked-rotor condition, a test bench
is established, where the IGBT current is dc. Due to the lab-
oratory equipment limitation, the high-power electric vehicle
drive system (Changan SLO3 auto 160kW/354V) is simplified
into a small-power motor pair drag test platform (300 V/7.5 kW),
where the motor’s rating currentis 11 A and the monitored IGBT
module is selected as FP10R12W1T4 correspondingly. Table I
shows the parameters. A K-type thermal couple is mounted on
the Si chip to measure the junction temperature to validate the
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Fig. 17.  Function fitting results and relative error for the dc condition. (a)
Function fitting results. (b) Relative error.

junction temperature calculation method. NI-9214 acquisition
card is adapted to process the information of thermocouples
with 68S/s maximum sampling rate and +-0.37 °C measurement
accuracy. CYBERTEK-CP8300A current clamp with £10 mA
accuracy is used to collect the current, and the data is processed
by NI USB-6356, whose sampling rates can reach 1.25 MS/s
with £1.4 mV sampling accuracy. The measured results for one
single sample period are shown in Fig. 16, where the blue curve
is the gate voltage (Ch 1), the laurel-green curve is the collector
current (Ch 2), and the pink curve is the Vog_on (Ch 3).
IGBTs are tested in the motor pair drag test platform with an
ambient temperature ranging from 297 to 314 K. The calibrated
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Fig. 18. Model and experiment results for the application condition. (a)
C-phase current. (b) Vop-on result. (c) Experimental and measured junction
temperature.

collector current range is set as 5—11 A because the peak value of
the current is 6-10 A during normal operation. Function fitting is
used to obtain the model parameters as shown in Fig. 17 . Model
parameters my, ms, ms, my, and ms are fitted to be 0.227217,
0.000437,0.526972,-26.8406, and 1388.148, respectively. Pear-
son’s correlation coefficient is calculated to check the function
fitting robustness and the correlation coefficient is 0.9876, which
implies a strong correlation. Fig. 17(a) shows that a narrow range
junction temperature from 297 to 314 K (red five-star marker)
is used to obtain the parameters of (17), and it can be applied
to other conditions (blue triangle marker). Good agreement is
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Statistics results of frequency. (b) Junction temperature results.

observed, and the relative error is less than 2% as shown in
Fig. 17(b), confirming that the model can be confidently used
for calculating 7.

To further demonstrate the feasibility and effectiveness of
the model, an application condition is designed as shown in
Fig. 18(a). On-state voltage Vcg_on is measured using the cir-
cuit as shown in Fig. 15, and the results are shown in Fig. 18(b).
18(b) shows that some noise is inevitably collected, and it causes
the estimated junction temperature to deviate from the real junc-
tion temperature as shown in Fig. 18(c). However, the overall
predicted junction temperatures are densely distributed on both
sides of the real values. An appropriate filtering algorithm is used
to obtain more accurate estimated values. The filter algorithm
counts the number of occurrences F(7}.;) of each calculated
junction temperature Tj.; in one second, which is calculated
using (17), and F(T};) are listed in descending order as shown
in the following equation:

The estimated junction temperature Tj.s; can be obtained
using (21), where the M is the threshold value and it is set as 2
in this article

ity F(Tjes) - Thes
M :
> im1 F(Tjei)
The statistical results for Fig. 18(c) red dotted box are shown
in Fig. 19(a). The highest frequency is extracted from the

Tjest = 21
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statistical results as the weighted average, and a filter based
on the temperature frequency distribution is designed to deal
with the estimated junction temperature. After filter processing,
estimated and measured junction temperatures are shown in
Fig. 19(b). Comparing the calculated junction temperature with
the measured results, it can be seen that the filtered junction
temperature is similar to the junction temperature measured by
the thermocouple, and the largest error is less than 5%. There-
fore, the proposed junction temperature calculated model could
be suitably used to support active junction temperature control,
condition monitoring, and lifetime estimation in operational
management.

V. CONCLUSION

In this article, an in-situ calibrated junction temperature
calculation method is proposed to timely obtain the junction
temperature under different conditions, when the new-energy
vehicle is in an idle state. This article deduces the simplified
mathematical relationship between junction temperature, col-
lector current, and on-state voltage according to the physical
structure of IGBT modules, whose parameters can be solved
by experimental calibrations. Based on the linear relationship
between the on-state voltage and the junction temperature at
high currents, it is proposed to use a narrow range junction
temperature to extract the parameters of the calculation method,
and it can be then extrapolated to the other operation condition. A
control strategy for the in-situ calibration is proposed to generate
the calibrated operating condition, and a filtering algorithm
based on the temperature frequency distribution is designed to
reduce the measurement noise. The effectiveness of the junction
temperature estimation model for the electric drive system is
validated experimentally, and the largest error is less than 5%.
This work can be usefully fed into the development of condition
monitoring and lifetime estimation.
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