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Abstract—Conventional insulated gate bipolar transistor
(IGBT) current sensing and protection techniques usually employ
discrete sensors, such as lossy shunt resistors, and may involve
accessing the high-voltage collector load of the IGBT. This would
normally present difficulties for integration. This paper presents
an IGBT gate driver IC with a collector current sensing circuit and
an on-chip CPU for local data processing. This IC is prototyped
using a TSMC 0.18 µm 40 V BCD Gen-2 process. The collector
current sensing technique is based on the unique Miller plateau
relationship between the gate current and collector current (IC

and IG ) for a particular gate resistance (RG ). It allows a cycle-
by-cycle measurement of IC during both turn-ON and turn-OFF
transients without any extra discrete components. The tempera-
ture variation is compensated internally by the on-chip CPU using
polynomial curve fitting. This technique only monitors the low-
voltage signal at the gate terminal, without the need to handle any
high-voltage signal on the collector/load side. Measurements using
a double pulse test setup show an accuracy of ±0.5 A over the cur-
rent ranges of 1–30 A for turn-ON and 1–50 A for turn-OFF from
25 to 75 °C.

Index Terms—Insulated gate bipolar transistors (IGBTs), IGBT
current sensing, IGBT gate driver IC.

I. INTRODUCTION

INSULATED gate bipolar transistor (IGBT) is widely used in
a variety of power switching applications due to its superior

electrical characteristics and easy-to-drive feature by virtue of
its merged MOS-bipolar structure [1]. The basic IGBT power
modules usually only include multiple IGBTs and free wheel-
ing diodes (FWDs). They can be driven by external gate drivers
or controller boards [2]. In order to provide self-protection and
load monitoring capabilities to the IGBTs, the concept of in-
telligent power module (IPM) was introduced in the late 1980s
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[1], [3]. IPMs incorporate a dedicated circuit board with control
and protection functions to improve their performance and reli-
ability [4], [5]. Fig. 1 shows an off-the-shelf Fuji Electric IPM
module 7MBP200VEA060-50. The top circuit board serves
as an interface between the microcontroller and the IGBTs.
It contains the gate driving ICs and the protection circuits to
prevent undervoltage, overcurrent overtemperature, and short-
circuit fault conditions.

The design trend in modern gate drivers is to integrate
more and more sophisticated functions to protect and optimize
the operation of the power semiconductor devices. For exam-
ple, active gate driving techniques have been extensively dis-
cussed and well developed for switching behavior optimization
[6]–[19]. These include dead time control, turn-ON and turn-OFF

RG selection, closed-loop di/dt, and dv/dt control for optimiz-
ing the tradeoff between switching loss and electro-magnetic
interference (EMI). In order to achieve higher functionality
and flexibility for a wide variety of applications, programmable
digital circuits are incorporated into the gate driver circuits to
achieve adaptive switching control [7], [9], [12], [15], [17]–[19].
As illustrated in Fig. 2, these types of programmable gate driver
ICs usually rely on an external microcontroller to provide dig-
ital controls, such as configuration bits setting and gating the
pulsewidth modulation (PWM) signal. Normally only simple
logic circuits are being integrated and often external discrete
complex programmable logic devices (CPLDs) are needed for
a more complex logical function [17].

Other than the adaptive switching control, which has only
been partially integrated into the gate driver IC, other functions
in the gate driver board, such as the regulation and protection
control, are still implemented using external circuits [20], [21].
As depicted in Fig. 2, the diagnostic circuits on the driver board
could process the feedback signals from sensors on the power
switches and the load, and further trigger the local protection and
regulation circuits directly. In some designs, the sensor outputs
are fed back to a microcontroller directly through the analog to
digital converters (ADCs). The microcontroller can then trigger
the protection circuits or dynamically adjust the driving control
to realize local regulation [19], [22].

In this paper, a novel fully-integrated smart gate driver is
proposed. The functional block diagram is depicted in Fig. 3.
Compared to conventional programmable gate driver ICs, this
smart gate driver does not require an external microcontroller.
The on-chip CPU could provide all the digital configuration
and digital signal processing capabilities. In addition, sensors
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Fig. 1. Fuji Electric 7MBP200VEA060-50 IPM module. (a) Driver and control circuit board. (b) IGBTs and FWDs on the bottom.

Fig. 2. Functional block diagram of a conventional programmable gate
driver IC.

Fig. 3. Functional block diagram of the proposed smart gate driver IC with
integrated CPU, programmable gate driver, and sensor circuits.

that rely on the monitoring of only the gate characteristics are
also fully integrated. There is no need for any extra discrete
components, nor to access signals on the high-voltage side of
the power switch and the load.

The smart gate driver IC, presented in this paper, includes a
programmable gate driver, an on-chip CPU and an integrated
current sensor. The programmable gate driver is highly con-
figurable with the on-chip CPU control. The CPU is a simple
stack-based microcontroller named Stack PRocessor Unit for
Controlling Energy (SPRUCE), which was proposed in [23].
This embedded processor in the gate driver IC can provide re-
configurable control algorithm for many types of closed-loop
control functions for the IPMs. The integrated sensor in this
design is also temperature compensated, and it only monitors

the gate current during the Miller plateau region to predict the
collector current of the IGBTs.

This paper focuses on the discussion of the proposed current
sensing technique and its incorporation into a smart gate driver
IC. The paper is organized as follows. The conventional cur-
rent sensing methods are reviewed in Section II. The proposed
collector current sensing method using gate current is presented
in Section III. Section IV provides the details of the driver IC
design. Section V discusses the experimental setup and the mea-
surement results. This is followed by a discussion on the thermal
behavior and the mathematical curve fitting for the temperature
compensation. Section VI concludes the paper.

II. CONVENTIONAL CURRENT SENSING METHODS

Current sensing has always been critical for protection and
regulation in modern high-voltage and high-current power
systems. Different current sensing techniques have been re-
viewed in [24]–[26]. There are resistive current sensors, such as
series/shunt resistors, or magnetic/inductive sensors, such as
Rogowski coils, current transformers, and Hall effect sensor.
Efforts have been made to integrate the above-mentioned sen-
sors to various industrial power systems to monitor the output
currents [27]–[30]. However, all of these sensors introduce extra
discrete components and may increase the volume, the complex-
ity, and the cost of the power system significantly.

For current sensing in IGBT modules, the shunt resistor sen-
sors remain the most popular due to their low cost and small
size. As shown in Fig. 4(a), a low-value ohmic shunt resistor
is inserted between the emitter of the IGBT and ground. The
voltage drop across the resistor can be used for monitoring and
protection [26], [27], [31]. The power losses across this resistor
can be high and the system cost and size can increase drasti-
cally, especially if very high currents are being switched and
heat-sinking is required.

A more popular way to sense IGBT current is to embed a
sensing device in the IGBT, similar to the sense field effect
transistor (FET) used for power MOSFET [32], [33]. The small
sense current IS is directly proportional to the main collector
current IC and can be measured though a sense resistor, as
shown in Fig. 4(b). The current sensing ratio is dependent on
the area ratio of the emitters, IGBT junction temperature, sense
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Fig. 4. Traditional IGBT collector current sensing methods using (a) an
external resistor or (b) an embedded sense transistor.

resistor resistance, collector current IC , and also VCE [32], [34]–
[36]. Therefore, this current sensing method is widely adopted
in IPMs for short-circuit protection only. However, it lacks the
accuracy required for current regulation. A low sense resistor
value would lead to a weak signal in a potential noisy envi-
ronment, substantially reducing the measurement accuracy. A
high sense resistor value may cause VS1 and VS2 (in Fig. 4) to
exceed the maximum supply voltage of the low-voltage control
and protection circuit, and possibly destroying the IC.

III. PROPOSED CURRENT SENSING TECHNIQUE

Recently, various innovative ideas of using the IGBT gate
current, gate voltage, or gate charge to predict or monitor the
IGBT condition or behavior have been proposed and verified.
This trend is driven by the need to fully integrate the sensors
and protection circuits into the gate driver IC, as illustrated in
Fig. 3. At the same time, the handling of low-voltage gate signals
only ensures the feasibility for full integration. The techniques
for short-circuit detection by analyzing the gate voltage pattern
or gate charge characteristics were presented in [37]–[39]. A
novel way to measure the imbalance of the currents in paralleled
IGBTs using gate charge was proposed in [40]. The gate signals
could also be analyzed for IGBT health monitoring [41], [42]
and even junction temperature extraction [43]–[45].

The idea of using the IGBT gate current to predict the collector
current was initially proposed and demonstrated experimentally
by the author Chen et al. [46]. A discrete version of the automatic
collector current sensing using gate current was presented in
[47]. This paper is an extension of previous work with full
integration of all the current sensing circuitry into one gate
drive IC [48].

A. Physical Background of the Proposed Technique

The proposed collector current sensing method utilizes the
Miller effect in the IGBT (also in power MOSFETs), as shown
in the typical switching waveforms in Fig. 5. Both the gate-
emitter voltage (VGE) and gate current (IG ) exhibit a Miller
plateau during turn-ON and turn-OFF, due to the charging and
discharging of the gate collector capacitor (CGC). The voltage
at the VGE plateau is largely dependent on the value of IC [49].
Therefore, IC can be obtained by measuring the plateau value of

Fig. 5. Typical IGBT switching waveforms.

Fig. 6. (a) Cross section of a typical trench gate field-stop IGBT. (b) Simplified
IGBT model.

VGE or by measuring IG . In practice, it is not convenient to mea-
sure VGE directly as the emitter of the IGBT may be connected
to the ground via substantial amount of parasitic inductance
from the circuit wiring. Therefore, the proposed measurement
technique is to measure IG to indirectly deduce IC .

To understand the physical relationship between IG and IC ,
the following analysis is carried out using a simple IGBT model.
Fig. 6(a) shows the cross section of a typical trench gate field-
stop IGBT, which is the most popular IGBT structure with short
turn-OFF time and low on-state voltage drop [50]. Fig. 6(b)
shows the simplified model for the IGBT, which is a MOSFET

driving a wide–based p-n-p transistor. The physical locations of
the MOSFET and the p-n-p transistor in the trench gate field-stop
IGBT is shown in Fig. 6(a). In this IGBT, the electron current
(In ) flowing through the MOSFET serves as the base drive current
for the p-n-p transistor; therefore, the hole current (Ip) flowing
through the p-n-p transistor is [51]

Ip = βPNPIn =
(

αPNP

1 − αPNP

)
In (1)

where βPNP denotes the common emitter current gain of the p-
n-p transistor and αPNP is the common base current gain. The
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emitter current of the IGBT IE can be obtained by adding the
electron and hole currents as

IE = In + Ip =
In

1 − αPNP
. (2)

Due to the high input impedance of the MOS gate structure,
the gate current IG is zero in the steady state. Even during
switching, the charging and discharging gate currents are much
smaller than the emitter current. Therefore, IE is approximately
equal to the collector current IC . The electron current In is in
fact the drain current of the MOSFET. Therefore, IC and ID can
be related as shown below

IC =
ID

1 − αPNP
. (3)

Suppose a voltage source switching between VDRIVE and
ground is applied to the IGBT. During the turn-ON process,
the gate current IG of the IGBT (also the MOSFET) can be
expressed as

IG =
VDRIVE − VGE

RG(ON)
(4)

and drain current of the MOSFET (ID ) can be expressed as

ID =
1
2
μnCox

W

L
(VGE − VTH)2 (5)

considering that

gm = μnCox
W

L
(VGE − VTH) . (6)

Thus, ID can be simplified as

ID =
gm (VGE − VTH)

2
. (7)

Combining (4) and (7), we get

IG =
VDRIVE − VTH − 2ID

gm

RG(ON)
. (8)

Substituting (3) into (8), the relationship between IC and IG

can be expressed as

IC = − RG(ON)gm

2 (1 − αPNP)
IG +

gm (VDRIVE − VTH)
2 (1 − αPNP)

(9)

where gm is the transconductance of the MOSFET. It is related to
the transconductance of the IGBT Gm by [52]

Gm =
gm

1 − αPNP
. (10)

During the turn-ON transient IC can be determined by

IC = −RG(ON)Gm

2
IG +

Gm (VDRIVE − VTH)
2

. (11)

A similar derivation for IC can also be applied to the turn-OFF

process

IC = −RG(OFF)Gm

2
IG +

Gm VTH

2
(12)

where RG (ON) and RG (OFF) are the turn-ON and turn-OFF gate
resistance. VTH is the threshold voltage of the IGBT. RG , VDRIVE,
and VTH are usually constants. Gm of the IGBT can be found

from the IC versus VGE transfer curves in the device data sheet.
Therefore, there is indeed a relationship between the gate current
IG and collector current IC . This is a unique relationship for a
particular IGBT structure and is only affected by temperature
and process variations. The temperature compensation method
will be introduced in Section V. However, this relationship is
only valid in the Miller plateau region, where the device is
in a saturation mode. In practical applications, where on-the-
fly computing should be minimized, it is easy to model this
relationship by a simple lookup table or curve fitting.

B. Experimental Verification of the Proposed Technique

Simple experiments have been carried out to demonstrate the
relationship between IG and IC . Fig. 7 shows the measured
IG waveforms for different IC conditions during turn-ON and
turn-OFF at VDD = 250 V (VDD is the load side supply voltage)
when a discrete IGBT (Infineon IGBT Model IGB30N60H3) is
switched. It is clear that the IG plateau region changes with the
IC with a reasonable sensitivity.

The Miller plateau values for IG during turn-ON and turn-OFF

are extracted and plotted against IC for difference VDD from 25
to 250 V, as shown in Fig. 8. The measurement results remain
consistent regardless of VDD levels for both turn-ON and turn-
OFF transients. The reason behind this is well explained in [53].
Increasing VDD (or VCE of the IGBT) will only increase the
VGE or IG plateau length without changing the plateau level.
Therefore, the proposed technique is quite robust considering
the possible fluctuations of VDD or VCE in real applications.

IV. CIRCUIT DESIGN AND IMPLEMENTATION

A. Design Overview

The block diagram of the proposed gate driver chip is shown
in Fig. 9. It includes a segmented IGBT gate driver, a SPRUCE
unit, and the proposed collector current sensing circuit. There
are three voltage domains in the gate driver IC: 1.8 V for the
CPU core and gate driver logic control; 3.3 V for the CPU I/O
and the current sensing circuit block; and up to 20 V for the
gate driver output stage. All the current sensing function could
be realized within the low-voltage gate driver chip block. No
sensing circuit needs to access the IGBT’s high-voltage load
side which could easily be a few hundreds of volts.

The gate driver uses a voltage driven topology, containing a
chain of inverters with selectable output driver segments [54].
There are eight output segments for pull up and pull down
strength variation, which ranges from 0.35 to 41.9 Ω. This out-
put stage has been implemented and characterized previously
[55]. The designed gate resistance value and the actual measured
values are listed in Table I. In this case, no external discrete gate
resistance is needed for the IGBT. The driver is highly config-
urable using the intelligent SPRUCE control, which includes
output segments selection, PWM control, and dynamic switch-
ing. The gate driver’s performance can be easily optimized.

The block level diagram for the SPRUCE unit and its pe-
ripheral digital modules are illustrated in Fig. 10. Included in
this module are a SPRUCE core, a serial peripheral interface
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Fig. 7. Measured IG waveforms for different IC with VDD = 250 V during (a) turn-ON and (b) turn-OFF for an Infineon IGB30N60H3 IGBT.

Fig. 8. (a) Measured IC versus IG (turn-ON plateau values). (b) Measured IC versus IG (turn-OFF plateau values) [47].

Fig. 9. Block diagram of the proposed gate driver IC with current sensing.

TABLE I
GATE DRIVER OUTPUT RESISTANCE

Fig. 10. Block level diagram for the SPRUCE unit and its peripheral digital
modules on the gate driver IC.

(SPI) controller, and a main memory composed of 1024 × 20 b
of memory. Several memory mapped modules are controlled
by the SPRUCE unit. They are the digital pulsewidth modula-
tor, the gate driver and current sensing circuitry configuration
bits, 20 general purpose input) registers and 20 general purpose
output registers for I/O interfaces, and a 100 b shift register to
temporarily store the DSM outputs for digital processing. All
these modules are premapped into dedicated memory locations
and can be easily configured and accessed by the CPU.
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Fig. 11. Block diagram of the IC sensing circuit.

The SPRUCE unit is a simple stack machine with minimum
instruction set and registers [23]. The memory Multiplexer
(MUX) in Fig. 10 shows how the SPI controller can provide
external access to the memory space. Also, the behavior of
SPRUCE can be monitored for testing purposes.

The block diagram of the IC sensing circuit is shown in
Fig. 11. First, a high-voltage resistor divider network scales the
VGE to below 3.3 V in order to be compatible with the signal
processing circuit. A plateau sensing circuit block is then used
to produce timing pulses that indicate the turn-ON and turn-
OFF of the plateau. These pulses serve as the triggering signals
for the switched capacitor (SC) integrator, which accumulates
the voltage difference across RG (represented by the voltage
across the input and output of the gate driver with selectable
output segments) inside the plateau. The sample and hold (S/H)
circuit maintains the integrator output until the next cycle. This
provides enough time for the delta sigma modulator (DSM) to
perform 100× oversampling. The output from the 1-b DSM
is fed back to the on-chip SPRUCE unit. It performs digital
filtering before producing the actual ADC output.

B. Circuit Implementation

1) Plateau Sensing: The plateau sensing circuit consists of
a SC filter, a comparator, and a logic block. The SC filter im-
plements a typical first-order high-pass filter with the loading
capacitor CP made relatively large and the sampling switch
made relatively small. This forms a bandpass filter with fre-
quency response peaks around 3 MHz (switching frequency is
15 MHz), as shown in Fig. 12. When the scaled IGBT gate sig-
nal is applied to the filter at Kvin p while Kvin n is grounded, the
output waveform will be series of weak analog double pulses
where the time in between correspond to the Miller plateau re-
gion during turn-ON and turn-OFF, as illustrated in Fig. 13. The
filter output is fully differential with common mode voltage of
1.6 V, where the positive output (VSC F (turn on)) is for turn-ON

plateau sensing and negative output (VSC F (turn off)) is used for
turn-OFF plateau sensing.

After the SC filter stage, a comparator with a reference voltage
set at 1.8 V is used to reshape the SC filter output. The resultant
waveform VCMP(turn on) is a single pulse while VCMP(turn off) is a
double pulse, as illustrated in Fig. 14. This is due to the fact that
the charging process after the turn-ON plateau is slow, causing

the second analog pulse of the filter output having small am-
plitude. The reference voltage for the comparator is purposely
set a bit higher (1.8 V compared to the common mode voltage
of 1.6 V); this is to make the comparator immune to the po-
tential ringing noise from EMI during the turn-ON plateau. The
comparator output only gives the starting range for the plateau
sensing. The exact integration time for both turn-ON and turn-
OFF transients is determined from experimental data and realized
using the fixed PWM block.

Therefore, it should be noted that only the first pulse for
the comparator output is important, as shown in Fig. 14. The
subsequent logic circuit will generate a pulse with its rising
edge corresponding to the falling edge of the first pulse, which
is roughly the desired starting point of the Miller plateau.

The exact start and end point of the plateau sensing output
is then determined by the fixed PWM block. The circuit imple-
mentation and sample waveforms are illustrated in Fig. 15. This
block is composed of a chain of D flip-flops and two MUXs
for the selection of the exact rising and falling time. The MUX
is implemented to provide programmability for different IGBT
modules and can be configured by the SPRUCE unit. This block
makes sure that the output is always an integer multiple of the
master clock and the obtained pulse is always well within the
Miller plateau region. In this case, five clock cycles are se-
lected for both turn-ON and turn-OFF with the clock frequency
of 3.75 MHz. The fixed time integration method could greatly
improve the accuracy of this technique. Since the integration
time is now immune to any EMI noise that would potentially
impact the comparator output and cause the integration time to
vary. The exact integration time could be chosen to be as long
as possible but shorter than the minimum Miller plateau length,
which can be determined at a lower VCE value as explained at
the end of Section III.

2) Plateau Value Integration and Digitization: The SC filter
employs a parasitic-insensitive and delayed topology, as shown
in Fig. 16(a). Capacitance of C2 is six times larger than C1 ,
which means that the output decreases by six times for each
cycle. The same switching frequency of 15 MHz is used with the
fixed integration time of 1.33 μs, which translates to 20 cycles.
Therefore, the transfer function of the integrator for one cycle
can be expressed as

Vout diff = (Vin diff − Vref diff ) × 20/6. (13)
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Fig. 12. SC filter schematic (left) and its frequency response using Spectre PSS analysis (right).

Fig. 13. Simulation results showing the turn-ON and turn-OFF plateau sensing signals. (The variables listed in these waveforms are mapped to the same variables
labeled in Fig. 11.)

Fig. 14. Simple logic circuit for turn-ON and turn-OFF plateau start detection.

Fig. 15. Circuit implementation for the fixed PWM.
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Fig. 16. SC integrator schematic (left) and the simulated FFT result for worst case SNDR condition at turn-ON (right).

This subtraction and amplify stage could increase the sensi-
tivity of the gate current to the collector current relationship,
and reduce the accuracy requirement for the ADC. At the same
time, the output of the integrator is carefully controlled to be
within the desired input range for the ADC.

During the turn-ON Miller plateau, the integrator accumulates
the voltage difference between 3.3 V and the scaled gate voltage
(common mode voltage is around 2 V). During the turn-OFF

Miller plateau, it accumulates the voltage difference between
the scaled gate voltage and ground (common mode voltage is
around 1 V). Given the input signal around 1 MHz with 2 V
peak-to-peak for the FFT simulation, the worst case signal–
to-noise plus distortion ratio (SNDR) happens during turn-ON,
which has an SNDR of 64.3 dB.

After the integrator stage, there is an S/H block with a clock-
feedthrough cancelation topology. The sampling switch is trig-
gered shortly after the VSW signal (the integrator triggering sig-
nal) to ensure that the correct integrated output is sampled and
held till the next cycle. The output then serves as the input to
the subsequent DSM stage.

The reason for choosing a delta sigma ADC to digitize the
output is that the input signal is relatively slow (20 kHz for
a typical IGBT module), allowing a high over sampling ratio
(OSR). In addition, the DSM has simple architectures and good
tolerance to analog component inaccuracy but requires addi-
tional digital processing, which could be handled by the on-chip
SPRUCE unit.

In our previous discrete implementation [47], the testing re-
sult is only up to 30 A. For the integrated design, in order to
ensure an accuracy of ±1 A over a current range of 50 A, the es-
timated resolution requirement of the ADC is around 10–20 mV.
With a supply voltage of VDD = 3.3 V, this translates to an ef-
fective number of bits (ENOB) for the ADC to be between 8 b
(3.3/256 ≈ 12.89 mV) and 9 b (3.3/256 ≈ 6.45 mV). In order
to leave some margin for the design and make the gate drive IC
more adaptive for other IGBT devices, the target ENOB for the
ADC is 10 b (3.3/1024 ≈ 3.22 mV).

For design simplicity, linearity, and easier interfacing with
the CPU, a 1-b quantization implemented with one compara-
tor is chosen. In order to obtain a 10-b ENOB (SNR = 6.02
ENOB+1.76, equivalent to 62 dB) with a 1-b quantizer, a MOD
2 topology and an OSR of 100 are chosen for a theoretical 86 dB

Fig. 17. Designed MOD2 ΔΣ ADC modulator.

TABLE II
SPECIFICATION FOR THE ADC

peak SQNR [56], taking into account of thermal noise, layout
mismatch, and process variations. The Delta Sigma Tool box by
Schreier and Temes is used to synthesize, simulate, and construct
the topology of the DSM [57]. Fig. 17 shows the second-order
modulator structure with the coefficients after dynamic scaling.
The circuit is implemented using a two-stage SC integrator with
the capacitors sized according to the coefficients.

The specifications for the ADC are listed in Table II. Con-
sidering an input frequency of fB = 20 kHz, the minimum
sampling frequency is 2 × OSR × fB = 4 MHz. Therefore, a
10-MHz clock is chosen to allow margins for digital process-
ing. The full input range is ±1.2 V. The simulated SNDR for
the DSM is 77.9 dB with −2.5 dBFS and 12.5 kHz input.
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Fig. 18. Interface between the ADC and SPRUCE (upper) third-order CIC
decimation filter architecture (lower).

Fig. 19. Simulated static linearity of the DSM ADC.

The 1-b output of the DSM block is clocked into a
100-b shift register, as illustrated in Fig. 18. The shift regis-
ter is memory mapped to 5 words (length is 20 each) in the
main memory. The DSM could be started and stopped via the
GPO controlled oscillator. It is triggered after the plateau region
when the integrator finishes integrating and the sample hold
block settles. The DSM is allowed to run free for a short time
to allow initial settling with the last 100 b of data stored in the
shift registers. These 100 b of data will go through a SPRUCE
implemented third-order cascaded integrator-comb (CIC) filter
and an FIR filter for noise suppression.

The final FFT plot for the ADC after the decimation filter
is illustrated in Fig. 19. The sampling data are divided into
100 points per group and fed into the designed decimation filter.
With 4096 ADC output codes, the obtained SNDR is 61.3 dB.
This translates to an ENOB of 9.9 b. This is slightly below the
design target (10 b) but the resolution is more than enough for
this application.

The SPRUCE unit in this application provides intelligent on-
chip digital processing. However, it was not a good idea to
implement the digital filtering using the SPRUCE unit. This is
because only one stack is available for all the basic operations.
Meanwhile a large amount of arithmetic operations are needed

Fig. 20. Micrograph of the gate driver IC, fabricated using TSMC’s 0.18 μm
BCD Gen-2 process (chip area 5 mm × 5 mm).

for the digital filter. Therefore, the implemented digital filter is
extremely slow. The measured processing time for the digital
filter is around 2 ms, this means that the current readout cannot
be obtained within one switching cycle. A simple solution is
to synthesize a stand-alone digital filter block using Verilog.
ModelSim simulations have been carried out for the same filter,
as shown in Fig. 18. With a clock frequency of 100 MHz, the
digital processing time is well within 5 μs. Considering the
switching frequency of the IGBT is 20 kHz, the current reading
could certainly be achieved within one cycle.

V. EXPERIMENTAL VERIFICATION

A. Experimental Setup

The proposed smart gate driver IC is fabricated using the
TSMC’s 0.18 μm 40 V BCD Gen-2 process. The chip is fitted
into a 5 mm × 5 mm pad frame, which is common in multipro-
ject wafer implementation. Based on the bond wire connection
plan, the top level circuit block placement is as shown in the
micrograph of the chip in Fig. 20. The SPRUCE unit is placed in
the center of the chip to facilitate easy control access to the upper
gate drivers (with selectable segmented output stage and PWM
control) and the lower IC sensing circuit (with configurations,
ADC, and decimation filter, etc.). The output buffers (including
digital output buffers and analog output buffers) surrounded the
IC sensing circuit are connected to the output pins for an output
probing purpose.

The fabricated gate driver IC is packaged and mounted on a
custom printed circuit board plugged directly on top of a modi-
fied Fuji Electric 7MBP200VEA060-50 IGBT module, with the
original driver board removed [as shown in Fig. 1(b)]. A double
pulse test was carried out to test the current sensing function.
The measurements are performed at the rising and falling edges
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Fig. 21. Experimental setup for the gate driver IC with real time IC display (top). The double pulse test bench schematic (lower left) experimental test setup for
the gate driver IC (lower right).

of the second gate pulse. The test bench schematic and hard-
ware setup are shown in Fig. 21. The IGBT module and driver
board are put in a climate chamber for the temperature sensi-
tivity test. The Raspberry Pi is used to do initial programming
of the SPRUCE unit. During the testing, the load side voltage
is increased step by step in order to increase the load current.
The resulting load current IC and corresponding ADC readouts
were recorded.

The basic timing diagram of the testing procedure at IGBT
turning ON is illustrated in Fig. 22. First, the SPRUCE unit sets
all the configuration bits for the IC sensing circuitry. This is
followed by the double pulse test. The turn-ON Miller plateau
sensing circuit generates a pulse that is inside the Miller plateau
region and with a fixed pulsewidth of 1.33 μs. After the plateau
sensing, the integrator integrates the voltage difference between
VDD and VGE during VSW. After the second pulse, the SPRUCE
unit takes the DSM output and performs digital filtering, and
puts the output results to the LED display.

B. Measurement Results and Discussion

The basic functionality results for this IC are shown from
Fig. 23 to Fig. 25. These measurement results were briefly re-
ported in [48]. Fig. 23 shows the outputs of the HV resistive
divider and the SC filter. Fig. 24 shows the outputs waveforms
for the Miller plateau sensing at turn-ON and turn-OFF tran-
sients. Fig. 25 shows the SC integrator outputs at turn-ON and
turn-OFF.

Fig. 26 shows the ADC output codes as a function of IC

for turn-ON and turn-OFF transients at different ambient tem-
peratures from 25 to 75 °C. The slow repetition rate is used
in these double pulse tests to avoid self-heating of the IGBTs.
The experiments are carried out using three different IGBTs at
different ambient temperatures (at 35, 55, and 75 °C), as shown
in Fig. 27. The results exhibit a small device to device varia-
tion. However, it clearly shows that the proposed technique is
sensitive to temperature variations.

Referring to (11) and (12), both Gm and Vth are thermal
sensitive parameters [58]. Therefore, the Miller plateau voltage
value, which corresponds to certain IC , would change with
the temperature. Furthermore, RG , which was realized using
power MOSFETs, segments are also subjected to the temperature
change, this may also impact the driving strength of the IGBT
and hence the Miller plateau voltage to a certain extent.

Fig. 28 depicts the extracted gate voltage in the Miller plateau
versus IC for turn-ON and turn-OFF transients at different am-
bient temperatures. It demonstrates that the gate Miller plateau
voltage changes with the temperature for a given IC value. This
is the main reason for the variations of the ADC readouts versus
IC with the temperature. It is also verified that the relationship
of the integrator outputs (Interpreted from the ADC readouts)
and the Miller plateau voltages match (13) quite well for both
turn-ON and turn-OFF transients.

For the IC sensing circuitry, the main circuit blocks are mostly
SC circuits (filter, integrator, and also DSM ADC) that are
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Fig. 22. Timing diagram for the sensing of IC during turn-ON.

Fig. 23. Measured waveforms for VGE and the HV resistive divider output VGE DIV (left) and measured waveforms for VGE and the SC filter output VSC F (right)
[VGE : 2.5 V/div, VGE DIV : 2.5 V/div, VSC F : 0.25 V/div].

Fig. 24. Measured waveforms for VGE, the comparator output VCMP, and the logic output VSW for turn-ON transient (left) and turn-OFF transient (right)
[VGE : 5 V/div, VCMP : 5 V/div, VSW : 5 V/div].

insensitive to the temperature change. Simulation results show
that for a given Miller plateau voltage, the ADC outputs would
change by less than 2% when the temperature changes from 25
to 75 °C.

Considering the fact that the IGBT is usually operating un-
der high temperature conditions, temperature compensation is

necessary for the proposed current measurement technique.
A third-order polynomial curve fitting is carried out using
MATLAB for IC versus ADC output codes and the ambient
temperature, as depicted in Figs. 29 and 30. The polynomial
fit residues (the difference between the actual IC value and the
predicted IC value based on the ADC codes and temperature
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Fig. 25. Waveforms for VGE, VSW, and SC integrator outputs, VOUT+ and VOUT− for turn-ON transient (left) and turn-OFF transient (right) [VGE : 5 V/div,
VSW : 5 V/div, VOUT+ , and VOUT− : 2 V/div].

Fig. 26. Measured ADC output codes versus IC at different ambient temperatures during turn-ON (left) and turn-OFF (right).

Fig. 27. Measured ADC output codes versus IC at different ambient temperatures during turn-ON (left) and turn-OFF (right) for three different IGBTs.

Fig. 28. Extracted gate plateau voltage versus IC at different ambient temperatures during turn-ON (left) and turn-OFF (right).
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Fig. 29. Plot of Ic versus ADC output codes and temperature, and the third-
order polynomial fit (top) for turn-ON transients. The polynomial fit residues
plot (bottom).

Fig. 30. Plot of Ic versus ADC output codes and temperature, and the third-
order polynomial fit (top) for turn-OFF transients. The polynomial fit residues
plot (bottom).

using the polynomial equations) across the full testing range are
within ±0.5 A.

Furthermore, the on-chip SPRUCE unit can implement the
third-order curve fitting based on the digitized readouts from
any temperature sensor. Therefore, the temperature effect can
be compensated internally.

TABLE III
SMART GATE DRIVE IC PERFORMANCE SUMMARY

VI. CONCLUSION

This paper presents a smart IGBT gate driver IC with in-
tegrated collector current sensor and on-chip CPU for digital
processing. The proposed current sensing method utilizes the
low-voltage gate signal to indirectly predict the collector cur-
rent. Table III summarizes the measured performance of the
proposed smart gate driver IC for IGBTs. With the on-chip
temperature compensation, an accuracy of ±0.5 A is achieved
within the current range of 1–30 A for turn-ON and 1–50 A for
turn-OFF from 25 to 75 °C.

The current measurement technique is applicable across dif-
ferent types of IGBTs and even power MOSFETs as long as there
are the presence of Miller plateaus during turn-ON and turn-
OFF transients. However, different devices may have different
relationships between the Miller plateau voltages and the load
currents, and also different thermal sensitivity. Curve fitting
needs to be customized for each type of devices. In addition,
certain devices bearing bad chip to chip variations may degrade
the accuracy of the measurement.

Future work could focus on how to further improve the accu-
racy of the proposed current sensing method, such as employing
a more accurate ADC, and getting the real junction temperature
of the IGBT to refine the thermal modeling. The current testing
range could also be extended and the effect of EMI exerting on
the measurement results when the current level becomes exceed-
ingly high could be examined. Other areas for the future work
could be the applications for the proposed current sensing meth-
ods, such as the closed-loop current regulation and zero current
crossing detection. In order to achieve these functions, the digital
filter should be redesigned, and it should be ensured that the cur-
rent readout can be obtained within each IGBT switching cycle.
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