IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 4, APRIL 2019

3615

Indirect IGBT Over-Current Detection Technique Via
Gate Voltage Monitoring and Analysis

Xinchang Li
and Wai Tung Ng

Abstract—This paper presents a new insulated gate bipolar tran-
sistor (IGBT) over-current detection method based on the analy-
sis of the gate voltage waveform. The IGBT’s gate voltage turn-
ON transient pattern is analyzed for the detection of IGBT hard
switching fault (HSF). The ON-state gate voltage is monitored to
detect IGBT fault under load (FUL). The IGBT’s turn-OFF Miller
plateau voltage is extracted and measured to sense the IGBT col-
lector current in case of an over-load condition. Compared to the
commonly used IGBT short-circuit detection methods or collec-
tor current sensing methods, this method can provide indirect fast
detection of IGBT short circuit and accurate measurement of over-
load within one switching period. The feasibility and effectiveness
of the proposed approach are validated both by simulation and ex-
perimental results. Measurement results show that HSF and FUL
can be detected within 0.6 and 0.5 us, respectively. By comparing
the extracted plateau voltage (Vp) with a preset reference volt-
age (Vocz), the IGBT over-load can be detected with a maximum
deviation of +-1.2 A when I ranges from 3 to 110 A.

Index Terms—Insulated gate bipolar transistor (IGBT), Miller
plateau, over-current detection.

I. INTRODUCTION

NSULATED gate bipolar transistor (IGBT) over current can

be classified as short-circuit over current or over-load over
current [1]. Generally, short-circuit over current is a result of
IGBT hard switching fault (HSF) or fault under load (FUL)
[2]. Most IGBTs can withstand short circuit for only several
microseconds because the fault current can be very large. The
IGBT experiencing high electrical and thermal stress under large
current would lead to thermal breakdown. Therefore, fast pro-
tection methods are needed for IGBT short-circuit over-current
conditions. In contrast, IGBT over-load current comes from in-
rush current, filter in-rush, and a change in load. In this case,
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IGBTs can have much longer endurance time than the previous
condition because the fault current is much smaller. However,
current sensors are also needed to monitor the over-load current
for loop control.

In conventional IGBT over-current detection methods, a de-
saturation detection method is widely used for short-circuit fast
protection. This method monitors the collector—emitter voltage
drop to judge whether the IGBT is suffering from short circuit
fault. However, high-voltage isolation elements such as diodes
are needed between the collector node and the low side. In
addition, a blanking time is mandatory [3]. Collector current
transient di/dt can also be used for short-circuit detection. This
method monitors the voltage drop on the emitter parasitic induc-
tor due to di/dt. It can realize fast fault detection, but usually the
value of the parasitic inductance is not provided [4], [5]. IGBT
current measurement, which is used for over-load detection, can
be accomplished using a shunt resistor, a current transformer,
or by voltage measurement over the power module’s parasitic
inductance [6]-[10]. A low-ohmic resistor is usually placed be-
tween the emitter of the IGBT and ground to sense the output
current. However, the power loss associated with this resistor
can be quite high, leading to a significant increase in system
cost and size. The use of current-sensing transformers is com-
mon in high power systems. The idea is to sense a fraction of
the high inductor current by using the mutual inductance in the
transformer. The major drawbacks are increased cost and size,
and integration is not possible.

In this paper, an indirect IGBT over-current detecting
strategy, which can detect both short-circuit over current and
over-load simultaneously via the IGBT gate node, is presented.
The proposed method detects IGBT short-circuit conditions
such as HSF and FUL through a gate voltage pattern analyzer.
The IGBT over-load condition can be accurately predicted by
measuring the turn-OFF Miller plateau voltage. There are three
main advantages of the proposed technique. First, there is no
need to measure current directly in the high-voltage environment
associated with the collector side. Second, costly discrete com-
ponents such as shunt resistors and transformers are not needed.
Finally, the technique not only can provide fast short-circuit
detection, but also detect over load where the fault current is not
excessively large, both detections are implemented within one
switching period. This paper is organized as follows. Section II
describes the physical background of IGBT switching transients
and the relationship between IGBT Miller plateau and the
collector current I~. Section III describes the circuit design and
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Fig. 1.  Switching transient of an IGBT [1].

simulation results of the proposed IGBT over-current detection
scheme. Section IV discusses the implementation and measure-
ment results. Finally, conclusions are provided in Section V.

II. LITERATURE REVIEW

A. IGBT Switching Transient

Switching waveform of the IGBT with an inductive load is
shown in Fig. 1 [1]. The turn-ON switching waveforms are very
similar to MOSFET switching characteristics, turn-OFF switching
characteristics are similar as well except for the IGBT’s tail
current. The following are descriptions of each region, as shown
in Fig. 1, and their principle of operation.

1) Turn-On Switching Transient: Attime ¢, the gate current
starts to charge the parasitic input capacitance Cy. and Cy of the
IGBT, and Vg rises. There is no change in Vg and I during
the period 7y — 1.

Attime 1, as Vg exceeds the IGBT threshold voltage ViGE i,
a channel is formed in the p-base region below the gate oxide,
and collector current /- begins to conduct. During this time, the
IGBT is turned ON, and I increases in relation to the increase
in Vg and finally reaches the full load current /.

At time 1o, the gate current starts to charge the Miller capaci-
tance Cly, and Vg remains constant. This is the Miller plateau
voltage Vggmp. During the period £ —t3, I also remains con-
stant and is equal to I, while Vg begins to fall.

At time t3, Vg drops to a level where the MOS channel
inside the IGBT goes into the triode region and the Miller effect
disappears. Vg starts to increase again until it reaches Vg supply
with Rg (Cge + Cgc) as the time constant, where R is the
gate resistance, and Cy is the intrinsic IGBT gate to collector
capacitance. During this period, Vg slowly diminishes to the
collector-to-emitter ON-state voltage (Vegsa). By time #4, Vg
reaches the maximum gate supply voltage Vi supply-

2) IGBT On-State: During the period t4 — t5, the IGBT is in
the normal ON-state with full load current I, and Vg and Vg
maintain at Vi suppty and Veg s, respectively.

3) Turn-Off Switching Transient: Attime 5, Vg starts to fall
from Vi supply to Vgemp With a time constant of R¢; (Coe+Clc ).
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Fig. 2. Comparison of the gate voltage waveforms under different loading
conditions.

During the period #; — #5, there is no change in the values
for Veg and 1. By time #4, the reduction in Vg causes the
internal MOS channel to enter saturation mode, bringing back
the Miller effect. V(g starts to increase toward Vippiy, While Vg
and I maintain their values at Vggmp and Ip, respectively.
The relationship between Vg and I has been investigated and
reported extensively in [11].

By time 7, Vcg almost reaches Vipply, Io starts to decrease
rapidly from I to zero with a current tail caused by the recombi-
nation of the minority carriers inside the IGBT. This tail current
will eventually dissipate by time #5, completing the turn-OFF
process.

B. Gate Voltage Pattern at FUL and HSF

The IGBT’s gate voltage waveforms under normal, HSF, and
FUL conditions are discussed in this section. As shown in Fig. 2,
gate voltage remains constant during the period 5 to 3 due to
the Miller effect as explained in the previous section. Under
normal operation, Vg has two rising edges during the turn-ON
transient. However, only one rising edge appears on Vg under
the HSF condition because there is no Miller plateau during the
fault turn-ON process. In contrast, FUL is a situation where the
short circuit takes place when the device is in the ON-state. I
and Vg will rise quickly, and at this time, a gate current begins
to flow in Cyc. Due to the gate resistance, Vgg could rise above
Va supply- Fig. 2 shows the differences in the Vg, Vcg, and I¢
waveforms between normal and HSF or FUL conditions [12].

C. Relationship Between Vg yp and 1o

The gate voltage at which the Miller plateau occurs corre-
sponds to the collector current (I) waveform, and there is a
distinct relationship between Vggmp and I during IGBT turn-
ON and turn-OFF. This correlation can be identified with the
analysis below by means of an equivalent circuit for the IGBT,
as shown in Fig. 3. The equivalent circuit consist a pnp transis-
tor with a MOS transistor controlling its base current [13]. The
relationship between the MOS drain current (Ip) and I can
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Fig. 3. Equivalent circuit for the IGBT.
be depicted as
Ip
Ie = —— )]
1 —apnp

where apyp is defined as apyp = %, and (3 is the common
emitter current gain of a bipolar junction transistor. The MOS
transistor is in the saturation region during turn-ON or turn-OFF;
therefore,

1

w
Ip = iﬂnooxf(VGE,MP — Von)®. )

Re-arranging this equation for Vg mp yields the approximate
value of the Miller plateau as a function of the drain current, as
follows [14]:

21

Vaemp = V7 _
GE,MP TH + 1 CouW/L

3)
Substituting (1) into (3), the relationship between Vg mp and
I becomes

21c (1 - apnp)

Vaemp = W5 .
GE,MP TH + 1n CoW/L

“4)

III. PROPOSED FAULT DETECTION CIRCUIT
A. Block Diagram

Fig. 4 shows the proposed block diagram for the detection
of both short-circuit over-current and over-load conditions. The
gate voltage pattern analyzer analyzes the turn-ON transient and
the ON-state of the IGBT gate voltage to judge whether the
IGBT is under HSF or FUL conditions, respectively. Given the
fact that Vg mp monotonically increases with I, the over-load
detector extracts the IGBT Miller plateau voltage Vg mp during
the turn-OFF transient. The IGBT over-load condition can be
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Fig. 4. Schematic of the proposed over-current detection circuit.
detected by comparing the extracted Vggmp with a predefined
threshold voltage Voc, -

B. Gate Voltage Pattern Analyzer for the HSF

As shown in Fig. 4, the gate voltage pattern analyzer for the
HSF is composed of Filter;, two comparators CMP; _», a T flip-
flop, and an AND gate. Filter; detects the rising edges on Vg1
during the IGBT turn-ON transient and outputs corresponding
Vke1 pulses (as shown in Fig. 5). The number of Vioyp1 pulses
is determined by the rising edges on Vgg1, when Q; is nor-
mally turned ON, the number of pulses is 2, otherwise it is 1.
Signal A is generated from the T flip-flop, which is triggered
by the rising edges of Voynp:. If Q) suffers an HSF, only one
Veump: pulse will appear, then signal A will be triggered high
and keep the state until Q; is forced to shutdown, as the green
area shown in Fig. 5(b). Under this condition, I would in-
crease so dramatically that Q; could breakdown within a few
microseconds. Vigpo is defined as follows to set a reference
voltage to shutdown Q; in time

_f
Ri + Ry

where Vg mpusr is the Miller plateau voltage corresponding to
the HSF threshold current I ysg. Signal B will turn to high as
Vg1 rising above Vygr2 and the output of the AND gate will
be set to high, which indicates an HSF.

On the contrary, if Q; turns ON normally, as shown in Fig. 5(a),
signal A will be triggered high at the first rising edge of Vp:
pulse and turn to low at the second one. As Vg mpusr is higher
than Vg mp, which is the Miller plateau voltage under the nor-
mally turn-ON condition, signal A always goes low before signal
B goes high. Therefore, signal HSF will maintain at a low level,
indicating the IGBT is turning ON normally.

VREF2 = Var MP . HSF (5)

C. Gate Voltage Pattern Analyzer for FUL

As shown in Fig. 4, the gate voltage pattern analyzer for
FUL is composed of CMP3 and an SR latch. During the FUL
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Fig. 5. Simulated waveform of the gate voltage pattern analyzer for the

HSF. (a) IGBT normally turn-ON condition. (b) IGBT HSF turn-ON condition
(Vae=250V, Vg supply = 13V, Rg = 50 Q, Ry /Ry = 3/1, Lsc = 0.5 uH).

detection, CMP3 will compare Vi with a predefined voltage
VREF3

RQ R2
—V upply < Vi < -
Rl T Rz G ,supply REF3 Rl T R2

X (VG,Supply + Rg Cgc d‘gf(}) . (6)

Simulated waveforms of the gate voltage pattern analyzer are
shown in Fig. 6. Under the normal condition, signal FUL keeps
low because Vg is always lower than Vi grs. However, when
FUL occurs, signal Voyps will turn to high immediately after
Vg1 has rose above Vigrs. So the SR latch will be triggered

high and maintain the state until Q; is forced shutdown.

D. Over-Load Detector Operation

The IGBT over-load detector mainly consists of three parts,
including a Miller plateau recognition circuit, a Miller plateau
voltage extraction circuit, and an over-current comparator. The
schematic is shown in Fig. 4. Given the fact that there is always
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Fig. 6. Simulated waveform of the gate voltage pattern analyzer for FUL.

(a) IGBT normal ON-state. (b) IGBT under the FUL condition (V3. = 250V,
Ve supply = 13V, Rg = 50Q, Ry /Ry = 3/1, Lsc = 0.5pH).

an initial ringing on IGBT turn-ON Miller plateau [15]-[17], we
focus on the turn-OFF Miller plateau for the detection.

1) Miller Plateau Recognition Circuits: The Miller plateau
recognition circuit contains a passive band-pass filter (Filter ), a
latch comparator CMP,, and a Logic module. The main function
of the circuit is to sense the onset of the plateau when the IGBT
is turning OFF and to provide a control signal Vgw, which is
high only during the plateau region. Fig. 7 shows the simulated
waveforms for the circuit. Filters is used to sense the gate node
of the IGBT, where the time derivative of the gate voltage plateau
region equals zero. The output of Filtera, Vz 2, is then shaped
to digital pulses by a latch comparator CMP,. The digitized
Veapy is then sent to the Logic module, generating Vsw and
Viarcu- A high level for Vsw corresponds to the presence of a
Miller plateau region.

The latch function of comparator CMP, can improve the sta-
bility of the sensing circuit. When a large current spike flows
through the power loop, Ve will oscillate intensely. Conse-
quently, CMP, will generate an erroneous logic output. In this
case, Viarcu 1s enabled at the second negative edge of Vinipy
to block the subsequence undesired pulses. Therefore, the latch
comparator will generate the correct output logic output for the
proper operation of the entire sensing circuit.
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(Vae = 250V, VpyLse: period = 1ms, pulsewidth = 10 us, R3 /Ry = 3/1,
Rg = 509Q).

2) Miller Plateau Voltage Extraction Circuits: The Miller
plateau voltage extraction is realized by a sample and hold cir-
cuit (M; and C}), as shown in Fig. 4. The gate voltage Vg will
be scaled and amplified by a wide bandwidth amplifier. In the
plateau region, by controlling a switch (M;) with Vsw, a large
capacitor (C;) will be charged to the plateau voltage, and
the voltage will be held after M; is turned OFF until the next
plateau appears. Finally, the extracted plateau voltage Vpy, equals
to

Ry

_ 7
Rs + Ry @

Ver = Vo Mp X

Simulated waveform of Vpr and Miller plateau voltage ex-
traction circuit are shown in Fig. 8.

3) IGBT Over-Load Detection: Ideally, every Miller plateau
has the same level for a given I . The output of the sample and
hold circuit Vpr should be a dc value. Therefore, it is relatively
simple to determine the monotonically increasing relationship
between I and Vpp . By comparing Vpp, with Vic,, which is the
reference voltage of CMP;5, we can determine whether the IGBT
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exceeds the limited current or not. V¢, is a preset according to
the I»—Vp curve.

IV. EXPERIMENTAL RESULTS
A. Test Bench

The measurement system implemented on a printed circuit
board (PCB) to verify the over-current detection circuit is shown
in Fig. 9. The IGBT power modules IXXN110N65C4H1 un-
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250V, Vg supply = 13V, Rg = 509, R3/Ry = 3/1, Lsc = 0.5 uH).

der test is also assembled on the PCB together with an in-
ductive load L. By defining the reference voltages of the gate
comparators, the short-circuit detection area can be adjusted
in order to guarantee no misdetection during normal opera-
tion. In the test setup, the reference value for CMP, is chosen
to be Vrere = 2.5V, which corresponds to a turn-ON Miller
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(b) Error analysis of IGBT over-load detection (Vg = 250V, Vpyrsg: period
= 1ms, 4 us < pulsewidth < 50 us, R3 /Ry = 3/1, Rg = 50Q).

plateau voltage of Vgemp = 10V when the collector current
I ~ 110 A. The reference value for CMP3 is chosen to be
VR,EFB = 33V.

B. Hard Switching Fault Detection

Fig. 10(a) presents the measured waveform of an HSF de-
tection module for a normal IGBT turn-ON process. The shapes
of both signals A and B is coincident with the simulation. No
high state overlap between A and B indicates that Q; is turning
ON normally. In comparison. Fig. 10(b) shows the waveforms
of the HSF. Under this condition, there is no load except for
the small stray inductance (Lsc = 0.5 uH), I+ can reach up to
720 A, and no Miller plateau exists at the IGBT gate node. The
red highlighted area of signals A and B indicates that the IGBT
suffered an HSF, which is detected within 0.6 us.

C. Fault Under Load Detection

Fig. 11 shows the waveform of FUL detection with a total
stray inductance of about Lsc = 0.5 uH. FUL occurs at ¢
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when Qs is turned ON. IGBT collector current surges rapidly to
more than 900 A and the gate voltage rises above Vygrs. FUL
is detected in 0.5 us according to the measured result.

D. IGBT Over-Load Detection

Fig. 12 shows the measured waveforms of the IGBT turn-OFF
Miller plateau recognition circuit and the Miller plateau voltage
extraction circuit. The turn-OFF plateau position is marked with
Vsw and the plateau voltage is extracted and held with Vpp. In
Fig. 13, the extracted plateau voltage Vpr is plotted against I
When I changes from 3 to 110 A, Vpp varies from 1.485 to
1.945 V. Due to the one-to-one correlation between I and Vpp,
specific reference voltages Voo, (z = 1,2, 3...) of the over-
current comparator can be acquired according to the Io—VpL
curve. The over-current detection test is implemented by com-
paring Vpp, with the reference voltage Vi, in different current
levels. When Vp is higher than V¢, , the comparator will send
an error signal back to the controller. Considering the fact that
Voc 1s acquired from the Io—Vpp curve, regression analysis is
performed on Vpp, and I in order to evaluate the accuracy of
the technique. Moreover, the detection error, which is provided
by input offset voltage Vs of the over-current comparator, is
also analyzed. When less than 1 mV, Vg contributes toa 0.12 A
detection error. Finally, the total maximum IGBT over-current
detection error is +1.2 A.

Given that the IGBT Miller plateau is affected by temperature
and device aging, more /-—Vp, curves should be obtained in fu-
ture work. Moreover, a temperature sensing system should also
be adopted, so that the field programmable gate array controller
could calibrate Vo, to make the detection more accurate.

V. CONCLUSION

In this work, a unique method is introduced to monitor the
IGBT collector over current indirectly from the gate node. The
proposed technique leverages the Miller effect to allow the IGBT
short-circuit and over-load conditions to be detected simply on
the low-voltage gate drive circuit. A gate voltage pattern ana-
lyzer is presented to detect HSF and FUL short circuit. In order
to obtain the Miller plateau voltage, which occurs during IGBT
turn-OFF, an automatic IGBT Miller plateau voltage extraction
system constructed with discrete components is designed and
tested. IGBT over load can be identified by comparing the Miller
plateau voltage to a preset threshold voltage. Measurement re-
sult shows that HSF and FUL can be detected within 0.6 and
0.5 ps, respectively. IGBT over load can be predicted within
+1.2 A maximum deviation when I ranges from 3 to 110 A.
Future work should be focused on the over-current detection at
different temperatures.
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