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Abstract—This paper presents a new sensing application
to diagnose power semiconductor aging in power drive
systems. It has been shown previously that device
parasitic characteristics change during the aging process
which results in detectable changes in their frequency
response. This change is manifested in the current signal
at very high frequencies. Therefore, using a wideband
AC current sensor, high frequency components of the
current can be acquired, providing a way to detect
device aging.
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1. INTRODUCTION

Power electronic converters, drives, and modern electric
machines play an increasingly important role in the
performance and overall operation of ships, aircraft, space
vehicles, ground vehicles and industrial machines. In these
applications, maintainability or extended operation is highly
desirable during critical operation. Standard power drives
found in industry and military settings are based on a power
electronics controller and an induction or synchronous
Permanent Magnet (PM) motor. The operating frequency
band of a standard power drive can be divided in three
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ranges. The low frequency range, usually below 200 Hz,
provides the main electrical signal for the motor and
achieves the main purpose of the power drive. The second
range, between 10 KHz and 200 KHz in the Pulse Width
Modulation (PWM) signal, is used to modulate the main or
fundamental signal of the power drive. The third band
corresponds to frequencies greater than 1 MHz and is the
consequence of the system’s resonance and the step
functions that formed the PWM signal. This high frequency
band is of main interest for modeling and diagnosing
transistor aging. Recently high frequency “ringing
characterization” has been proposed as an effective method
to evaluate aging in transistors. Previous work had been
performed on a simplified platform in order to cope with the
high complexity of the characterization of the full system.
This work deals with the challenges to determine the
characteristic frequencies in a full power drive system
incorporating a wideband differential AC current sensor.
The step inputs introduced by the PWM waveform in a
power drive system elicit a response in the system. The
system’s response at high frequencies establishes the
ringing. Exploring use of wideband differential AC current
sensors, this paper studies the feasibility to capture and
detect ringing in the differential phase current. Determining
frequency characteristics of the current ringing and its
relation with aging could enable a diagnostic system
integrated with existing hardware resources from the power
system, mainly the power inverter. In order to apply the
wideband AC current sensor, a power drive test system was
implemented. The test system included a brushless DC
motor along with a high voltage inverter. The power
inverter contains a typical six Insulated Gate Bipolar
Transistor (IGBT) configuration for power inversion. The
power module was modified to allow easy replacement of
healthy IGBTs with aged IGBTs to evaluate the changes in
the ringing characteristics, indicative of device aging. A
thermo-electrical methodology was employed to age the
IGBTs; this methodology is applicable to other power
semiconductors as well. This paper establishes the
feasibility of applying wideband differential AC current
sensors to detect current ringing and its characterization for
detecting power semiconductor aging.

As "more electrical" technologies become prevalent in the
aeronautical and aerospace systems, the need to develop
innovative monitoring, diagnostic and fault tolerant
techniques for electrical systems is becoming more



important.

More Electrical
PowerDrives
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Figure 1 - “More electrical aircraft” with significantly
more power drives

2. RINGING CHARACTERIZATION PRINCIPLES

The step inputs introduced by the PWM waveform in a
power drive system elicit a response in the system. The
system’s response at high frequencies establishes the
ringing. High frequency responses (>1MHz) in power
drives are mainly attributed to small internal or parasitic
capacitances, inductances, and resistances that are part of
the intrinsic models of each of the components in the power
drive system. When subjected to step inputs, these parasitic
or internal elements interact with each other and produce
ringing. As these power components deteriorate over time,
their internal parasitic elements also age. Since high
frequency responses are dependent on parasitic elements, a
change in ringing is expected with component aging. Based
on this, we can consider if ringing characterization could be
used to measure the relative aging effects in power
components such as switching transistors, diodes, and stator
motor windings.
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Figure 2 - Application of ringing characterization

Ringing characterization technique [1-3] can be integrated
with existing hardware resources from the power system,
mainly the power inverter, which contains a microprocessor
and sensors that already measure voltages and currents
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throughout the system. Resources from the microprocessor
are utilized during free available microcontroller time to
perform data acquisition, feature calculation, and fault
detection. A diagram illustrating how the ringing
characterization technique can be integrated into an existing
power system is provided in Figure 2.

Simplified Modeling

Assuming the ringing characterization is correlated to the
component aging effects, the relative aging effects of the
power electric drive switching transistors can be derived by
extracting the ringing from the motor phase current. The
equivalent circuit model formed by the drive, switching
transistor, and motor is modeled as a second order system.
The circuit model is formed by using the capacitance and
inductance of the switching device in conjunction with the
inductance and resistance of the motor stator winding; the
inductance of the stator winding behaves as a current
source. Major contributors to the frequency response of the
circuit are the parasitic capacitances and inductances present
in the semiconductor and motor windings. Defects/errors in
the fabrication process have shown to lead to variability in
semiconductor capacitances [6-13]. Similar relationships are
also observed for motor windings [4,5].

During a transition between off-to-on states for a transistor
such as an IGBT, the drain-to-source properties may be
modeled as a switched capacitor for a short period of time.
During this transition, second and third order harmonic
oscillations are observed between the inductive load of the
motor and the non-linear capacitive behavior of the
semiconductor. Figure 3 illustrates a simplified series model
of the ringing oscillation observed during the transition
between transistor (S1) and its clamping diode (S2). This
transition is observed as a step response of a second order
system. The circuit model of the phenomena includes the
two switches (S1 & S2) and the stator-winding coil of the
circuit as shown in Figure 3(b). Figure 3(c) shows a
simplified characterization of the system as a step response
of a second order circuit.

Figure 3 - Modeling ringing characterization as a second
order system

The RLC system illustrated in Figure 3(b) can be expressed
by a second-order differential equation as shown below in
Equation 1.

2. .
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Expressions for the damping factor and resonant frequency,
defined in units of [rad/s], are also provided in Equations 2
and 3 accordingly.
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The current modeled in Equation 1 exhibits an oscillatory
behavior as shown earlier in Figure 3 (a). The solution of
differential Equation (1) leads to the expression for the
current provided in Equation 4.

i=e* [Alevfz“”g +AEE } 4)

When the damping factor is less than the resonant
frequency, the solution becomes complex creating the
ringing oscillation. The resulting expression is provided
below in Equation 5, where the ringing frequency,
expressed in [rad/s], is defined in Equation 6.

i(t)=c? [pe™ | 5)
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The final expression for the current given in Equation 5,
represents the harmonic frequency of the voltage waveform
shown earlier in Figure 3(a). Measuring this quantity
provides the opportunity to track on-line values of the power
device parameters, such as the damping factor, voltage
overshoot, and ringing resonant frequency, which may be
used as precursors to failure.

Shunt Model

The RLC system in parallel or shunt configuration can be
expressed as a second-order differential equation as shown
below in Equation 7

av(t)
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where Equation 8 and 9 represent the damping factor and
resonant frequency, respectively.

A general solution to the differential equation, presented
in Equation 10, has a similar form to the solution for
current.

V() =e? [Bleviz-wé . Bzevﬁ-ﬂ (10)

3. AGED IGBT DIAGNOSTIC BY RINGING
CHARACTERIZATION

In the previous section, ringing was identified and
characterized in healthy components. In order to analyze the
effects of aging on IGBT ringing, a testing methodology
was developed to induce permanent degradation while
preserving device operability. To achieve this, a control
system was used to induce transistor accelerated degradation
by operating it at high temperature. Both front and back case
temperature, Teyseq, and Teasew), gate-to-emitter voltage,
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Vg, collector -to-emitter voltage, Vps, collector current, I,
and gate current, I5, were monitored to regulate a PWM
signal applied to the transistor gate. In addition, a power
supply was connected between the drain and source of the
IGBT.

Accelerated Aging System

Accelerated aging was performed on IGBTs using the aging
system shown in Figure 4. During the aging process, the
transistor’s case temperature was controlled in a feedback
loop to provide gradual regulation of the aging process
(damage accumulation). The process was accelerated by
removing the heat sink from the transistor in order to elevate
the junction temperature at a lower operating current, /.
The temperature was measured along the front and back
surfaces of the power semiconductor to approximate the
junction temperature of the device, 7; using the thermal
model of the power device and thermal resistance values
provided by the manufacturer. A data acquisition system
was used to measure Tiae, Teaseys Ve, Ver 1o, and I to
control the PWM signal applied to the IGBT. The PWM
sequence was determined based on estimating the junction
temperature of the IGBT in real-time. A temperature set
point was established at 125% of the maximum operational
junction temperature defined by the manufacturer. Then,
IGBTs were aged by thermo-electrical stress until latching
was observed; experimental data indicated this event occurs
after observing a gradual increase in /. Once latching
occurred, the transistors were turned off for several minutes.
After this recovery period, several transistors retained full
operational capabilities with non-observable changes in the
nominal operating parameters Vps, Ip, Vgs, and Ig.
Subsequent latching events typically occurred at 5°C below
the preceding latching event. Also, the time between
latching events decreased with the number of latching
events observed. The occurrence of secondary latching at
lower temperature, in a shorter time period and at the same
current is an indication of an incipient fault attributed to
device degradation. Finally, test boards were fabricated,
identical to those shown in Figure 4(b) to facilitate rapid
aging of multiple transistors and validate the experimental
results.

Figure 4 - (a) Diagram of the thermo-electrical
accelerated aging system; (b) IGBT test board and aging
system

Effect of Aging in Ringing Signature

The ringing signatures from aged, or degraded transistors,
were evaluated for a power drive system. A power drive
evaluation test-bed was developed to evaluate the ringing
effects in a controlled environment. The correspondence
between components of the standard system (denoted by



dashed rectangles) and the ringing evaluation test-bed is
shown in Figure 5. The simplified diagram shown in Figure
5(b) identifies the three main components used to study the
effects of ringing in power drives, a single-phase of the
three-phase motor winding, a free-wheeling diode, and an
IGBT transistor. Figure 5(c) details the main parametric
elements of the power devices involved in the switching.

Power Drive Schematic (a)

Motor

4

DIODE

MOTOR WINDING

MOTORWINDINGI
| P

Figure 5 - (a) Power drive, (b) corresponding evaluation
test-bed, and (c) transistor model

The IGBT is typically modeled with the three terminal
capacitances Cgr, Ce, Ccr , and one parasitic inductance-
capacitance (Lg). For the diode only two parametric
components are highlighted, the Cathode-Anode
capacitance (Cyc) and the parasitic diode inductance (Lp).
The motor is represented by its stator inductance and
resistance. Note, the winding capacitance and coil ground
capacitance are omitted since the main interest is the power
device.

The transistors were evaluated during both healthy and aged
stages to study ringing characteristics observed during
normal inverter operation. Three transistor devices were
compared using the ringing characterization technique
presented in Section 2. Figure 6 identifies the changes in the
dynamic behavior of the IGBT switching properties before
(top) and after aging (bottom). The blue signals correspond
to the device current. An appreciable increase in the
damping coefficient, &, and attenuation in ringing at high
frequencies were observed for all three transistors after

aging.
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Figure 6 - Changes in the ringing characteristic of new
(top) vs. aged (bottom) IGBTS for three transistors

Further ringing comparisons between a new transistor (T1)
and three aged transistors (T2, T3, and T4) in different
stages of degradation are provided in Figure 7.

Synchionited Gate Pulse |

055 0E 0es or -“:..‘:_.EL",I]OQ OIGS (1] 095
Figure 7 - Changes in the ringing characteristic of new
(T1) vs. aged (T2, T3, and T4) IGBTs

The aged states correspond to the number of latch events
each transistor was subjected to before evaluation.
Transistors T1 through T4 were subjected to 0 through 3
latch events, respectively. In addition, Figure 7 illustrates
the increase of damping (&) with aging. An increase is also
observed in the first oscillation period of the ringing as the
aging increases from transistors T1 through T4. Considering
the simplified ringing model, depicted earlier in Figure 5,
the results observed in Figure 7 suggest an increase in the
equivalent dynamic resistance and a reduction in the
equivalent dynamic capacitance of the IGBT. This suggests
the inductance of the simplified ringing remains constant
after transistor aging occurs. Note that the waveforms were
aligned using the gate pulse waveform as a triggering or
reference sequence.

Although changes in the ringing characteristic are evident,
further analysis is required to identify specific frequency
changes in the ringing signal to design a practical diagnostic
sensor capable of detecting transistor aging. After signal
processing, Figure 9 shows the primary and secondary
ringing frequencies at 2 MHz and 5 MHz, respectively. In
order to obtain each frequency, a transform was applied to
the original signal, using the inverse exponential curve fitted
to the damping envelope as shown in Figure 8. The resulting
signal contained the non-attenuated frequencies of the
ringing characteristic. With the non-damped frequency
response the attenuation of the primary and secondary
frequency components can be tracked.
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Figure 8 - Undamping current transformation from
oscillating exponential to oscillating signal for frequency
analysis
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Figure 9 - Ringing frequency content attenuation

4. TEST BENCH

General Description

Figure 10 shows the experimental architecture implemented
in the test bench shown in Figure 11. The brushless DC
(BLDC) class B actuator shown in the setup is AB23003
and the motor parameters are listed in Table 1. The 3-phase
power inverter is the Microchip™ dsPICDEM™ High
Voltage Power Module where the motor controller is the
Microchip™  dsPICDEM™  MCI  Motor  Control
Development Board. The hysteresis brake used to simulate
the load on the actuator is Magtrol™ HB-700 with 600 mA
rated current and 2.8 Nm rated torque at the rated current.
The laptop computer runs a graphical user interface (GUI)
that allows for quick customization of actuator operational
profile including speed and load settings.
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Figure 10 - Test bench architecture
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Figure 11: Test bench implementation

Table 1 - Actuator parameters

Nominal Power: 179W (0.24 HP)
Rs 9.16 Ohms

Ls 7.68 mH
Interia 0.158 kg-cm?®
Pole Pairs 1

Rth 1.7 °C/Watt

Sensor and Conditioning Hardware

The differential current sensor was implemented using an
in-house signal conditioning board based on the Hall effect
and a wideband low cost sensor as shown in Figure 12. The
wideband sensor shown on the right side of the figure is
assembled using wires wound around a ferrous toroid. The
wideband sensor allows detection of high frequency
components of current signals.



Figure 12 - a) Signal conditioning board b) Wideband
current sensor

5. EXPERIMENTAL RESULTS

Ringing Comparison

Figure 13 below shows the results of the current signals
captured using different current sensors. The blue signal
represents the current in Phase B of the actuator using the
COTS current sensor on Impact’s general instrumentation
board. The purple signal represents the current signal
captured directly from the motor control development board
for Phase B. Finally, the green signal represents the
cumulative leakage current for all three phases of the
actuator using the sensor that Impact is developing, as
shown in Figure 12. The signals were triggered using the
high side transistor signal for Phase B. It can be seen that
there are ringing components present in the current signals
but the ringing characteristics are influenced by the sensor

type.
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Figure 13 - Actuator test bench ringing signals

Detecting IGBT Aging Using Wideband AC Current Sensor

The two figures below show the FFT analysis of the current
ringing signal captured using the wideband AC leakage
current sensor being developed by Impact and described in
previous sections. Using the test bench shown in Figure 11,
eight samples of the current ringing with all three phases of
the actuator current through the current sensor. The test was
conducted for the power drive system with all six healthy
IGBTs and repeated with 5 healthy and 1 aged IGBT in the
978-1-4577-0557-1/12/$26.00 ©2012 IEEE

power module. The aged IGBT was thermo-electrically
aged using the technique described in section 3. Figure 14
shows the normalized FFT of the current signals captured
using the wideband AC current sensor on the test bench
with all healthy IGBTs. The horizontal axis represents the
frequency and vertical axis represents the magnitude of the
FFT. Figure 15 shows the normalized FFT of the current
signals captured using the same wideband AC current
sensor with the otherwise identical test bench with 5 healthy
IGBTs and one aged IGBT. It should be noted that both
figures are plotted on the same vertical scale to provide easy
comparison in the frequency response for the two scenarios.
It is clear that the frequency response is lower in the aged
IGBT data set as expected for aged devices. These
preliminary results establish the feasibility of using a
wideband AC current sensor to detect semiconductor aging
in power drive systems.

Figure 14 - FFT analysis of the current ringing signals
with healthy IGBT

P 09000 aud]

Figure 15 - FFT analysis of the current ringing signals
with aged IGBT



The above results were based on an experiment that was
conducted using the experimental test bench and current
signals were acquired using the wideband AC current
sensor. The sensor was placed around all three phase
currents. The next phase of testing modified the test
methodology with the current sensor was isolated to include
just the external module containing the replaceable IGBT.
The test methodology was similar to the preceding phase.
Current ringing signals were acquired using a healthy IGBT
plugged in the replaceable transistor board for the modified
power module. Next, the healthy IGBT was replaced with a
previously aged IGBT and current ringing was acquired
again. In both scenarios, the test bench was operated under
similar conditions with the actuator operating at full speed
and the DC brake connected to the programmable power
supply to simulate load conditions. Ten sets of data were
acquired using a high speed oscilloscope and frequency
analysis was conducted. Figures below highlight the results
from the testing.

Figure 16 shows the FFT analysis for the current ringing
data captured for system with all healthy IGBTs. As
mentioned in the previous paragraph, this ringing data was
captured for only the current associated to the IGBT which
will be replaced with an aged one in the next test.
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Figure 16 - FFT analysis of healthy IGBT ringing in
operating test bench

Next, the healthy IGBT in the modified power module was
replaced with a previously aged IGBT and ringing current
signals were acquired using the same test procedures. Figure
17 shows the FFT of the aged IGBT current ringing.
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Figure 17 - FFT analysis of aged IGBT ringing in
operating test bench system

Based on the results shown in Figure 16 and Figure 17, a
comparison was done on the two test results to detect aging
effects in the current ringing FFT analysis. Figure 18 shows
the average frequency response for the ten data sets that
were acquired for healthy and aged IGBT current ringing.
For each frequency, it also shows the standard deviation of
the frequency response. It should be noted that as power
semiconductor devices age, their frequency response for
certain frequencies attenuates. As can be seen, the frequency
content seems to be attenuating in the lower end of the
spectrum, specifically 1-4 MHz range. However, these
results do not show the changes in the frequency response
conclusively. Moreover, these results were achieved using
an IGBT device that was aged several months ago.
Therefore, additional testing needs to be done for more
detailed characterization.
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Figure 18 - Average FFT with standard deviation
comparing healthy and aged IGBTs

6. CONCLUSION

In this paper we established the feasibility of detecting
power semiconductor device aging using a wideband
differential AC current sensor. The preliminary results
presented in this paper show that device parameters change
due to the aging effects, which is reflected in the attenuated



frequency response. Further work is needed to do a detailed
characterization of device aging and corresponding
frequency attenuation from the healthy stage to the point of
failure. The results presented here provide a promising
technique that, with further development, could lead to a
compact sensor capable of detecting power semiconductor
aging. Early detection promises less downtime through the
application of fault tolerant techniques to avoid a complete
system failure.
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