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ABSTRACT Intelligent power module (IPM) short-circuit protection is a key factor in improving the relia-
bility of power electronics systems. The conventional short-circuit detection method based onmonitoring the
collector-emitter voltage (VCE) desaturation has a blanking time and is slow to respond to any type of short-
circuits. Furthermore, the diC/dt method cannot be used in the IPM due to the absence of Kelvin emitter.
A slow short-circuit protection process can have an irrecoverable and destructive impact on the reliability
of the IPM. In this paper, a new high-power IPM topology with an internally integrated shunt is designed to
realize real-time current detection, which can achieve fast short-circuit detection without any blanking time.
A prototype 1700 V/150 A IPM is manufactured, and a corresponding fast short-circuit protection circuit is
designed. Experimental results show the effectiveness of the integrated shunt method as its performance is
significantly better than that of the VCE desaturation method. The proposed IPM needs 380 ns and 1.4 µs
to detect short-circuits of types I and II, respectively. The short-circuit withstand times for short-circuits of
types I and II are 2.06 µs and 0.62 µs, respectively. In addition, the short-circuit energy losses for short-
circuits of types I and II are reduced by 66% and 64.3%, respectively, compared to the VCE desaturation
method. The proposed method can also be used as a reference for other IPM designs.

INDEX TERMS Blanking time, IPM, IGBT, short-circuit protection, shunt.

I. INTRODUCTION
An intelligent power module (IPM) is a compact and self-
regulating module that encapsulates the IGBT chips, diode
chips and various driver and protection circuits within the
same insulation unit. It is attractive due to its internally inte-
grated logic, control, detection and protection circuits, tem-
perature and current sensors, and other functional modules.
In addition, it can send a detection signal to a CPU or DSP
for further processing. The volume and weight of IPM are
lower compared with those of the IGBT, and its integration,
power density and stability are better as well [1], [2].

The short-circuiting of IPM and IGBT modules have been
widely investigated in existing research literature. In both
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these modules, short-circuit detection and protection func-
tions play important roles in the design of driver protection
circuit [2]–[5]. These functions include fast detection of the
IGBT fault state [3]–[5], limitation of initial peak current
[6]–[9], over-current protection [10]–[17] and safe turn-off
[18], [19]. In addition, the protection circuits must have noise
suppression capabilities in order to prevent fault triggering
due to interference [20], [21].

The collector-emitter voltage (VCE) desaturation detection
technique is the most commonly used short-circuit protection
method [14], [22]–[24]. The desaturation detection technique
detects the IGBT turn-on VCE, which is very low under nor-
mal conditions. When a short-circuit fault occurs, the IGBT
collector current (IC) will increase to a level that will shift
the IGBT operation from the saturated region into the lin-
ear region, causing VCE to increase rapidly. The threshold
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FIGURE 1. Causes of short-circuit. (a) Bridge arm short-circuit. (b) Load
short-circuit. (c) Phase to the ground short-circuit.

voltage levels for desaturation trip can be used to indicate the
existence of a short-circuit fault. This is a low-cost simple
method based on a simple diode and a comparison circuit,
and does not require any current sensor. However, to avoid
any incorrect action by the protection circuit during the IGBT
turn on, this method generally has a 1-5 µs blanking time.
When the IGBT is turned on during the short-circuit state,
there will be a large over-current. However, this over-current
cannot be detected during this time due to the blanking time,
which severely affects the safe use of the IGBT.

In [25], the authors used the de-sat method for protecting
a SiC MOSFET from short-circuit failure. The method has a
significantly shorter blanking time of 250 ns. However, the
operation principles and short-circuit characteristics of SiC
MOSFET and Si IGBT are different. Therefore, the value of
an acceptable blanking time depends on the specifications of
a device and a shorter blanking time for one type of device
is not always better than a longer blanking time for another
type of device.

To deal with the longer blanking time in the VCE desat-
uration detection technique, an improved method based on
gate voltage detection was proposed in [26]–[29]. During the
normal turn-on process of the IGBT, the gate voltage level
rapidly increases to Miller platform voltage level. After the
charging of the Miller capacitor, the voltage rises to 15 V.
On the other hand, if the IGBT is turned on during the short-
circuit state, it will not enter the saturation region. Instead,
the gate voltagewill increase to 15V at a constant rate without
the influence of Miller capacitor. The difference of behavior
of the voltage increase between the two aforementioned turn-
on processes can be used to detect the short-circuit fault.
In the presence of a fault, the relevant protective action can be
carried out. This short-circuit detection method can directly
and dynamically detect the gate voltage. It is easy to integrate,
does not require an isolation circuit, and has a fast response
without any detection blanking time. However, the gate volt-
age is significantly affected by parasitic capacitance and
inductance, which requires a complex protection circuit. This
circuit is sensitive to noise, highly sensitive to interference,
and has low reliability.

Huang proposed a diC/dt detection method [30], andWang
et al. improved it in [15], [31]–[34]. There are two emitters
in a packaged IGBT: Kelvin emitter (e) and power emitter
(E). The parasitic inductance (LeE) between the two emitters
is negligible. The voltage across both ends of LeE reflects
the rate of change of IC, i.e., diC/dt . When the IGBT is in a

short-circuit state, IC and diC/dt increase rapidly. This behav-
ior can be detected by a relevant circuit, followed by a pro-
tective action. The diC/dt detection method enables dynamic
detection with a low cost easy-to-integrate protection circuit.
However, the value of LeE is relatively small and difficult to
determine exactly, and is strongly affected by the parasitic
inductance in the protection circuit. At present, this method
is rarely used for IGBT short-circuit protection.

Due to the highly integrated IPM structure, the gate voltage
detection method cannot be applied to IPM detection and
protection circuits. Similarly, the diC/dt method cannot be
used in the IPM, because there is no e in the IPM and it
is impossible to distinguish between E and e. The Mirror
current method [35] is also not suitable for the IPM because
of its complexity and high cost. Therefore, the protection
circuits in IPM modules are mainly based on the VCE desatu-
rationmethod. This protectionmethod is an indirect detection
method, and either has a detection blanking time, or other
shortcomings.

Due to the shortcomings of the existing methods, in this
paper a low-cost fast current measurement IPM design with-
out blanking time is proposed. The proposed IPM design
measures the current by means of shunt resistors of known
resistance values connected in series to the IGBT emitter. The
current value IC can be obtained without any blanking time by
measuring the voltage across both ends of the shunt resistors.
This measurement method is simple, fast, highly accurate and
reliable.

The rest of this paper is organized as follows: Section II
presents various types of short-circuit conditions, short-
circuit failure modes and mechanism analysis, and short-
circuit current detection points. The proposed IPM design
without a blanking time is presented in Section III, and
its detection principle and reliability analysis are shown in
Section IV. The fast detection method and protection cir-
cuit are discussed in Section V and experimental results are
presented in Section VI. The protection performance of the
proposed method is analyzed and discussed in Section VII.
Finally, the paper is concluded in Section VIII.

II. SHORT-CIRCUIT ANALYSIS
A. SHORT-CIRCUIT TYPES
There are two types of short-circuits: short-circuit I and short-
circuit II. Take the three-phase bridge circuit as an example.
Short-circuit I refers to the short-circuit in the IGBT bridge
arm and is shown in Fig. 1(a). This type of short-circuit
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FIGURE 2. IGBT short-circuit characteristic waveforms.

FIGURE 3. Short-circuit current detection points.

is mostly caused by a driver circuit mis-operation or IGBT
damage. Short-circuit II refers to the short-circuit between the
IGBT bridge arms, usually load short-circuit or phase to the
ground short-circuit. It is shown in Figs. 1(b) and 1(c).

When a short-circuit occurs, the high-power IPM must be
turned off quickly within the withstand time to avoid any
damage, while ensuring that the short-circuit current and volt-
age during turn-off transition are limited to the short-circuit
safe operating area (SCSOA) of the IPMmodule. In practical
applications, detecting and protecting against short-circuit II
is more difficult than against short-circuit I.

B. SHORT-CIRCUIT FAILURE MODE AND MECHANISM
An analysis of the short-circuit reveals significant differences
between the currents in short-circuit and normal switching
processes. In the former process, the current value is in the
active region stage and the voltage across both ends of the
device is equal to the bus voltage. Therefore, the rated opera-
tional current is in the saturation region in the current linearity
stage. At this instant, the voltage across both ends of the
device is low and consequently the device power consump-
tion is low. As the IGBT current characteristics are depen-
dent on the voltage characteristics, the short-circuit failure
mode and its underlying mechanism can be analyzed in detail
based on the current waveform in the short-circuit process.

TABLE 1. Short-circuit form corresponding table.

According to the change of short-circuit current during the
short-circuit process, the failure modes can be divided into
four types described as follows:

1) Failure due to over-current in the short-circuit during
the turn-on transition. The over-current failure mode
occurs at the beginning of the short-circuit, represented
by t1-t2 in Fig. 2. The short-circuit failure mode is
triggered when the instantaneous short-circuit current
becomes equal to the latch current.

2) Thermal failure during turn-on transition. The thermal
failure mode occurs during short-circuit conduction,
where high voltage and large current exist simultane-
ously, causing a sharp temperature rise of the chip.
Thermal failure can take place in the IGBT at various
voltage and current levels. The resulting heat generated
by high power density causes local hot spots to appear
in the silicon wafer. When the critical temperature of
the device is exceeded, the failure mode is called intrin-
sic short-circuit failure mode. The time at which the
device reaches the critical temperature is represented
by t3 in Fig. 2. The IGBT device should be turned off
completely before t3 to avoid any damage.

3) Short-circuit turn-off failure. The turn-off failure mode
occurs during the turn-off transition of short-circuit.
In this mode, heat accumulation inside the device leads
to a high junction temperature, and the depletion zone
and carriers are redistributed. During the normal turn-
off transition, the device is in the saturation region and
the electric field in the drift region is very small. On the
other hand, when the device is turned off during a short-
circuit, the device is in the active region. Compared
with a normal turn-off, the short-circuit turn-off is
more likely to cause current wire aggregation, dynamic
avalanche and dynamic latch phenomenon, which lead
to turn-off failure.

4) Delay failure. Delay failure occurs when the current is
not completely reduced to zero after the device is short-
circuited and turned off. After a certain time, the device
will have a thermal runaway failure because the leakage
current and temperature form a positive feedback at
high temperatures.

C. SHORT-CIRCUIT CURRENT DETECTION POINT
The objective of short-circuit protection is to accurately iden-
tify the short-circuit faults, i.e., to detect the short-circuit
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FIGURE 4. IPM module structure. (a) Block diagram. (b) Physical figure.

currents. Figure 3 shows the five detection points of the
three-phase bridge circuit at which the short-circuit currents
can be detected. At each detection point, a specific form of
short-circuit can be detected as shown in Table 1.

The detection points A and B can facilitate fast and direct
short-circuit protection of the module by leading to the direc-
tion of the IGBT emitter current. The detection point C is
in series at the three-phase output end, which can directly
reflect the current flowing through the IGBT. However, at this
point, only the load and phase to ground short-circuits can be
detected and the bridge arm short-circuit cannot be detected.
The detection points D and E provide short-circuit detection
and protection by enabling detection of VCE using the desat-
uration method, albeit with a certain blanking time. In the
next section, a short-circuit detectionmethod for IPMwithout
blanking time is presented.

III. INTELLIGENT POWER MODULE DESIGN WITHOUT
BLANKING TIME
A. INTELLIGENT POWER MODULE STRUCTURAL DESIGN
In industry, shunts are commonly used for current detection.
With the development of materials, manufacturing and other
technologies, the shunts are becoming smaller and smaller
around the milliohm level, and the currents and voltages that
they can withstand are becoming larger and more accurate.
This makes it possible to integrate shunt resistors within a
high-power IPM module. We design a 1700 V/150 A IPM
module, which integrates the driver and protection circuit,
and the power unit. The structure diagram of the module
and its physical figure are shown in Figs. 4(a) and 4(b),
respectively.

B. TOPOLOGY OF IPM POWER UNIT
The topology diagram of the IPM power unit is shown
in Fig. 5, where shunt resistors RS1, RS2, RS3, RS4, RS5 and
RS6 are used to detect bridge arm and load short-circuits, and
RS7, RS8 and RS9 are used to detect load and phase to the
ground short-circuits. These shunt resistors can be used to
accurately and quickly detect all forms of IPM short-circuit
faults, thus enabling fast short-circuit protection. The power
unit design of the module and its physical figure are shown
in Figs. 6(a) and 6(b), respectively. The shunt resistance

FIGURE 5. Power unit topology.

FIGURE 6. Power Unit. (a) 3D figure of IPM power unit. (b) Physical
figure of IPM power unit.

parameters are shown in Table 2 . The rated and peak currents
of the shunt are 78 A and 390 A, respectively. We design an
IPM of 150 A. To fulfill the design requirements, we use three
shunts in parallel, e.g., RS1 is composed of three shunts in
parallel.

Figure 7 shows the switchingwaveforms of the IPM.As the
shunt resistors are very small, the voltages across their both
ends can represent the values of IC flowing through them. In
theory, the voltage across a shunt resistor and IC shown by the
purple and green waveforms in Fig. 7, respectively, are lin-
early correlated. Therefore, the shunt resistors can effectively
reflect the change in IC, irrespective of normal commutation,
bridge arm short-circuit, load short-circuit or phase to the
ground short-circuit.

IV. DETECTION PRINCIPLE AND RELIABILITY ANALYSIS
The welding of shunt resistors causes parasitic resistance.
Therefore, the actual resistance values of the shunt resistors
are measured and calibrated via a test circuit shown in Fig. 8.
The measured ambient temperature is 25◦C. The test current
is varied gradually from 10 A to 150 A with a step-size of 10
A. The resistance value of the shunt resistor is measured as
0.34 m�.

The shunt generates a certain amount of heat when it is
integrated into the IPM. The amount of heat depends on
the current (ic(t)) flowing through the shunt resistor and its
resistance value (Rshunt). The resulting energy loss can be
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TABLE 2. Shunt resistance parameters.

FIGURE 7. Switching waveforms of IPM.

FIGURE 8. Test circuit for measuring the resistance value of shunt resistor.

calculated as follows:

Eloss =

t∫
0

ic(t)2Rshuntdt (1)

Although the peak value of ic(t) is very large and the
IGBT chip switches constantly, the value of Rshunt is equal
to 0.34 m�, which is very small. When the IPM reaches the

FIGURE 9. Thermal simulation diagram.

FIGURE 10. Test results of shunt resistance with varying temperature.

thermal steady state, the heat generated by the shunt resistor
is negligible compared with the heat generated by the IGBT
chips and diodes. To verify this behavior, we use ANSYS
to perform thermal simulations shown in Fig. 9. It can be
observed from the simulation results that the temperature of
the shunt resistor is 20◦C lower than that of the IGBT and
diode chips, which is consistent with the direct bond copper
(DBC) backplane temperature. These results indicate that the
heat generated at the shunt resistor has no effect on the interior
of the IPM.

The temperature span of IPM can reach hundreds of
degrees Celsius from start to thermal stability. In order to
ensure measurement accuracy, the shunt resistors cannot have
very large temperature coefficients. The data sheets show that
the temperature coefficient of a shunt is less than 50 ppm/K
at 20◦C, which yields an additional deviation of up to 0.5%
at 120◦C.
A heating test is carried out by placing the IPM module

in high and low temperature boxes, so that the temperature
is increased from 20◦C to 120◦C. The test results shown
in Fig. 10 confirm that the resistance values of the shunt
resistor do not change with an increase in temperature.

V. FAST DETECTION AND PROTECTION CIRCUITS
As mentioned in the previous section, the welding of shunt
resistors to the DBC board generates parasitic parameters,
especially parasitic inductance. This parasitic inductance
is caused by the internal design and external lead wire.
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FIGURE 11. Equivalent circuit diagram of shunt resistor.

The equivalent circuit diagram of a shunt resistor shown
in Fig. 11 indicates that the total voltage across the shunt
resistor (Ushunt) includes the resistance and inductance volt-
ages. This voltage can be calculated as follows:

Ushunt = Rshunt · iC(t)+ Lshunt ·
diC(t)
dt

(2)

where Rshunt and Lshunt represent the resistance and parasitic
inductance of the shunt resistor, respectively. Equation (2)
shows that Ushunt depends on Lshunt and diC(t)/dt . However,
it is difficult to calculate and accurately measure Lshunt.
Through simulations and experiments, we estimate that Lshunt
is equal to 0.5 nH.

Based on the parasitic inductance and resistance of the
shunt resistor, an RC filter compensation circuit can be used
to improve the resistance measurement characteristics. The
compensation circuit is shown in Fig. 11, and the relevant
calculation to obtain the compensation resistance and capac-
itance values is as follows:

Lshunt
Rshunt

= Rcomp · Ccomp (3)

where Rcomp and Ccomp refer to the compensation resistance
and capacitance, respectively. As the IPM is a switching
device, the switching process influences the internal inte-
grated resistance. Figure 12 shows the simulation results
of the behavior of resistance and inductance values versus
varying switching frequency. These results are obtained via
the ANSYSMAXWELL software. It can be observed that the
resistance of the shunt resistor is influenced by the skin effect
at higher frequencies [36]. The figure further shows that the
resistance of the shunt resistor does not change significantly
when the switching frequency is less than 10 kHz, which is
significantly higher than the maximum output frequency.

The proposed circuit scheme is shown in Fig. 13. The
voltage Ushunt (Ushunt = IC ·Rshunt) is amplified after passing
through the RC filter. The amplified voltage is then input into
a comparator circuit where it is compared with a fixed thresh-
old voltage. If it is greater than the threshold, the comparator
will output a signal that is the reverse of its input signal. If the
input signal is lower than the threshold voltage, the output
signal will be the same as the input signal. To ensure the
reliability of signal transmission, an optocoupler isolation is
used between the power unit and the driver.

TABLE 3. Information of measurement equipment and test bench.

As the rated current of the IPM is 150 A, we choose the
threshold as three times the rated current value, i.e., 450 A.
This value corresponds to a threshold voltage of 3.2 V. There-
fore, when the amplification of Ushunt results in a voltage
higher than the threshold voltage, the circuit will commence
short-circuit protection.

VI. EXPERIMENTAL RESULTS
In order to evaluate the performance of the proposed short-
circuit detection method without blanking time, three types
of tests are carried out: double pulse test, short-circuit I test
and short-circuit II test. The schematic diagrams of these tests
are shown in Fig. 14. In the figure, a film capacitor acts as the
DC bus support capacitor. The parasitic inductances are mea-
sured in combination with the existing method presented in
[31]. The detailed parameters of test bench and measurement
equipment used in the test are presented in Table 3 .

A. DOUBLE PULSE TEST
The schematic diagram of double pulse test is shown in Fig.
14(a). This test evaluates whether the shunt resistors affect
the normal operation of the module. The test is carried out
on both the proposed module and a commercially available
1700 V/150 A module. The bus voltage is increased to 800 V
in the experiment. The lower IGBT serves as the device under
test and an air-core inductor L1 serves as the inductive load.
The test waveforms are shown in Fig. 15, where the red and
blue waveforms correspond to the waveforms obtained from
the proposed module and the commercially available module,
respectively. From the turn-on and turn-off waveforms shown
in Fig.15(a) and 15(b), respectively, it can be observed that the
waveforms from the two modules overlap, which indicates
that the shunt resistors have no effect on the normal switching
of the IPM.

B. SHORT-CIRCUIT I TEST
In order to demonstrate the advantages of the proposed
method over the VCE detection method, the proposed IPM
is tested with short-circuit I. The schematic diagram of

64480 VOLUME 8, 2020



Z. Meng et al.: Novel IC Measurement Without Blanking Time for Short-Circuit Protection

FIGURE 12. Simulated frequency-dependent resistance and inductance of
shunt resistor.

FIGURE 13. Shor-circui detection and protection circuit without blanking
tim.

short-circuit I test is shown in Fig. 14(b). The bus voltage is
increased to 800 V in the experiment. The lower IGBT serves
as the device under test and the upper IGBT is shorted by a
thick short copper bar. When a single pulse signal of duration
10µs is applied to the lower IGBT, the upper and lower bridge
arms are directly connected to form short-circuit I.

Figure 16 shows the waveforms of short-circuit I test. The
blue and red waveforms represent the waveforms obtained
with the VCE desaturation detection method and the proposed
detection method, respectively.

It can be seen from the blue waveforms in Fig. 16 that the
lower IGBT of IPM starts to turn on at t1. The short-circuit
fault occurs at t1, and IC rises to 1055A at t4. The short-circuit
detection starts at t5. If VCE does not reach the saturated area,
the module will be identified as having developed a short-
circuit fault, which is followed by a short-circuit protective
action. The short-circuit current drops to zero at time t6. The
4.5 µs time duration from t1 to t5 is the blanking time. The
short-circuit energy loss is about 3.3 J.

The proposed IPM short-circuit protection threshold is
equal to 450 A as mentioned in the previous section. During
a normal operation, IC will not exceed this threshold value.
When this threshold is exceeded during a short-circuit, a fault
signal will be detected. Therefore, when the red waveform for
IC in Fig. 16 reaches 450 A at t2, the fault signal is detected.
It takes 380 ns to detect short-circuit I fault. Due to the circuit

delay, the protective action is carried out after 1.3 µs, after
which the short-circuit current drops to zero at t4. During
this period, the short-circuit peak current is 980 A. It takes
about 2.1 µs from the start of fault detection till the end of
short-circuit fault, and the short-circuit energy loss is 1.12 J.
Comparing the two short-circuit detection methods, it can
be concluded that the proposed method has a lower short-
circuit loss and a lower fault duration compared with the VCE
desaturation detection method.

C. SHORT-CIRCUIT II TEST
In practical applications, short-circuit II is the most difficult
to deal with. The schematic diagram of short-circuit II test
is shown in Fig. 14(c). The bus voltage is increased to 800
V for this experiment. The lower IGBT serves as the device
under test and an air-core inductor L2 serves as the short-
circuit inductor. A short-circuit II will form when a single
pulse signal of 10 µs is applied to the lower IGBT.

Figure 17 shows the waveforms of short-circuit II test.
The blue and red waveforms correspond to the waveforms
of the VCE desaturation detection method and the proposed
detection method, respectively. The blue waveform for IC
starts increasing with a positive slope diC/dt at time t1. The
IGBT begins to desaturate at t4. Subsequently, there is no
longer any voltage across the inductance and the IGBT enters
the short-circuit mode from the saturation mode. After the
blanking time, the module will be identified as having a
short-circuit fault and at t6, the short-circuit protection starts.
According to the experimental data, the short-circuit energy
loss is 1.4 J.

When the red waveform for IC reaches 450 A at t2, the fault
signal is detected. The time needed to detect short-circuit II
fault is 1.4 µs. Subsequently, the protective action starts and
the current drops to zero at t5. The short-circuit energy loss
is 0.5 J. Figure 18 shows that the VCE desaturation detection
method can detect the fault only after the IGBT desaturation.
On the contrary, the proposed method starts the protective
action before the IPM enters the short-circuit mode.

VII. ANALYSIS AND DISCUSSION
It can be seen from the experimental data that the proposed
detection method does not have any blanking time. In short-
circuit I, the VCE desaturation detection method detects and
carries out short-circuit protection after a 4.5 µs blanking
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FIGURE 14. Schematic diagrams of test experiments. (a) Double pulse
test circuit diagram. (b) Short-circuit I test circuit diagram. (c) Short-circuit
II test circuit diagram.

time. According to IEC 60747-9 standard, the short-circuit
withstand time (tpsc) of the proposed IPM is 2.06 µs. Com-
pared to the VCE desaturation detection method, the proposed
method reduces the short-circuit energy loss, short-circuit

FIGURE 15. Double pulse test waveforms. (a) Turn-on waveforms. (b)
Turn-off waveforms.

FIGURE 16. Waveforms of short-circuit I test.

peak current, fault duration, fault detection time and tpsc by
66%, 75 A, 3 µs, 4.12 µs and 57.7%, respectively.

In short-circuit II, the proposedmethod does not require the
IPM to enter the short-circuit mode. When the current in the
IPM exceeds the threshold, the module is turned off. In other
words, to carry out fault detection and protective action, the
proposed method does not wait for the IC to rise to a very
high value and desaturate the IGBT. The tpsc of the proposed
method is only 0.62 µs. Compared to the VCE desaturation
detection method, the proposed method reduces the short-
circuit loss, short-circuit peak current, fault duration, fault
detection time and tpsc by 64.3%, 160 A, 1.6 µs, 3.1 µs and
61.5%, respectively.

The performance of the proposed IPM is compared with
that of the conventional VCE desaturation method in Table 4 .
Different features of both methods shown in the table confirm
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FIGURE 17. Waveforms of short-circuit II test.

TABLE 4. Comparison of conventional high-power ipm and proposed
high-power ipm.

that the proposed high-power IPM is superior to the conven-
tional VCE desaturation method.

VIII. CONCLUSION
This paper presented a novel high-power IPM short-circuit
protection design consisting of an internally integrated shunt,
which directly measured IC without any blanking time. The
designed protection circuit could quickly detect all kinds of
short-circuit faults. The feasibility of the proposed design for
different types of short-circuits was verified via simulations
and experiments, which showed that the shunt did not cause
any heat dissipation and energy loss problems. The resis-
tance of the shunt resistor did not change significantly for
a switching frequency of less than 10 kHz. Fault-detection
times of sub-microsecond level and less than 2 µs were
achieved for short-circuit I and short-circuit II, respectively.
The proposed high-power IPM design showed significantly
improved performance compared to the conventional VCE
desaturation method. For short-circuit I, this improvement
reduced the short-circuit energy loss, short-circuit peak cur-
rent, fault duration, fault detection time and tpsc by 66%, 75A,

3 µs, 4.12 µs and 57.7%, respectively. For short-circuit II,
the short-circuit energy loss, short-circuit peak current, fault
duration, fault detection time and tpsc were reduced by 64.3%,
160 A, 1.6 µs, 3.1 µs and 61.5%, respectively. In future
work, we will optimize the IPM topology and layout while
improving the protection circuit to decrease the response
time.
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