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Abstract

The on-line measurement of high-power IGBT collector current is important for the hierarchical control and short-circuit and
overcurrent protection of its driver and the sensorless control of the converter. The conventional on-line measurement methods for
IGBT collector current are not suitable for engineering measurement due to their large-size, high-cost, low-efficiency sensors,
current transformers or dividers, etc. Based on the gate driver, this paper has proposed a current measuring circuit for IGBT collector
current. The circuit is used to conduct non-intervention on-line measurement of IGBT collector current by detecting the voltage drop
of the IGBT power emitter and the auxiliary emitter terminals. A theoretical analysis verifies the feasibility of this circuit. The circuit
adopts an operational amplifier for impedance isolation to prevent the measuring circuit from affecting the dynamic performance of
the IGBT. Due to using the scheme for integration first and amplification afterwards, the difficult problem of achieving high
accuracy in the transient-state and on-state measurement of the voltage between the terminals of IGBT power emitter and the
auxiliary emitter (ug.) has been solved. This is impossible for a conventional detector. On this basis, the adoption of a two-stage
operational amplifier can better meet the requirements of high bandwidth measurement under the conditions of a small signal with a
large gain. Finally, various experiments have been carried out under the conditions of several typical loads (resistance-inductance
load, resistance load and inductance load), different IGBT junction temperatures, soft short-circuits and hard short-circuits for the
on-line measurement of IGBT collector current. This is aided by the capacitor voltage which is the integration result of the voltage
uEe. The results show that the proposed method of measuring IGBT collector current is feasible and effective.
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collector current [3]. As a result, the range of safe operation of
the power devices is limited. Active gate drive technology
refers to using an active device to inject the required gate
current into or to impose a particular gate voltage on the IGBT
gate [4]-[6]. Thus, it is possible to achieve a better compromise
between the switching loss and switching performance of an
IGBT. However, some inherent drawbacks still exist, which
include: 1) a reduction in the reliability of the driver, in which
there are a lot of internal components, and a large number of
analog devices to realize a complex control function [7]; 2) the
inability of an analog driver to record and store the IGBT
electrical variables and operational status information, with the
result that the system controller cannot effectively monitor and
diagnose the IGBT running state and fault behavior [8]. On the

I. INTRODUCTION

Power electronic converter systems have an important trend
towards a combination of intelligence, middle-high voltage,
large capacity, good maintainability and high reliability [1].
Among these, the high reliability of the system depends largely
on the performance of the power switching devices. The gate
driver is one of the key factors for enabling the power
switching devices to display the best performance. At present,
the traditional analog passive gate driver uses a fixed on-off
resistor to implement IGBT drive control [2]. Since there exists
an inherent contradiction between the switching loss and the
switching performance, it is impossible to make a decoupling
control for the rate of change in the collector voltage and the
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basis of a high-speed and high-density FPGA, an intelligent
digital IGBT gate drive controller has been developed which
integrates a kind of control function with high-power IGBT
digital active gate drive technology in order to increase the
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Fig. 1. Schematic drawing of intelligent digital IGBT gate drive
controller.

reliability, maintainability and intelligence of the converter
system. Its function diagram is shown in Fig. 1.

As shown in Fig.1, the digital circuits are the key
components of the digital gate drive controller while some
analog circuits are auxiliary. The analog circuits are mainly
used for detecting and regulating the IGBT port electrical

signal (Uce. duce/dt, uge. icand dic/dt). Then, the electrical

signal sampled by the high-speed A/D will be sent to the FPGA
for processing, storage and upload. What is worthy of note is
that the communication interface of the digital controller only
accepts control data like a modulation wave, which forms the
drive signals with the locally-generated triangle carrier wave.
Then, the driver can perform drive hierarchical control of the
IGBT through the voltage source or current source to achieve
the fast protection function of the IGBT with the hardware
comparator as a core. Obviously, the IGBT port electrical
signal detection is prerequisite and essential for the intelligent
digital drive controller to fulfil the above functions [9]-[11].
Since the detection of IGBT collector current i¢ is the basis of
the digital drive controller used for IGBT driving hierarchical
control, overcurrent and short-circuit protection, it plays an
important role in the safe and stable operation of the IGBT and
the whole converter system. On the one hand, the knowledge
of what stage the IGBT is in during the process of its turn-on
and turn-off through the collector current can lead to the
driving hierarchical control and performance optimization of
the IGBT. On the other hand, the detected IGBT collector
current can be used to identify the IGBT running state, so as to
improve the protection performance for the IGBT driver. In
addition, the IGBT collector current data uploaded by the
digital driver can lay the foundation for estimating the
converter load current and using fewer sensors (which are still
needed by the power supply inverter to detect and feed back
the load voltage) or no sensors (based on a motor driver
controlled by a no-speed sensor) for control. The result
achieved will contribute to simplifying the secondary loop
circuit, which reduces the cost of the hardware and improves
the level of the modularization and standardization of the

converter.

At present, IGBT collector current is detected in three
primary ways as follows [12]: 1) using extra detecting elements
such as a sensor [13], transformer [14], [15], PCB Rogowski
coil [16], [17] or a magneto-resistive sensor to detect the
collector current [18]. However, this leads to increases in both
the structural complexity and the size of the power electronic
converter, especially for converters with a laminated bus-bar
structure. As a result, they are generally unavailable. 2) Using
special types of IGBTSs, for example, Infineon MIPAQ™ and
Semikron Semitrans® IGBT, to detect the collector current
with the help of a series resistor. However, a certain type of
IGBT Mitsubishi or Powerex will cause the IGBT structure to
become complex and increase its loss and cost when using the
current mirror to obtain the collector current [19], [20]. In
addition, only a small power IGBT can be used. 3) Measuring
the collector current according to the IGBT port signal. Ref.
[21] realizes a feedback control of the rate of change in the
collector current by detecting the voltage between the terminals
of the IGBT power emitter and the auxiliary emitter. However,
it did not investigate collector current measurement. Ref. [22]
points out that IGBT collector current can be obtained by
integration according to the detected voltage drop between the
terminals of the high-power IGBT power emitter and the
auxiliary emitter. However, this method has defects: the
integrating circuit is easily saturable and the integrated results
are affected by the gate current. Therefore, it is impossible to
make a measurement of IGBT on-state current. To date, no
report has been found concerning its application to IGBT
collector current measurement. Ref. [23] mentioned the
measurement of capacitance voltage in a resistance-capacitance
filter circuit paralleled with a IGBT power emitter and
auxiliary emitter terminals for the estimation of the
short-circuit current threshold. However, it failed to achieve the
measurement of IGBT collector current.

In summary, there are defects in the existing methods of
measuring collector current, such as higher costs, larger size,
and a narrower measurement bandwidth. Therefore, these
methods are not convenient for the online measurement of
IGBT collector current. Based on the principle of the IGBT
basic model [24], [25] and combined with the concept of
short-circuit current threshold estimation [23], this paper has
proposed a current measuring circuit for IGBT collector
current.

The proposed circuit adopts an operational amplifier for
impedance isolation to avoid the poor influence of the
measurement circuit on the dynamic performance of the IGBT.
Due to using the scheme of integration first and amplification
afterwards, the difficult problem of achieving a high accuracy
in the transient-state and on-state measurement of the voltage
drop between the power-emitter and the auxiliary-emitter has
been solved. On this basis, the adoption of a two-stage
operational amplifier can better meet the requirement of high
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bandwidth measurement under the condition of a small signal
with a large gain. Finally, various experiments are carried out
under the conditions of several typical loads
(resistance-inductance load, resistance load, and inductance
load), different IGBT junction temperatures, soft short-circuits
and hard short-circuits. The results show that the proposed
circuit and on-line measuring method for IGBT collector
current are feasible and effective.

Il. THE COLLECTOR CURRENT MEASURING
CIRCUIT AND ITS PRINCIPLE

A. The Collector Current Measuring Circuit

As shown in Fig.2, the high-power IGBT collector current
measuring circuit contains Lg and Rg which denote the IGBT
power emitter inductance and resistance, and L. and R, which
denote the IGBT auxiliary emitter inductance and resistance,
respectively. As can be seen from Fig.2, the voltage ug, of
the IGBT power-emitter and auxiliary-emitter is connected to
the Rsand C; resistance capacitance integrating circuit after the
impedance isolation of the operational amplifier U;. The
subsequent operational circuit amplifies the signal of the
capacitor voltage uc in the integral circuit. The chip U, is
mainly used for signal impedance isolation, with a unit gain
bandwidth up to 100MHz. Chips U, and U, are mainly used
for signal amplification, with both of their unit gain bandwidths
being large than 300MHz.

Because there is a huge difference in the amplitude of ug,
when the IGBT is in a switching transient state and in a
switching-on state, the conventional direct amplification
measuring method is difficult to use for the accurate
measurement of the transient-state and on-state ug.. For this
reason, the resistance capacitance integral method for Ry and
C; is used to measure the signal ug. indirectly. The transient
amplitude of ucy is decreased after the integration of ug., while
the on-state amplitude is accumulated by integration. Thus, it is
possible to amplify and measure the signal ue.

Considering that the circuit for ug, integration and regulation
may affect the dynamic performance of the IGBT, the
measurement of ug is made by operational amplifier
impedance isolation and integration. The power-level voltage
Uge is transferred to the signal level for processing. As shown
in Fig.2, ucs is the integration result of ug..

Since the amplitude of the signal ucs output by the
integration of ug, remains very small (<100mV) and the
frequency is considerably high (the highest frequency is up to
10MHz or more), it is hard for a conventional low voltage
probe with about 10mV in measurement accuracy to meet the
measurement requirements. To obtain an accurate signal uce
for estimation of the IGBT collector current ic, ucs needs to be
highly magnified without distortion. However, it is difficult for
the conventional single-stage operational amplifier to do so. To

IGBT Cc
ngﬂ Rs G| module |

Fig. 2. Measuring circuit of IGBT collector.

solve these problems, a two-stage operational amplifier is
applied to amplifying the ucs signal. The magnification set for
each stage of the operational amplifier circuit is 11 times. Thus,
the total magnification of the circuit is greater than 100 in order
to meet the requirements of the oscilloscope measurement.

In view of the gain bandwidth product of chips U, and U3,
the circuit bandwidth is still more than 20MHz (with the
bandwidth of a distortion free signal that is greater than
10MHz), thereby meeting the measurement requirements of the
signal uc. Using a two-stage amplifier, it is possible to achieve
the high bandwidth measurement of a small signal with a lager
gain.

B. The principle of Collector Current Measurement

According to Fig.2, the relationship between the voltage ug.
and the collector current i is expressed as (1).

Uge = ~(SLe + Re)ic + (sLe + Re)ig (Y

where i is the gate drive current existing in the switching
transient of the IGBT, with an amplitude that is much smaller
than that of ic. Meanwhile, iy cannot be directly ignored
because it is generally larger in its rate of change than ic in the
switching-on transient of the IGBT.

According to the principle of the operational amplifier and
its related circuit, the relationship between signal uc and signal
Uge is shown in (2).

Uct =Uge / (RtCts+1) 2

Namely:

_ —(SLE + RE)iC + (SLe + Re)lg

3
RfoS+1 ( )

Uct

The variations of iy and ic are separate in time when the

IGBT is in the switching-on transient-state. As a result, the

capacitor C can be reset when i4 in the transient state before ic

is in the transient state, which removes the influence of igon
the measuring result of ucs. Then, (3) can be rewritten as:

Uct =—(sLg +Re)ic / (RyCys+1) (@)

As aresult, the current i can be expressed as:

. uct (RfCgs+1)
c=—————— (5)
Re (sLg / Rg +1)

It is known from (5) that there exists a certain relationship
between the voltage ucr and the current ic. Given appropriate
parameter selection, R{C¢=Lg/Rg is established. Then, (5) can
be rewritten as:
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ic =-Ucs /Re (6)

As shown in Fig. 3, equation (5) represents the amplitude
characteristic curve of uclic [26]-[28].

Fig. 3 shows that for Lg/R=R¢Cs, (6) is valid in the entire
angular frequency (w=2xf)) range; for Le/Rg>R:Cy, (6) is valid
in the range of w<Rg/Lg; and for Lg/Re<R¢Cy, (6) is valid in
the range of w<1/(R¢Cy).

It is learned from (5) that if Le/Rg=R:C;, it is possible to
perform the estimation of the IGBT collector current ic by
detecting the voltage of uc in the whole frequency range
according to (6).

The actual values of R;, Ct, Lg, and Rg are 150Q, 1uF,
4.3nH, and 28.5uQ, respectively. The variations of R¢and Cs
are 1% and 5%, depending on the accuracy of R;and Cy. The
variation of Rg mainly depends on its temperature. The
inductance value of Lg is basically unchangeable in the “on”
state, while it will decrease in the switching transient.

According to the value-taken range of the practical
high-power IGBT parameters, the analytic result of the
amplitude-frequency characteristic of uc/ic is obtained, as
shown in Fig. 4. The parametric values of the Reference (Ref)
curve in the figure are Rg=28.5uQ, R#=150Q, C=1uF, and
Le=4.2nH. The other curves express the results after the
parametric value is changed according to the Ref curve. From
the Ref curve value and the values of the other curve values, it
is found that the ratio of uc/ic is mainly influenced by Rg.
However, it is influenced little by the other parameters in low
frequency range. The variation magnitude of uc/ic ranges
from 2.35uQ to 3.6uQ in the whole frequency range. It is less
than £30%, when the phase variation is less than £4%.

The accuracy of the on-line measurement of the collector
current for the IGBT hierarchical protection is not high, while
it needs temperature compensation for control with measured
collector current.

In view of the peculiarities of Lg and Rg, the method of
actively injecting a larger collector current of strictly linear
characteristics into the IGBT can be adopted. When a larger
collector current flows through it, the voltage drop of ug.
between Lg and Rg becomes large. Compared with the
mA-level current injected according to the used impedance
analysis, the high amplitude ug, generated by the large current
is easy to detect, without being easily disturbed by the
measuring devices and other external factors.

When the IGBT is in the “on” state, the gate current is very
small and can be ignored. The relationship between the
collector current i and ug, can be expressed as (7).

-UEe:ic'RE+LE‘dicldt (7)
The substitution of the values of ic and ug obtained at two

minutes into (7) can determine the size of Lg and Rg by
solving the simultaneous equation. Refer to expression (8).
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dic /dt=(lcy—Ico)/ (t —to)
Uegr = lc1 - Re + Lg -dic /dt ®)
Uego = lco - Re + Lg - dig / dt
The following expressions (9), (10) are based (8) and the
values of L¢ and Rg can be determined.

Re =(Uee1—Ueeo) / (Ic1—Ico) )
Le =—(Ugeo + Ico-Re) - (L —tg) / (Icy — 1)  (10)

The waveforms of the injected collector current ic and
voltage ug. are shown in Fig. 5(b) under a double pulse test.
This method is used for testing L and Re of an Infineon IGBT
FZ1500R33HL3. The results are 4.3nH and 28.5pQ,
respectively. In addition, the range value of Lg and Rg of
different modules of the same model are 3.6nH to 4.9nH and
24pQ to 31.5pQ, respectively.

I1l. EXPERIMENTAL STUDY OF IGBT COLLECTOR
CURRENT ONLINE MEASUREMENT

A. The Test Platform for the IGBT Collector Current

The corresponding test circuit based on the single-phase
half-bridge topology is used for the experimental verification
of the online measuring method of the IGBT collector current.
The test platform for the IGBT collector current is shown in
Fig. 6 and the test pulse shown in Fig. 7.

The switch tubes T,~T2 are Infineon Corporation’s
3300V/1500A high-power IGBTs (model: FZ1500R33HL3) as
shown in Fig. 6, whose driver contains the products of the
CONCEPT Company (model: 1SD536F2). Tube T2 in Fig. 6 is
the IGBT to be detected. The main purpose of using three
pulses for the test is to compare the different pulse widths and
verify the feasibility of the method to acquire the IGBT current
based on the capacitor voltage under the conditions of whether
the IGBT has a current or not before its conduction. The real
objects on the test platform are shown in Fig. 8. A Tektronix
4-channel digital oscilloscope (model: DP0O2024, 200MHz) is
used in the test, which is powered by an isolated transformer.
The collector current ic or load current i,q is measured by a
flexible Rogowski coil (model: CWT60B, 0.50mV/A). The
current estimation value kuc; is measured by a Tektronix
low-voltage passive probe (model: P2220, 200MHz
bandwidth).

B. The Test Results of the Collector Current of the IGBT
Module under a Typical Load

Various experiments are carried out under the condition of
three kinds of loads (resistance-inductance load, resistance load,
and inductance load) to verify the on-line measurement of the
IGBT collector current by measuring the capacitor voltage.
1) The test results of the collector current at different bus
voltages under a resistance inductance load: The two-stage
amplifier scheme shown in Fig. 2 is used for testing the
collector current under a resistance inductance load (load
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Fig. 6. The test platform for IGBT collector current.
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current.

inductance: 3mH; load resistance: 8Q) and at bus voltages of
1kv and 2kv, respectively. Due to limited space, a general
drawing of the IGBT module and a detailed switching-transient
and on-state diagram of the third pulse are only given as
follows: the estimated value of the collector current of the
IGBT module is obtained by using the capacitor voltage, and
the measured value of the collector current represents the actual
test current, like below.

Bus voltages of 1kv and 2kv tests are carried out under

resistance-inductance load, respectively. And the results are
shown in Fig. 9.
2) The Test Results of the Collector Current at Different Bus
Voltages under a Resistance Load: Tests are carried out under
a resistance load (load resistance: 8Q), and at bus voltages of
1kv and 2Kkv, respectively. The results are as shown in Fig.
10.

There is a ripple in the oscilloscope or the probe under the

conditions of a high voltage and a large current, as shown in
Fig. 11. In addition, the given waveforms in the paper do not
use a high frequency filter.
3) The Test Results of the Collector Current at Different Bus
Voltages under an Inductance Load: Tests are carried out
when the load inductance is 2mH and the bus voltages are
1kV, 1.5kV, and 2kV, respectively. The results are as shown
in Fig. 12.
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Fig. 13. Experimental waveforms of varied inductance loads at
the bus voltage of 2kV.

1) The Test Results of the Collector Current at a Bus Voltage
of 2kV under Different Inductance Loads

Tests are carried out when the bus voltage is 2000V and the
inductance loads are 2mH, 3mH, and 4mH, respectively. The
results are shown in Fig. 13.

It can be seen from Fig. 9 to Fig. 13 that the collector current
estimated by use of the capacitance voltage basically conforms
to the actual collector current when the IGBT is in the on-state,
and that the estimated collector current trends to be similar to
the actual collector current but with an amplitude that is small
when the IGBT is in a switching transient. The cause analysis
is as follows: The IGBT module used for testing consists of
three IGBTs which are combined into a whole by the installed
bus. Therefore, its power emitter resistor R and power emitter
inductance Lg serve as distributed parameters because of the
three IGBTSs in parallel. The internal circuit of the testing IGBT
is shown as shown in Fig.14.

The experimental results show that the IGBT module power

emitter inductance Lg has decreased while R:C; basically
remained unchanged when the IGBT is in a switching transient.
In this case, the expression for the collector current estimation
should be R{Csucs/Le. However, expression (6) is still used for
collector current estimation. For Rg<Lg/(R¢C;), the value
estimated of collector current in a transient state is a little small,
as shown in Fig. 3(c). It is obvious that the amplitude of uc/ic
will decrease from R to Lg/(R¢Cs) when the angular frequency
w is greater than Re/Le.
2) The Test Results of the Collector Current at Different IGBT
Junction Temperatures: When the bus voltage is 2000V and
the load inductance is 2mH, tests are made at IGBT junction
temperatures of 25°C, 60°C, and 120, respectively. The
results are as shown in Fig. 15.

The test results obtained at different IGBT junction
temperatures show that the error in the estimation of the
collector current of the IGBT module according to the
capacitance voltage becomes large with an increase in the
junction temperature. For example, the error in the estimation
of the on-state collector current is about 20% when the IGBT
junction temperature changes from 25°C to 120°C. This is due
to the fact that an increase in the IGBT junction temperature
results in an increase in the resistance value Rg of the IGBT
power-emitter copper conduction terminal. The relationship
between the copper resistivity and the temperature is generally
expressed as follows:

p=po(1+aT) (11)

where pq is the resistivity of the temperature 0C, and o is the
temperature coefficient of the copper with a range of values
from 0.002 to 0.0039. According to (11), when the temperature
rises to about 95 C, the resistance value of the copper increases
by about 19%~37%, which amounts to the actually-estimated
value of the collector current.

C. The Test Results of the Collector Current of an IGBT
Module under a Typical Load with a Filter
Under the condition of three typical loads and different
junction temperatures, the tests of collector currents have been
carried out by using a filter. The results are obtained, as shown
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Fig. 14. The internal circuit of testing IGBT.
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(b) The detailed diagram of the third pulse in a switching-on
transient state.
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(c) The detailed diagram of the third pulse in a switching-off
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(d) The detailed on-state diagram of the third pulse.

Fig. 15. Test results at different junction temperatures in the
conditions of bus voltage 2kV and load inductance 2mH.

in Fig. 16 to Fig. 20. Due to limited space, general drawings of
the IGBT module and a detailed on-state diagram of the third
pulse are only given as follows: The estimated value of the
IGBT module collector current is obtained by using the
capacitor voltage, and the actual value of the collector current
represents the actual current tested.
1) The Test Results of Collector Current at Different Bus
Voltages under Inductance Load with a Filter: Different bus
voltages tests are carried out under the inductance load of 2mH
with filter. And the results are shown in Fig. 16.
2) The Test Results of Collector Current at Different Bus
Voltages under a Resistance Load with a Filter: Different bus
voltages tests are carried out under the resistance load of 8Q
with filter. And the results are shown in Fig. 17.
3) The Test Results of Collector Current at Different Bus
Voltages under a Resistance Inductance Load with a Filter:
Different bus voltages tests are carried out under a resistance
inductance with a filter. And the results are shown in Fig. 18.
4) The Test Results of Collector Current at the Bus Voltage of
2kV under Different Inductance Loads with a Filter: The bus
voltage of 2kV tests are carried out under different inductance
loads with a filter. And the results are shown in Fig. 19.
5) The Test Results of Collector Current at Different IGBT
Junction Temperatures with a Filter: The conditions of bus
voltage 2kV and load inductance 2mH with filter tests are
carried out under different IGBT junction temperatures. And
the results are shown in Fig. 20.

It can be seen in Fig. 16 to Fig. 20 that there is some ripple
in the estimated value and actual value of the collector current
when a filter is not used, and that there is little ripple when a
filter is used. From the above contrast test results, it is
concluded that the test current estimated by use of the capacitor
voltage basically conforms with the actual collector current.

D. The Test Results of IGBT Module Collector Current
under Soft Short-Circuit and Hard Short-Circuit
Conditions

Test are carried out under the conditions of soft and hard
short circuits with different bus voltages based on the
single-phase half-bridge inverter circuit, as shown in Fig. 6.
This is done to verify the accuracy of estimating IGBT module
collector current by the use of capacitor voltage ucs under
short-circuit conditions.

Note: Considering that the amplitude of uc is relatively
large in the short-circuit case, the magnifying multiples set
for the measuring circuit of the collector current should be
different under normal and short-circuit conditions in order to
improve the accuracy of the measurement. The reason for this
setting is that the oscilloscope probe is not so high in
accuracy. As a result, the measurement of a small signal is
easily subjected to interference. Therefore, another circuit
scheme is adopted for digital acquisition with a 12-bit
high-speed A/D chip to meet the requirements of accurate
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(b) The detailed on-state diagram of the third pulse with filter.

Fig. 16. Test results of collector current of varied bus voltage
under the inductance load of 2mH with filter.
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(b) The detailed on-state diagram of the third pulse with filter.

Fig. 17. Test results of collector current at varied bus voltage
under the resistance load of 8Q with filter.
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(b) The detailed on-state diagram of the third pulse with filter.

Fig. 18. Test results of collector current at varied bus voltage
under resistance-inductance load with filter.
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(b) The detailed on-state diagram of the third pulse with filter.

Fig. 19 Experimental waveforms of varied inductance loads at
the bus voltage of 2kV with filter.
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(b) The detailed on-state diagram of the third pulse with filter.
Fig. 20. Test results at different junction temperatures in the

conditions of bus voltage 2kV and load inductance 2mH with
filter.

measurement of uc; under normal and short-circuit conditions
through magnification.

1) The Test Results of Hard Short Circuits at Different Bus
Voltages: Hard short-circuit tests are carried out under
different bus voltages according to the scheme shown in Fig.
2. The results are shown in Fig. 21.

Hard short-circuit tests are also carried out under different
bus voltages. The results show that the estimated value of the
collector current tends to be the same as the actual value but
the amplitude is a little small. A slow decrease in the estimated
value of the collector current after the turn-off of the IGBT is
mainly because the chip discharges a little slowly.

Fig. 22 shows the preserved oscilloscope waveform in the
hard short-circuit test at a bus voltage of 2.2kV.

In Fig. 22, uce and ug denote the collector voltage and gate
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Fig. 21. Test results of collector current at varied bus voltage in
hard short circuit.
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Fig. 22. The preserved oscilloscope waveform in the hard
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Fig. 23. Test results of collector current in soft short circuit at
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Fig. 24. The preserved oscilloscope waveform in the soft
short-circuit test at bus voltage 2.2kV.

drive voltage of tube T,. ic is the forward-conduction current
of tube T,, and kucs is the output voltage of the current
measuring circuit. It is easy to see that the output voltage kuce
of the current measuring circuit has a tendency to conform to i
after the conduction of the IGBT, as shown in Fig. 22.
2) The Test Results of Soft Short Circuits at Different Bus
Voltages: Soft short-circuit tests are carried out under
different bus voltages. The results are shown in Fig. 23.

Soft short-circuit tests are also carried out under different

bus voltages. The results show that the estimated value of the
collector current is basically the same as the actual value, but
the amplitude is a little small.

Fig. 24 shows the preserved oscilloscope waveforms in the
soft short-circuit test at a bus voltage of 2.2kV.

Hard and soft short-circuit tests are carried out at different
bus voltages. The results show that the estimation of the IGBT
collector current can be fulfilled by using voltage uc; at the
time of a short-circuit fault. The estimated value of the
collector current is basically equivalent to the actual value, but
the amplitude is a little small.

E. Summing-Up the Tests of the IGBT Module Collector
Current

(1) It is difficult to achieve a large amplification of a signal
and make it meet the target of a higher bandwidth by using the
conventional single-stage op-amp amplification scheme.
However, the use of a two-stage operational amplifier can meet
the requirement of measuring a small signal with a large gain
and a high bandwidth.

(2) Various tests are carried out under the conditions of
several typical loads, different junction temperatures, and soft
and hard short circuits. The results show that capacitance
voltage ucs can be used to fulfill the estimation of the on-state
collector current of the IGBT, and that for the switching-on
transient collector current of the IGBT, the estimated collector
current tends to be similar to the actual collector current, but
the amplitude is a little small. The main reason is that the IGBT
module power emitter inductance is a distributed inductance,
whose value will decrease at high frequencies.

(3) The results of the tests performed at different IGBT
junction temperatures show that the accuracy of the collector
current estimation according to the capacitance voltage will
decrease and that the error in the estimation of the on-state
collector current is about 20% when the IGBT junction

temperature changes from 25°C to 120°C.

IVV. CONCLUSION

This paper proposed a concrete circuit for the
non-intervention on-line measurement of IGBT collector
current by detecting the voltage drop of the IGBT power
emitter and auxiliary emitter terminals. This circuit uses an
operational amplifier for impedance isolation to avoid the bad
influence of the measuring circuit on the dynamic performance
of the IGBT. The adoption of a scheme for integration first and
amplification afterwards solves the problem of the
conventional probe being unable to meet the requirement of
accurate transient and on-state measurement at the voltage drop
of the power emitter and auxiliary emitter. On this basis, the
use of the two-stage operational amplifier meets the demand
for high-bandwidth measurement of a small signal with a large
gain. Finally, various experiments are made under the
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condition of several typical loads (resistance-inductance load,
resistance load, and inductance load), different IGBT junction
temperatures, and soft and hard short circuits. The results show
that the proposed method based on the capacitor voltage for the
on-line measurement of the IGBT collector current is correct
and feasible. Therefore, this method may be of certain
reference value in terms of the sensor-free control of the
large-power converter hierarchical control of IGBT drivers and
the short-circuit and overcurrent protection of IGBTSs.
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