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Application-Driven Data Acquisition for Condition
Monitoring of Power Semiconductors in Traction

Inverter Applications
Xing Wei, Student Member, IEEE, Long Jin, Bo Yao, Student Member, IEEE, Yingzhou Peng, Member, IEEE, Huai

Wang, Senior Member, IEEE

Abstract—Condition monitoring has proven to be an
effective means of enhancing the reliability of power semi-
conductors. This paper proposes an innovative and practical
data acquisition scheme that can serve various condition
monitoring purposes for power semiconductors in traction
inverter applications. It is achieved through the DC-link dis-
charging operation mode of the traction inverter after the
system is shut down, minimizing the new risks introduced
by condition monitoring into system operation, which is
critical to the safety of traction applications. Moreover, due
to the extremely low dynamics in the discharging operation
mode, the sampling requirements for the health indicators
and operating conditions of power semiconductors are
greatly reduced, and the measurement disturbances from
parasitic parameters are eliminated. The proposed method
is promising for electric vehicle (EV) applications as the
required operation condition is an inherently programmed
and frequent mode. Compared to conventional online data
acquisition schemes, it outperforms in complexity, accuracy,
safety, and practicality. The proof-of-concept experiments
based on a three-phase inverter prototype verify the effec-
tiveness of the proposed method.

Index terms— Condition monitoring, traction inverter, elec-
tric vehicle, power semiconductor, data acquisition.

I. INTRODUCTION

POWER semiconductors play a crucial role in power con-
verter systems, contributing to cost, size, and failure rate

on a considerable scale [1–3]. To achieve reliable field op-
eration, numerous health indicators for power semiconductors
have been proposed, such as on-state saturation voltage [4, 5],
pre/threshold voltage [6, 7], Miller platform voltage [8], gate
peak current [9], and switching times [10, 11], etc. These
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indicators are widely utilized for condition monitoring purposes
[12, 13], including degradation assessment and junction temper-
ature estimation for power semiconductors, to enable proactive
maintenance, thermal management, and operation optimization.

Due to the inherent characteristics of semiconductors, the
health indicators of power semiconductors depend on both their
degradation states and operating conditions [14], the latter of
which include conduction current and junction temperature.
As a result, relying solely on health indicator information
is not sufficient for either condition monitoring purpose. In
junction temperature estimation applications, modeling the re-
lationship between junction temperature and health indicators
is a prerequisite and critical step [15–18], where health in-
dicators for specific operating conditions and synchronized
junction temperature information are needed. Similarly, for
the degradation assessment of power semiconductors [19, 20],
synchronized information on the health indicators and their
associated operating conditions is required to calibrate the effect
of operating conditions on the health indicators.

The above data requirements indicate that to achieve the
condition monitoring of power semiconductors, the health
indicators and their associated operating conditions have to
be measured synchronously and accurately, as shown in Fig.
1. In addition, in existing condition monitoring schemes, data
acquisition is commonly performed online during the normal
operation of the power converter [12, 13], where a high
sampling rate is essential due to the high dynamics. In practice,
however, these demanding data acquisition requirements are
generally difficult to fulfill and face the following challenges:

1) Challenges in existing measurement conditions
For most power electronic converters, their existing mea-

surement systems are designed for control purposes, where
the converter signals are typically measured asynchronously at
a sampling frequency of up to the switching frequency and
without the need for high-precision sensors. These non-ideal
data acquisition conditions mean that there could be errors in
the measured health indicators and operating conditions, which
can seriously affect the accuracy of condition monitoring, es-
pecially for junction temperature estimation applications as the
health indicators of power semiconductors generally have a low
sensitivity to the junction temperature, e.g. mV / ◦C of on-state
voltage [4, 5] and ns / ◦C of switching times [10, 11]. It has
been reported in [17] that due to the dependence of the health
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Fig. 1. Data acquisition requirements and challenges for condition monitoring of power semiconductors.

indicators of power semiconductors on the conduction current,
a small current variation of 0.5 % can cause a temperature
difference of nearly 4 ◦C. In [18], due to the absence of
synchronized current sampling, the on-state voltage of power
semiconductors used for junction temperature calibration is
measured over a small current range instead of at a certain
value, and the resulting fluctuations in the measured on-state
voltage cause an error up to ± 6 ◦C in the calibration results.

It is worth noting that some operating conditions of power
semiconductors are inherently difficult to obtain, such as junc-
tion temperature. Due to the external packaging for protection
and electrical insulation, the direct measurement of junction
temperature based on optical properties [21] or physical contact
[22] has restrictions in practical applications. Some model-
based methods [23, 24] are proposed to estimate the junction
temperature indirectly by leveraging the power loss and thermal
models of power semiconductors, but there can be considerable
errors in the calculated power losses and thermal impedance,
resulting in inaccurate estimation.

Overall, the above challenges in terms of measurement
conditions indicate that the existing measurement systems of
power converters are generally inadequate for condition mon-
itoring purposes and need to be upgraded or augmented with
additional hardware measurement, which is, however, costly
and impractical for most field applications.

2) Challenges in parasitic parameters and system security
In practice, the online data acquisition adopted by con-

ventional condition monitoring schemes is not necessary for
some application purposes, such as degradation assessment,
because the degradation of power semiconductors is typically
a long-term process. In addition, online data acquisition can be
disturbed by the parasitic parameters of power semiconductors
and pose a threat to the security of power converters.

During the normal operation of power converters, the al-
ternating load current can induce voltages in the parasitic
inductances distributed in the direct copper bond (DCB) layer,
bond wires, and terminals of power semiconductors [14], and
these induced voltages are not constant due to the variable
slope of current. As a result, the voltages measured across
the terminals of power semiconductors can deviate and lead
to measurement errors in the related health indicators, e.g., on-
state saturation voltage and Miller platform voltage. Particularly
in high-power applications, where the load current changes

dramatically and the inductive parasitic elements of power
semiconductors are considerable, the resulting errors in the
measured health indicators can be significant. In [25] and [26],
the on-state voltage of power semiconductors in an operating
wind turbine converter and traction inverter is measured at a
constant current level, and the deviation in the measured on-
state voltage caused by parasitic inductances reaches 7.5 % and
6.1 %, respectively. Considering the low temperature sensitivity
of the on-state voltage and the degradation-induced increase
in on-state voltage is typically 5 % to 20 % [27], such a
considerable measurement deviation could be unacceptable.

Safety is paramount for power converters, and therefore the
risks posed by condition monitoring to the system operation
should be minimized. However, online data acquisition can oc-
cupy significant storage resources during the normal operation
of the power converter, which may affect the data processing
and storage performance of the system. More importantly,
online data acquisition means that the hardware measurements
dedicated to condition monitoring are also activated during
normal operation, which can introduce additional reliability
issues to the system operation. In [28], a junction temperature
calibration method for the power semiconductors in wind
turbine applications is disclosed, where three months of data
on health indicators and operating conditions, covering the
entire converter power range are recorded online. The long-term
measurement and extensive data logging seriously threaten the
safe operation of power converters.

In conclusion, the aforementioned challenges in terms of
existing measurement conditions, parasitic parameters, and sys-
tem security serve as major obstacles, hindering the implemen-
tation of condition monitoring for power semiconductors in
practice. In this paper, a novel condition monitoring-oriented
data acquisition scheme is proposed for power semiconductors
in traction inverter applications. It is performed during the
discharge of the inverter DC-link capacitor after the system
shutdown, which is a natural and frequent activity in traction
applications such as electric vehicles. The collected data on
health indicators and operating conditions can be utilized for
various condition monitoring purposes of power semiconduc-
tors, including degradation assessment and junction temperature
calibration. Compared to conventional online data acquisition
methods, the proposed scheme shows that:
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1) the measurement requirements for health indicators and
operating conditions of power semiconductors are greatly
reduced;

2) the measurement of health indicators is independent of the
parasitic parameters of power semiconductors;

3) the interference and new risks posed by condition moni-
toring to system operation are minimized;

4) the operating conditions of power semiconductors are con-
trollable, convenient for various monitoring requirements.

The rest of this article is organized as follows: Section II in-
troduces the DC-link discharging operation mode of the traction
inverter through the motor stator windings. Section III presents
the principles of the discharge profile-based data acquisition for
condition monitoring purposes. Section IV gives the proof-of-
concept of the proposed method based on experimental testing,
followed by the conclusion in Section V.

II. DC-LINK DISCHARGE OF TRACTION INVERTER
THROUGH MOTOR STATOR WINDINGS

The electrical configuration of the traction inverter is de-
picted in Fig. 2, consisting of a DC-link capacitor, power semi-
conductor devices, and a controller. Its front end is typically
connected to a battery pack or rectifier via circuit breakers,
and the back-end electric machine (EM) can be either an AC
induction machine or an AC permanent magnet type [29]. To
achieve high operating power, the power semiconductor devices
in the current traction inverter are commonly insulated gate
bipolar transistors (IGBTs), which are expected to be replaced
by silicon carbide (SiC) and gallium nitride (GaN) devices in
the future to further reduce power loss and system size [3].
Depending on the baseplate design of the power device, a
direct-liquid or forced-air cooling system is generally equipped
to regulate the device operating temperature.

After normal operation, the gate drivers of the power semi-
conductor devices in the traction inverter are first blocked,
causing a rapid decrease in the three-phase traction current ia,
ib, and ic. For safety reasons, when the electronic control unit
(ECU) detects that the traction currents and motor speed have
dropped to zero, the circuit breakers in Fig. 2 are opened to
isolate the traction inverter, and subsequently, a pair of dis-
charge commands, id ref and iq ref , in the rotor flux reference
frame is issued to discharge the DC-link capacitor [30]. With
the existing current control and modulation strategy (typically
space vector pulse width modulation), the DC-link capacitor is
discharged through the power devices and the back-end motor
stator windings according to the rotor electrical angle θe as
well as the discharge current references id ref and iq ref . The
rotor electrical angle θe is fixed in a DC-link discharge, which
is random and determined by the shutdown profile in traction
inverters with synchronous motors, while it can be set arbitrarily
in traction inverters with asynchronous motors. The d-axis
current reference id ref can be any value within the inverter
rating as long as it meets the discharge time requirements
(typically less than 1 s), but the q-axis current reference iq ref

must be set to null to avoid torque generation.

Fig. 2. Electrical configuration of the traction inverter. C and RS are the
capacitance and equivalent series resistance (ESR) of the DC-link capacitor,
ECU is the electronic control unit, EM is the load electric motor, Q1 – Q6

and D1 – D6 represent the IGBT devices and free-wheeling diodes in the
power semiconductor module, respectively.

TABLE I
SPECIFICATIONS OF THE TRACTION INVERTER SYSTEM BUILT IN THE

SIMULATION PLATFORM PLECS

A directly liquid-cooled traction inverter system is built in
the simulation platform PLECS with the specifications given
in Table I. To calculate the junction temperature of the IGBT
devices, the simulation model is configured with the power
loss model of the devices and the Foster thermal model [31]
between the device junction and the coolant, both of which
are available from the power module datasheet [32]. Fig. 3
gives the simulation waveforms of the traction inverter after
the system shutdown, where a DC-link discharge profile with
the initial DC-link voltage of 300 V, d-axis current reference
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Fig. 3. Simulation waveforms of a directly liquid-cooled traction inverter after the system shutdown, including a DC-link discharge profile with the initial
DC-clink voltage VC0 of 300 V, d-axis current reference id ref of 30 A, rotor electrical angle θe of π/12, and coolant temperature TC of 25 ◦C. da, db, and
dc stand for the duty cycles of the upper switches in each phase leg, and Tj,Q1 is the junction temperature of the IGBT Q1 in Fig. 2.

id ref of 30 A, rotor electrical angle θe of π/12, and coolant
temperature TC of 25 ◦C is included. It can be seen that the DC-
link capacitor of the traction inverter starts to discharge after the
system is shut down for 2 s, followed by a gradual decrease in
the DC-link voltage. Due to the constant rotor electrical angle,
the three-phase stator current has fixed polarity in the discharge
and reaches a steady state after a short transient, where the
steady-state current value is independently determined by the
current reference id ref and the rotor electrical angle θe, e.g.,
ia=id ref*cos(θe). According to the current characteristics, the
discharge process is divided into two stages: discharge transient
and discharge steady state, as labeled in the zoom-in in Fig.
3. The duty cycles of the three-phase upper switches are all
around 50 % within the steady-state interval, and the discharge
is concluded when the DC-link voltage falls below a safety
voltage (e.g., 36 V).

III. DISCHARGE PROFILE-BASED DATA ACQUISITION FOR
CONDITION MONITORING PURPOSES

In this paper, the IGBT power device with wire bonding
packaging and direct liquid-cooled PinFin baseplate, as shown
in Fig. 4, is taken as the case study to illustrate the method-
ology. In principle, the proposed data acquisition scheme is
also applicable to traction applications employing other power
semiconductor types and cooling forms.

A. Acquisition of Operating Conditions

It is known that the operating conditions of power semicon-
ductors, including conduction current and junction temperature,
are necessary information to achieve their condition monitoring.
The conduction current of a power semiconductor device is

Fig. 4. Structure and heat dissipation route of an IGBT device with wire
bonding packaging and direct liquid-cooled PinFin baseplate. Ploss is the power
loss generated by the device chip, Tj is the junction temperature, TC is the
reference coolant temperature, TC,inlet and TC,outlet are the temperatures at
the inlet and outlet of the liquid-cooling system, Zint and Zex,1/2/3 represent
the internal and external thermal impedance for the power device, respectively.

determined by the corresponding phase current and is equal to it
in the on-state, but the device junction temperature is generally
difficult to obtain in practice due to the external packaging.
Taking the IGBT Q1 in Fig. 2 as an example, its junction
temperature Tj,Q1 can be expressed as a function of the power
loss, transient thermal impedance, and a reference temperature
(e.g., coolant temperature TC) based on Foster thermal network
[31], as given by

Tj,Q1 =


RjC,11

(
1− e−t/τ11

)
RjC,21

(
1− e−t/τ21

)
...

RjC,61

(
1− e−t/τ61

)

T

×


Ploss,1

Ploss,2

...

Ploss,6

+ TC (1)
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where RjC,11 and τ11 are the self-thermal resistance and self-
thermal time constant of the IGBT Q1 from its junction to a
reference coolant point, RjC,21 - RjC,61 and τ21 - τ61 are the
coupled thermal resistance and couple thermal time constants
between the IGBT Q1 and the other five power devices,
respectively. Ploss,1 - Ploss,6 are the averaged power losses
generated by the six power devices in the traction inverter over
one fundamental cycle.

After the traction inverter is shut down, the power losses
Ploss,1 - Ploss,6 in (1) drops to zero immediately with the three-
phase traction current. Since the self- and coupled thermal time
constants of direct liquid-cooled power devices are typically
small, the device junction temperature can be reduced to the
coolant temperature in a short term, as shown in Fig. 3, where
the coolant temperature is 25 ◦C and the junction temperature
Tj,Q1 of the IGBT Q1 decreases from 100 ◦C to 25.8 ◦C
within 2 s after shutdown. It implies that if the interval between
the system shutdown and the subsequent discharge event is
long enough, the device junction temperature in the DC-link
discharge is independent of the inverter mission profile before
shutdown. Further, the zoom-in in Fig. 3 gives the waveforms
at the beginning of the DC-link discharge, from which it can
be seen that the duration of the discharge transient process is
extremely short, about 0.7 ms, which means that the first term
on the right side of (1) during the discharge transient can be low
enough to lead to a negligible difference between Tj and TC,
compared to TC. As a result, it can be assumed that the device
junction temperature at the early stage of the discharge steady
state is equal to the coolant temperature before discharge. In
Fig. 3, the junction temperature Tj,Q1 of the IGBT Q1 at the
early stage of the discharge steady state is 1.3 ◦C only higher
than the coolant temperature of 25 ◦C.

In field applications, it is worth noting that the reference
coolant temperature TC is typically calculated by averaging the
inlet temperature TC,inlet and the outlet temperature TC,outlet

of the liquid cooling system [27]. This implies that the point
corresponding to the reference coolant temperature TC may not
be located centrally below the device chip of interest, and the
thermal network between the device junction and the reference
coolant temperature point can be regarded as consisting of
an internal thermal impedance Zint and an external thermal
impedance Zex2, as illustrated in Fig. 4. Once the liquid cooling
conditions change, the external thermal impedance Zex2 will
also be changed, and as a result, the device junction temperature
Tj may require a longer time after the system shutdown to
decrease to the reference coolant temperature TC. Generally,
the impact of this external thermal impedance change is minor
because the power module is typically mounted at the center of
the liquid cooling system, but if it cannot be ignored in some
field applications, there are two solutions: (1) extend the time
interval between the system shutdown and the subsequent DC-
link discharge; (2) utilize the NTC temperature as the reference
temperature to approximate the junction temperature since the
heat dissipation route between the device junction and the NTC
is mainly provided by the internal thermal network of the

power module [33], which is mainly determined by the module
material and structure and is barely affected by the external
environment conditions. Similarly, in traction applications with
forced-air cooling, the case and NTC temperatures of the power
module are preferred to be used as the reference temperatures
because the heat dissipation routes are also predominantly
inside the power module, as verified in Section IV. B.

Overall, if the health indicators of power semiconductors
are measured within the early stage of the discharge steady
state, the associated operating conditions including conduction
current and junction temperature can be obtained from the
corresponding phase current and a reference temperature, re-
spectively. In addition, it can be known from Fig. 3 that the
three-phase traction current remains constant in the discharge
steady state, where the current fluctuations caused by the equiv-
alent inductance of the motor stator windings are negligible.
It implies the sampling requirements for traction currents are
greatly reduced, i.e., there is no need for synchronous sampling
with health indicators as well as high sampling rates.

B. Acquisition of Health Indicators

It is important to note that to minimize the error caused
by using a reference temperature to approximate the device
junction temperature, the health indicators should be measured
as early as possible during the discharge steady state as a
lower RjC(1-e−t/τ ) in (1) can be obtained. Moreover, the
change in the device junction temperature within the early
stage of the discharge steady state is negligible due to the
extremely short duration. Combined with the constant traction
current, it can be considered that the health indicators of power
semiconductors within the early stage of the discharge steady
state are under the same operating conditions, and consequently,
the sampling requirements for health indicators are also signifi-
cantly reduced. Particularly, for static health indicators of power
semiconductors, such as on-state saturation voltage, since the
duty cycle of the power device is maintained around 50 %
during the discharge steady state, as shown in Fig. 3, a large
amount of health indicator data at the same operating conditions
is available from the early stage interval. A recommended
acquisition approach for health indicators and their associated
operating conditions is to sample at the switching frequency
during the initial several consecutive switching periods of the
discharge steady state, and then average or median the collected
data. The averaging or median filtering can effectively reduce
the errors caused by noises and measurements, as well as the
requirements for sensor accuracy.

In addition to reducing sampling requirements, the low
dynamics of the DC-link discharging operation mode can also
significantly eliminate the impact of parasitic parameters on the
measurement of health indicators. Fig. 5 gives the equivalent
circuit of a power semiconductor device with bond wires as the
interconnections [26]. The voltages VCE measured across the
collector and power emitter terminals and VGE measured across
the gate and Kelvin emitter terminals with the power device in
the on-state are given in (2), where iC is the collector current, ig
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Fig. 5. Equivalent circuit of a power semiconductor device with bond wires
as interconnections [26].

is the gate current, LTer/BW/DCB and RTer/BW/DCB represent
the parasitic inductance and resistance distributed inside the
connection terminals, bond wires, and direct copper bond
(DCB) layers of the power device, respectively. The parasitic
resistances enable these terminal voltages with sensitivity to the
package-related degradation (e.g., bond-wire fatigue) of power
devices and can therefore be used for degradation assessment,
but the parasitic inductances can seriously affect the accuracy
of the voltage measurement. During the normal operation of the
traction inverter, the derivative of the collector current diC/dt
in (2) is not constant due to the alternating traction current and
can be either positive or negative even at the same operating
conditions, which will lead to a considerable deviation in the
measured terminal voltages, resulting in unacceptable errors in
the health indicators. In contrast, the derivative term diC/dt
tends to zero in the DC-link discharge steady state due to the
constant traction current, and thus the measurement of health
indicators is independent of the parasitic inductances.

VCE = VCE,chip + iCRtot + Ltot
diC
dt

VGE = VGE,chip + igRtot + Ltot
dig
dt + iCRBW + LBW

diC
dt

Rtot = 2RTer + 3RBW + 2RDCB

Ltot = 2LTer + 3LBW + 2LDCB

(2)
In summary, the proposed discharge profile-based data ac-

quisition scheme allows an accurate measurement of the health
indicators and operating conditions of power semiconductors
under reduced sampling conditions. Moreover, as the DC-link
discharge occurs after the traction inverter is shut down, the
proposed method does not occupy the storage resources dur-
ing normal operation or introduce additional reliability issues,
minimizing the interference and new risks posed by condition
monitoring to the system operation. Furthermore, the operating
conditions of the DC-link discharge, especially the steady-state
value of the three-phase traction current, are controllable in field

applications. For traction inverters with asynchronous motors,
the steady-state currents can be controlled by both the current
reference id ref and the rotor electrical angle θe. While in
traction applications with synchronous motors, the steady-state
currents can still be controlled by id ref although θe is random.
The controllability of the operating conditions means that the
data requirements of various condition monitoring purposes
can be satisfied. For example, in the junction temperature
calibration applications for power semiconductors, several pairs
of synchronized health indicators and junction temperature in-
formation for specific operating conditions are required, which
can be conveniently obtained by controlling a few DC-link
discharge events, as verified by a case study in Section IV. D. It
is worth stating that the initial DC-link voltage is an important
operation variable for the DC-link discharging operation mode
that affects the discharge duration, which, however, has no
effect on the proposed scheme because the health indicators
and operating conditions of power semiconductors are acquired
at the early stage of the discharge steady state and before the
discharge, respectively.

C. Practical Implementation Considerations

The proposed data acquisition method can be implemented
in traction inverters employing any type of power semiconduc-
tor, cooling system, and load electric motor, and can also
be extended to other inverter applications with motor loads,
such as aerospace drives, provided that the following two
prerequisites are fulfilled: 1) the application has the shutdown
events and the inverter DC-link can be discharged through the
motor stator windings; 2) the application has a measurable
reference temperature (e.g., coolant temperature, module case
temperature, or NTC temperature) to which the device junction
temperature can drop within a short time after the system is shut
down. For the second prerequisite, the interval between system
shutdown and DC-link discharge can be extended appropriately
if necessary to ensure that the junction temperature converges
with the reference temperature before the discharge, and it is
worth noting that this prerequisite is naturally fulfilled in some
applications. In electric vehicle applications, for example, the
three-phase traction current drops to zero immediately after the
vehicle is parked, and the circuit breakers between the battery
and the traction inverter only open after the vehicle is locked.
This implies that the time interval between the system shutdown
and the DC-link discharge is determined by driver behavior
and is bound to be longer than the small thermal time constant
between the device junction and the reference temperature.

In practical implementation, for the existing traction invert-
ers, the deployment of the proposed data acquisition scheme
could be software- and hardware-invasive. Although for safety
reasons most traction inverters have a DC-link discharge after
system shutdown, it is implemented with an auxiliary electric
network consisting of switches and resistors in some appli-
cations. In this case, the DC-link discharging operation mode
through the motor stator windings should be added to the
control software and the signal acquisition system needs to
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remain active after the system shutdown. In addition, since
most of the existing traction inverters do not have the con-
dition monitoring function originally, there could be a lack
of measurements for health indicators and some operating
conditions. Therefore, some additional hardware (e.g., sensors)
may be required and the measured signals have to be transferred
to the existing acquisition system of the traction inverter to
ensure data synchronization. For the future new-generation
traction inverters, these required software controls and hardware
measurements can be pre-deployed and integrated during the
design phase. It is recommended to reserve redundancy in data
processing capabilities for future functionality expansion, as
condition monitoring applications like degradation assessment
typically require further data processing to achieve more ad-
vanced functions, e.g., remaining useful lifetime prediction. It
is worth pointing out that although condition monitoring is a
novel and promising application that can effectively improve
the reliability of traction inverters in practice, it can also
increase product cost due to the demand for additional hardware
measurements and software resources. As a result, there is a
trade-off between the cost and the requirements for product
reliability and innovation.

IV. EXPERIMENTAL VERIFICATION

A. Experimental Setup

To verify the feasibility of the proposed method, a three-
phase inverter prototype is built, as shown in Fig. 6 (a),
along with its hardware realization and specifications are given
in Fig. 6 (b) and Table II, respectively. The DC-link of
the inverter prototype is designed with a film capacitor of
ELECTRONICONTM PK16 [34], and the power semiconduc-
tor devices adopt the IGBT module of Infineon FS35R12KT3
[35], which is mounted on an aluminum heatsink with a cooling
fan and a temperature-controlled heating system. A PLECS
RT box is used as the controller to implement the closed-loop
current control with symmetrical space vector modulation, and
the switching frequency of the power devices is set at 10 kHz.
Constrained by the power capacity and space of the laboratory,
the stator windings of the back-end electric motor are simulated
by a three-phase RL load. In the DC-link discharging operation
mode, since the motor rotor is clamped resulting in a zero back
electromotive force, it could be reasonable to equate the load
motor with the RL loads.

The proposed data acquisition scheme is applicable to various
health indicators of power semiconductors, and the on-state
saturation voltage is selected here as the case study for method-
ology validation, which is one of the most widely investigated
indicators. The IGBT Q1 in Fig. 6 (a) is taken as the device
under test (DUT), and during DC-link discharge, the collector-
emitter voltage of the DUT consists of the DC-link voltage and
its on-state voltage, where the high amplitude of the DC-link
voltage implies that a voltage sensor with a wide measurement
range is required. To exclude this requirement, the measurement
circuit proposed in [36] is connected to the collector and
emitter terminals of the DUT, as shown in Fig. 6 (a), which is

Fig. 6. A three-phase inverter prototype for verification. (a) Inverter topology.
The on-state voltage measurement circuit [36] is connected to the collector
and emitter of the IGBT Q1 to extract its on-state voltage information. (b)
Hardware realization with an IGBT module of Infineon FS35R12KT3 [35].
(c) Layout of the IGBT module and measurement point of an optical fiber
temperature sensor [37] on the DUT. (4) Measurement of the module case
temperature with an optical fiber temperature sensor [37].

capable of clamping the high-amplitude DC-link voltage in the
collector-emitter voltage to a low reference voltage, and retain-
ing the low-amplitude on-state voltage components in its output
vout. For error analysis, the plastic case of the IGBT module is
removed, and an optical fiber temperature sensor (OTG-F type
from OPsens) [37] is placed at the center of the chip surface of
the DUT to measure its junction temperature directly, as shown
in Fig. 6 (c). The response time and resolution of the optical
sensor are 5 ms and 0.05 ◦C, respectively.
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TABLE II
SPECIFICATIONS OF THE THREE-PHASE INVERTER PROTOTYPE

B. Inverter Shutdown and DC-link Discharge Profiles

Since the power module FS35R12KT3 employs a smooth
copper baseplate, the module case temperature TCase is taken as
the reference temperature in this case study. The measurement
of the case temperature follows the guidelines in AQG 324
[27], as shown in Fig. 6 (d), where a hole is made in the
aluminum heatsink and an optical fiber temperature sensor
(OTG-F type from OPsens) [37] is fixed centrally below the
DUT. From the module datasheet [35], it can be known that
the thermal time constant between the device junction and the
module case is about 1 s, which is similar to the thermal time
constant between the device junction and the coolant of direct
liquid-cooled power modules, e.g., Infineon FS820R08A6P2B
[32]. This implies that the following experimental validation
of the module case temperature is also informative for using
the coolant temperatures as the reference temperatures in direct
liquid-cooled applications.

To verify the feasibility of approximating the device junction
temperature with the module case temperature, the inverter
prototype is first operated under different mission profiles to
achieve a temperature difference of △ 13.2 ◦C, △ 32.9 ◦C,
and △ 43.0 ◦C between the junction temperature Tj,Q1 of
the DUT and the module case temperature TCase, respectively,
and Fig. 7 gives the drop curves of these two temperatures
after the inverter is shut down. It can be seen that due to the

Fig. 7. Decrease curves of the junction temperature Tj,Q1 of the DUT, the
module case temperature TCase, and the module NTC temperature TNTC after
the inverter prototype is shut down for an initial difference between Tj,Q1 and
TCase of △ 13.2 ◦C, △ 32.9 ◦C, and △ 43.0 ◦C, respectively.

small thermal time constant, the junction temperature Tj,Q1 can
be reduced to the case temperature TCase within 1 s, and is
independent of the initial temperature difference. This indicates
that if the DC-link discharge is conducted after the inverter
shutdown for 1 s, the device junction temperature during the
discharge is independent of the previous mission profile. It is
worth noting that in some field applications, the module case
temperature could be difficult to obtain as there is no hole in
the heatsink for mounting a temperature sensor. In this case,
the module NTC temperature TNTC can potentially be used
as the reference temperature. The drops curves of the NTC
temperature TNTC after the inverter shutdown are also given in
Fig. 7, which is measured with a signal converter (WAS6 TTA
from Weidmuller) [38] and it can be seen the DUT junction
temperature Tj,Q1 can also converge with the NTC temperature
TNTC after 1 s of the system shutdown. Additionally, it can
be noted from Fig. 7 that the time for the DUT junction
temperature Tj,Q1 to drop to the case and NTC temperatures is
independent of the initial junction temperature, which indirectly
indicates that the internal thermal impedance of the power
module is independent of the external environmental conditions,
e.g., temperature.
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Fig. 8. An experimental discharge profile of the inverter prototype with the
initial DC-link voltage VC0 of 200 V, d-axis current reference id ref of 15 A,
rotor electrical angle θe of 0π, and case temperature TCase of 73.5 ◦C.

Fig. 8 gives an experimental discharge profile of the inverter
prototype with the initial DC-link voltage VC0 of 200 V, d-axis
current reference id ref of 15 A, rotor electrical angle θe of 0π,
and module case temperature TCase of 73.5 ◦C, where both
id ref and θe are set in the controller, i.e., the PLECS RT box.
The electrical signals in Fig. 8 are all sampled at 100 kHz and
the junction temperature of the DUT is sampled at 1 kHz. It can
be seen that the DC-link discharge starts at 0.009 s, followed by
a gradual decrease in the DC-link voltage. The three-phase load
current reaches the steady state at about 0.024 s after a short
transient, and the steady-state current is precisely controlled at
the target value by the current reference id ref and the rotor
electrical angle θe. The duty cycles of the three-phase upper
switches are maintained around 50 % during the discharge
steady state, and eventually, the discharge is concluded after
the DC-link voltage falls below 20 V. The output vout of the
on-state voltage measurement circuit during the discharge is
also given in Fig. 8, where the DC-link voltage in the collector-
emitter voltage of the DUT is clamped at a reference voltage
of 5 V, and the on-state voltage information of the DUT is
retained.

In Fig. 8, the junction temperature Tj,Q1 of the DUT has
stabilized at the case temperature TCase of 73.5 ◦C before the
DC-link discharge. As the duration of the transient process
in the discharge is extremely short, about 0.015 s in Fig. 8,
the junction temperature Tj,Q1 rises from the case temperature
TCase to 75 ◦C only after the transient. This indicates that

TABLE III
SAMPLING CONDITIONS FOR THE OUTPUT OF THE ON-STATE VOLTAGE

MEASUREMENT CIRCUIT

Fig. 9. Median results of the DUT on-state voltage measured over the early
stage of the discharge steady state with the different sampling conditions in
Table III, where each case contains 20 discharge profiles with the initial DC-link
voltage VC0 of 200 V, d-axis current reference id ref of 15 A, rotor electrical
angle θe of 0π, and case temperature TCase of 73.5 ◦C.

the module case temperature is a valid reference temperature
in this case study to approximate the junction temperature
of the DUT at the early stage of the discharge steady state.
Considering a relatively poor case, if the health indicators of
power semiconductors are measured within the early stage of
the discharge steady state of up to 0.02 s labeled in Fig. 8, the
maximum error caused by using the case temperature before
discharge to approximate the device junction temperature is
3.6 ◦C only, which is acceptable for most field applications.

C. Discharge Profile-based Data Acquisition

The constancy of the load currents in the discharge steady
state shown in Fig. 8 demonstrates their easy accessibility and
that high-rate and synchronized current sampling with health
indicators is not required. Additionally, it can be known from
Fig. 8 that the change in the junction temperature Tj,Q1 of the
DUT within the labeled early stage is 2.1 ◦C only, and the duty
cycle da of the DUT is maintained at 55 %. Therefore, it can be
considered that there is a large amount of on-state voltage data
for the DUT under the same operating condition is available
in this early stage interval, resulting in much lower sampling
requirements for the on-state voltage.
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Fig. 10. On-state voltage of the DUT with a collector current of 15 A measured
during (a) a period of operation of the inverter prototype with a peak load
current of 20 A, a fundamental frequency of 50 Hz, and a DUT junction
temperature of 75.5 ◦C; (b) the early steady state of a DC-link discharge with
the d-axis current reference of 15 A, rotor electrical angle of 0π, and module
case temperature of 75 ◦C. σ denotes the standard deviation of the data cluster.

To verify this conjecture, the output vout of the on-state
voltage measurement circuit during the DC-link discharge is
sampled with different sampling conditions, as given in Table
III, where the DC-link discharge with the initial DC-link volt-
age VC0 of 200 V, d-axis current reference id ref of 15 A, rotor
electrical angle θe of 0π, and module case temperature TCase

of 73.5 ◦C is performed 20 times in each case. The maximum
sampling rate of 10 kHz is chosen in consideration of the fact
that the signal sampling rate in real traction inverters is typically
not higher than the switching frequency, and the sampling form
of random means that the sampling occurs randomly within the
corresponding sampling period. An additional random error of
up to ± 5 % is introduced into the discharge profiles for Case
4 to simulate a more severe sampling condition, e.g., sensor
with a lower accuracy, analog to digital converter (ADC) with
a lower bits, and greater system noise. Fig. 9 gives the median
result of the DUT on-state voltage collected over the early stage
of the discharge steady state for 20 discharge tests in each case,
where the early stage of the discharge steady state is defined as
in Fig. 8 within the 0.02 s interval after 0.015s from the start
of the DC-link discharge. It can be seen that if the median of

the box plot for Case 1 is taken as the base value, the absolute
acquisition deviation for the on-state voltage of the DUT is
within 0.4 % in Cases 1 to 3, and is less than 0.6 % even
in Case 4 where the sampling frequency is 100 times lower
than the switching frequency and there is an additional ± 5 %
random error, validating the low sampling requirements.

To illustrate the impact of parasitic parameters on the acqui-
sition of health indicators, the three-phase inverter prototype
is scheduled to operate at a peak load current of 20 A and a
fundamental frequency of 50 Hz. Fig. 10 (a) gives the operating
waveforms when the junction temperature of the DUT reaches
a steady state of 75.5 ◦C, where the on-state voltage of the DUT
is measured at the A-phase current of 15 A. It can be seen that
the deviation in the on-state voltage measured for the same
collector current and junction temperature conditions reaches
86.3 mV, with a standard deviation σ of 21.6 mV. By testing the
I-V characteristics of the DUT at different temperature levels, it
is known that the sensitivity of the on-state voltage of the DUT
to its junction temperature at the collector current of 15 A is 0.6
mV/◦C only. Therefore, this measurement deviation is mainly
caused by parasitic inductances and the contribution of junction
temperature fluctuation is negligible. To verify the effectiveness
of the low dynamics of the DC-link discharging operation mode
in suppressing the effects of parasitic inductance, the discharge
test of the inverter prototype is conducted under the similar
operating conditions with the module case temperature TCase

of 75 ◦C, d-axis current reference id ref of 15 A, and rotor
electrical angle θe of 0π. The on-state voltage of the DUT
within the early stage (initial 0.02 s interval) of the discharge
steady state is given in Fig. 10 (b), where the on-state voltage
is sampled at 1 kHz. It can be seen that the deviation in the
measured on-state voltage is 2.6 mV only and the standard
deviation σ is reduced by 31 times compared to that in normal
operation. It is worth stating that the average values of the on-
state voltage of the DUT in Fig. 10 (a) and (b) are 1.2785 V
and 1.2875 V, respectively, with a deviation of 9 mV although
these on-state voltage data are collected under similar operating
conditions. This average discrepancy is mainly caused by the
measurement errors and the voltages induced on the parasitic
inductors of the DUT that cannot be well averaging filtered.

D. Case Study of Junction Temperature Calibration

Junction temperature estimation is an important application
of health indicators for power semiconductors, with the pre-
requisite that the relationship between health indicators and
junction temperature has been calibrated for a specific operating
condition [15, 16]. By taking the DUT Q1 as an example, its
junction temperature Tj,Q1 can be estimated indirectly by its
on-state voltage VCE,sat1(IC) at a specific collector current IC
due to the linear relationship given in (3), and the coefficients
a and b must be parameterized in advanced before estimation.

Tj,Q1 = aVCE,sat1 (IC) + b (3)

Based on the proposed data acquisition method, this cali-
bration routine can be conveniently accomplished in a short
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Fig. 11. DC-link discharge profiles of the inverter prototype with the current
reference id ref of 20 A, rotor electrical angle θe of 0π, and initial module case
temperature TCase of (a) 30.4 ◦C, (b) 59.4 ◦C, and (c) 92.5 ◦C, respectively,
where the discharges all start at 0.05 s and reach a steady state 0.0195 s. vout
is the output of the on-state voltage measurement circuit.

term with several discharge events. Since the module case
temperature before discharge has been proven to be a valid
reference temperature for approximating the device junction
temperature at the early stage of the discharge steady state,
the parameterization of the coefficients a and b in (3) can be
achieved by fitting several pairs of the case temperature before

Fig. 12. Junction temperature estimation model of the DUT Q1 calibrated with
the proposed data acquisition method. The off-line calibration result obtained
by I-V characteristic tests is given for comparison.

discharge and on-state voltage within the early steady-state in-
terval obtained from discharge profiles at different temperature
levels but with the same steady-state A-phase current of IC.

To calibrate the DUT Q1 at a collector current IC of 20 A,
the DC-link discharge of the inverter prototype is carried out
with the current reference id ref of 20 A, rotor electrical angle
θe of 0π, and module case temperature TCase of 30.4 ◦C, 59.4
◦C, and 92.5 ◦C, respectively. The current reference id ref and
rotor angle θe are set to control the calibration current level,
and at least one of them is controllable in field applications.
The different case temperatures TCase are achieved by adjusting
the heatsink temperature, which is not necessary in practice and
the different temperature levels are existing due to the complex
mission profiles before the system shutdown. Fig. 11 gives the
discharge profiles for each case, where the DC-link discharges
all start at 0.005 s and reach a steady state at 0.0195s. It can
be seen that the junction temperature Tj,Q1 of the DUT Q1

is initially stabilized at the case temperature TCase and then
gradually increases with the DC-link discharge. The increase
in the junction temperature Tj,Q1 during the discharge transient
increases with the case temperature level due to higher power
losses, but the maximum rise is 1.8 ◦C only occurs in Fig.
11 (c). This indicates that if the on-state voltage used for
calibration is measured at the early stage of the discharge steady
state, the calibration using the module case temperature instead
of the device junction temperature causes an error of a few
degrees only. To guarantee calibration accuracy and eliminate
measurement errors, the on-state voltage of the DUT Q1 in the
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initial five switching periods of the discharge steady state is
sampled at 10 kHz, and the average value of the sampled data
is used for calibration.

The recorded module case temperature TCase and average on-
state voltage VCE,sat1 for each case are marked with triangles
in Fig. 12, and the junction temperature estimation model
calibrated by fitting these data points is plotted with a solid line.
For comparison purposes, the I-V characteristics of the DUT
Q1 are tested for off-line calibration and the calibration result
is plotted by a dashed line in Fig. 12. It can be seen that due to
the error caused by calibrating with module case temperature,
the junction temperature estimation model calibrated from
discharge profiles is on the low side, and the deviation increases
with the junction temperature. This is because the difference
between the module case temperature before discharge and
the junction temperature at the early stage of the discharge
steady state is greater in the DC-link discharge with higher
temperature levels. However, in general, the model calibrated
from discharge profiles exhibits high similarity to the off-line
calibration result with a maximum deviation limited to 2 ◦C,
which validates that a calibration with comparable accuracy to
the off-line calibration can be achieved with the proposed data
acquisition method. Ultimately, the junction temperature Tj,Q1

of the DUT Q1 can be estimated in real-time by substituting
the measured VCE,sat1 into the calibrated model.

V. CONCLUSIONS

This paper proposes an innovative data acquisition scheme
for the health indicators and operating conditions of power
semiconductors in traction inverter applications, aiming to
facilitate the implementation of their condition monitoring
applications in practice. It is achieved through the DC-link
discharging operation mode of the traction inverter after the
system shutdown and is expected to overcome the challenges of
existing condition monitoring schemes in terms of measurement
complexity, accuracy, and safety. The experimental validation is
conducted with a three-phase inverter prototype and the results
show that: 1) the operating conditions of power semiconductors,
including conduction current and junction temperature, are eas-
ily accessible and the synchronous and high-rate sampling is no
longer required; 2) the health indicators of power semiconduc-
tors can be accurately acquired even under reduced measure-
ment conditions, e.g., at a sampling frequency 100 times lower
than the switching frequency and with considerable measure-
ment errors; 3) the measurement deviation of health indicators
caused by parasitic parameters can be reduced by 31 times
in this case study; 4) with the proposed acquisition method,
the junction temperature calibration of power semiconductors
can be conveniently accomplished with three discharge events
only, and a comparable accuracy with the off-line calibration
can be achieved. As a next step, the authors will implement
the proposed data acquisition scheme in specific condition
monitoring applications of power semiconductors, including
junction temperature calibration, degradation assessment, and

remaining useful lifetime prediction, to further validate its
feasibility and effectiveness.
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