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Abstract—In this paper, a new low-loss turn-ON concept for the
silicon insulated-gate bipolar transistor (Si-IGBT) in combination
with silicon p-i-n diode is presented. The concept is tailored for
two-level motor converters in the 100 kW to 1 MW range un-
der the constraint that the output voltages slopes are limited in
order to protect the motor windings. Moreover, analyses of the
IGBT turn-ON and diode reverse recovery voltage slopes are pre-
sented concluding that the diode reverse recovery is the worst case.
The concept includes a low-cost measurement of the free-wheeling
diode current and temperature by the gate driver without necessity
of acquiring this information from the converter control board. By
using this concept, the output dv/dt at the diode turn-OFF can be
kept approximately constant regardless of the commutated current
and junction temperature. Hence, the switching losses could be de-
creased for the currents and temperatures where the voltage slopes
are lower when using a conventional gate driver optimized for the
worst case. Moreover, results are shown for one such power semi-
conductor, showing a total switching loss reduction of up to 28%
in comparison with a gate driver without current and temperature
measurement. Finally, this concept is particularly suitable for high
power semiconductor modules in half-bridge configuration which
are recently proposed by several suppliers.

Index Terms—AC motor drives, insulated gate bipolar transis-
tors, power semiconductor devices.

I. INTRODUCTION

CONSIDERING a two-level voltage source converters
(VSCs) for motor drives in the 100 kW to 1 MW range,

the silicon insulated-gate bipolar transistor (Si-IGBT) in com-
bination with a silicon p-i-n diode is the current state-of-the art
as power devices. In order to obtain high converter efficiency,
enabling high converter power density and low junction temper-
atures, the switching losses must be kept low by fast switching
of the IGBT, resulting in high current and voltage slopes. Re-
duced junction temperature is beneficial for converter life time
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[1]–[5], especially for applications with a varying load cycles,
e.g., wind power, electrical hybrid vehicles, and train traction
motor converters. The low switching losses can alternatively
be utilized by using a higher switching frequency, resulting in
reduction of the harmonic losses in the motor, which in turn
increases the efficiency of the motor [6].

However, fast switching also results in high output voltage
slopes (dv/dt) which potentially could result in significant volt-
age amplifications at the motor terminals as well as overvoltage
of the first coil winding turns resulting in partial discharge and
shorter life time of the motor [7]–[13].

This issue is especially pronounced in trains, where the trac-
tion converter is placed where space is available, e.g., on the
roof, while the traction motors by necessity are placed in the
bogies underneath the train. This arrangement concept could re-
sult in long feeding cables between the converter and the motor
which potentially increases problems with voltage amplification
[14], [15]. Moreover, high dv/dt is also a factor that can cause
electromagnetic interference (EMI) in the gate-driver (GD) [16]
and in the rest of the drive system [17]–[19]. The relationships
between EMI levels and switching speeds are extensively de-
scribed in [20].

One way to address the dv/dt issue is to include a filter at
the inverter output or on the motor terminals as presented in
[14] and [21]–[27]. However, these concepts require additional
high voltage components which are costly, require space, add
system losses, and are often very difficult to diagnose on-line
in case of a failure. Consequently, a solution without a filter
would be desired.

Moreover, the level of the output dv/dt is linked to commu-
tated voltage and current as well as the junction temperature of
the power device for the operating point. When using a conven-
tional GD (CGD) [28] Si-IGBTs and p-i-n diodes often exhibit
the highest dv/dt at very low current and temperature [29], [30],
while they are most often used at moderate and high tempera-
ture and varying values of the current. If the CGD is adjusted
to fulfill the required acceptable dv/dt constraint for the IGBT
turn-ON/diode turn-OFF operation point with the highest dv/dt,
i.e., at very low load current, higher currents will inevitably
exhibit lower dv/dt. As a consequence, the switching losses at
these higher currents will be unnecessarily high using the CGD
and as a result, the total dissipation in the IGBT will be higher
than necessary.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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In order to address this issue many different active gate drives
have been proposed in order to actively adjust the current and
voltage slopes of the IGBT. They can be divided into four differ-
ent groups: open-loop concepts using different gate resistors, as
proposed in [31]–[34]; gate currents, studied in [35]–[45]; gate
voltages, presented in [46] and [47]; and finally closed-loop
control principles, which are evaluated in [48]–[53].

However, the dv/dt constraints for a multiphase motor apply
to the phase to phase voltage at the motor terminals. As a conse-
quence, the terminals are exposed either to the voltage change
across the diode (dvAC/dt) or the IGBT (dvCE/dt). Assuming
that phases are commutated one at a time, there are two dif-
ferent kinds of transitions: IGBT turn-OFF, resulting in diode
turn-ON, and IGBT turn-ON, resulting in diode reverse recovery
(i.e., diode turn-OFF). For each of these kinds, the semiconduc-
tor part having the worst dv/dt will be limiting the maximum
allowable switching speed.

For IGBT turn-OFF, the major part of the voltage transient,
the rise of the collector-emitter voltage (vCE ) up to the dc-link
level, takes place before the commutation of the current to the
diode. Hence, there is no change to the dc-link current during
the voltage rise and hence no induced voltage across the dc-
link stray inductance. As a consequence, the transition rate in
absolute terms of the diode turn-ON dvAC/dt is equal to the
one of the IGBT dvCE/dt during this period. Hence, it can be
concluded that a GD designed to fulfill the dv/dt constraint
for the IGBT turn-OFF dvCE/dt is sufficient to limit the motor
terminal dv/dt also with respect to diode turn-ON.

However, for IGBT turn-ON, the diode voltage rise takes place
during the reverse recovery current which depends on the op-
erating point. As this current is changing during diode voltage
rise, a voltage drop is induced in the dc-link stray inductance.
As a result, dvAC/dt is different from dvCE/dt. Therefore, in
a motor drive converter, both dvAC/dt and dvCE/dt must be
considered when turning ON the IGBT. dvAC/dt tends to be
higher than dvCE/dt, especially at low currents [54] and low
temperatures [55]. This will be further described in Section II.
A potential simple solution to this problem would be to add
an RC-snubber across the diode in order to reduce the diode
dv/dt without significantly affecting the semiconductor device
switching losses [56]. However, significant additional losses are
introduced in the snubber. Other drawbacks arise from the in-
creased number of components in form of these resistors and
capacitors: increased parts and assembly cost, increased space
and decreased reliability.

When implementing a closed loop GD to control the diode
reverse recovery dvAC/dt the problem arises that the voltage
across the diode is not at the same potential as the GD. In
order solve this, the voltage information needs to be transferred
between the GDs in real time. To accomplish this, a not easily
realized communication link would be required, which would
add cost and complexity and needs to be avoided. An alternative
method to this demanding concept is an open loop control of the
IGBT turn-ON process adapted to the commutated current and
power switch temperature. These are quasi-constant parameters
that may be measured and transmitted to the IGBT GD with a
much lower bandwidth. One proposed way to implement this

concept is to transmit the measured phase current level from the
converter control board (CCB) to the GD and adapt the turn-ON

control accordingly [57]. This proposal requires a separate input
on the GD. For low-power low voltage VSCs with the drive units
implemented on the same printed circuit board as the CCB, this
can easily be realized by an additional short signal-path for each
GD to serve this function. However, for high power applications,
especially with high pollution degree requirements in traction
and heavy equipment, the CCB is normally not placed nearby
the GDs. As a result, this concept would require an additional
signaling link, e.g., an optical link which adds cost, complexity,
and production time.

Therefore, in this paper, a new IGBT turn-ON concept is pro-
posed for high power (�100 kW) applications with an active cur-
rent source GD with adaption to the diode freewheeling current
by using a new simple diode current measuring concept. Con-
trary to what is presented in [57], this new measurement concept
is built into the GD making it independent of current informa-
tion from the CCB. Moreover, the new concept is particularly
suitable for high-power semiconductor modules in half-bridge
configuration, such as recently proposed by several suppliers
[58]–[60]. This will be further described in Section III.

By using this concept, dv/dt for both the IGBT and the
diode are kept below the maximum allowable value for all
operating points without having unnecessarily low dv/dt and,
consequently, high switching losses for most operating points.
Moreover, this concept is tailored for a half-bridge gate drive
unit (GDU), which is beneficial for the new half-bridge housing,
and does not need any additional hardware interface to the CCB.

The relationship between the IGBT dv/dt and the diode
dv/dt is analyzed in Section II, an overview of the concept
is shown in Section III including the turn-ON execution scheme
and the proposed diode current measurement circuit. Further-
more, the measurement results are shown in Section IV. Finally,
a discussion is presented in Section V and Section VI concludes
this paper.

II. ANALYSIS OF THE RELATIONSHIP BETWEEN IGBT AND

DIODE dv/dt

This section describes the difference between dv/dt across
the IGBT during turn-on and the dv/dt across the diode during
its reverse recovery, which from experience is known to be
higher.

In Fig. 1, an example of a diode turn-OFF is shown with an
inductive load and the diode connected to the negative terminal
of the dc-link. The upper diode and the lower IGBT are omitted
as they are not influencing the turn-ON of the upper IGBT in
case that the load current is going out of the phase. Moreover,
Lσ is the dc-link stray inductance, CRES is the IGBT reverse
transfer capacitance, CGE is the IGBT gate-emitter capacitance,
iG is the gate current, vAC is the diode voltage, and vCE is the
collector–emitter voltage of the IGBT.

The dc-link voltage VDC and the load current IL are assumed
to be constant during the commutation process as the load is
highly inductive. Therefore, two conclusions can be drawn.
First, the load voltage is in this case assumed to be approxi-
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Fig. 1. Illustration of two-level phase leg with a p-i-n diode and a silicon
IGBT with dc-link stray inductance.

Fig. 2. Illustration of voltages and currents across the IGBT and the diode
during diode turn-OFF.

mately equal to diode voltage as shown in Fig. 1 as most of the
contribution to Lσ is caused by the capacitor and the busbar. As
a second conclusion, diD /dt can be concluded to be equal to
diC /dt.

Moreover, the voltages shown in Fig. 1 can be expressed as

VDC = Lσ
diD
dt

+ vCE + vAC . (1)

As a result, the voltage slopes can be expressed as

dvAC

dt
= −Lσ

d2iD
dt2

− dvCE

dt
. (2)

As seen in (2), dvAC/dt is different from dvCE/dt while
the reverse recovery process is active and the diode current
is changing. In Fig. 2 the IGBT turn-ON and diode turn-OFF

voltages and currents are illustrated for a typical IGBT and

Fig. 3. Measured IGBT turn-ON and diode turn-OFF at 10 A and 1050 V in
order to illustrate diC /dt, dvCE /dt, diD /dt, and dvAC /dt.

Fig. 4. Same measurement as Fig. 3 in order to illustrate diC /dt, dvCE /dt,
diD /dt, and dvAC /dt, but with focus on the diode reverse recovery with
marked time events from Fig. 3.

diode combination. As the voltage across the diode starts to
increase close to the peak of the reverse recovery current (t3 in
Fig. 2), the second derivate d2iD /dt2 determines dvAC/dt from
dvCE/dt according to (2). Since both d2iD /dt2 and dvCE/dt
are negative in the time interval t3 to t4, dvAC/dt must have
higher amplitude than dvCE/dt according to (2).

In Figs. 3 and 4, measured waveforms are shown for dvCE/dt
and dvAC/dt, respectively, using the same semiconductor and
GD type. As seen clearly, dvAC/dt is significantly higher, about
15 kV/μs, than dvCE/dt which is about 3 kV/μs as long as the
reverse recovery process is active. In Fig. 4, the time marks from
Fig. 2 are inserted in order to illustrate the different process steps
in time.

Thus, dvAC/dt is found to be higher than dvCE/dt during the
reverse recovery.
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Fig. 5. Diode dvAC /dt during the reverse recovery process as a function
of IL for commutating to an IGBT using a constant IG for the same dc-link
voltage, IG , and junction temperature.

However, by controlling the IGBT gate, diCE/dt and
dvCE/dt can be controlled [61]. By using a constant IG ,
dvCE/dt can be controlled independently of IL [40].

Moreover, dvAC/dt is dependent on dvCE/dt as described
(2), but also on d2iD /dt2 . The shape of iD is a result of the diode
design, diD /dt, and the magnitude of IL [62]. Therefore, even
if dvCE/dt is independent of IL , dvAC/dt during the reverse
recovery is dependent on IL . The reason is that the initially
stored charge in the diode is dependent on IL . Therefore, at
low values of IL , dvAC/dt is higher than at high values of IL

[29]. This is illustrated in Fig. 5 where dvAC/dt during the
reverse recovery is shown as a function of IL . During these
measurements, a time-constant IG with the same value is used
for all measured points. As seen, for low currents, dvAC/dt is
more than 10 kV/μs while the values for higher currents are
below 5 kV/μs, which is expected from the conclusions drawn
in [29] and [30].

Moreover, as the current output of the VSC is sinusoidal, the
GD must be adjusted to fulfill dv/dt constraint for the smallest
current, resulting in unnecessarily high losses at high currents
where dv/dt is significantly lower.

Therefore, a new concept with the iG execution scheme
adapted to IL is presented in the next section.

III. DESCRIPTION OF THE LOSS EFFECTIVE

DIODE-CURRENT-DEPENDENT IGBT TURN-ON
(LED-IT) CONCEPT

On the top of the new high-power semiconductor modules
in half-bridge configuration, between the dc and the phase con-
nections, there are dedicated spaces for mounting the GDU. As
a consequence, it is particularly attractive to design half-bridge
GDUs divided into two GDs, one for the upper IGBT position
and one for the lower.

An overview of the loss effective diode-current-dependent
IGBT turn-ON (LED-IT) concept, incorporated in such GDU,
is shown in Fig. 6. Moreover, one field programmable gate ar-
ray (FPGA) with a read-only memory serves as a controller
on each GD. The GD attached to the lower IGBT measures
the temperature using the built-in temperature sensor and both
GDs measure the diode forward voltage drop. This voltage
drop serves as a measure of IL which is more described in
Section III-B.

Fig. 6. Proposed GDU concept with a half-bridge module configuration with
a GD controlling each IGBT.

The new half-bridge module configuration makes the phys-
ical distance between GDs short. As a consequence, a short
communication link between the lower and upper position GDs
can replace a separate optical fiber link from the CCB to the
upper GD. The number of optical fibers interfacing with the
CCB could then be reduced by half. This saves manufacturing
time and component costs. In addition, as this link is available,
it can also be used for additional data. In the proposed LED-IT
concept, this is utilized for transferring the temperature and for-
ward voltage drop data between the two GDs. As a result, there
is no extra physical communication line needed for the LED-IT
concept.

When using this concept, the look-up tables for each par-
ticular application (IGBT and diode types, commutation induc-
tance, voltage, current and temperature ranges, and the allowable
dv/dt) must be established by series of measurements of dv/dt
and the sampled input diode forward voltage drop. These series
must cover all temperatures, currents, and dc-link voltage levels.
By doing so, a set of gate drive parameters can be found that
optimizes the switching losses under the dv/dt constraint. The
optimized parameters are subsequently stored in the look-up
table of the control FPGA under the sampled input parameter
values. As a result, the gate current can be adjusted so that
the required dv/dt level at the diode is not exceeded for any
commutated current.

Moreover, the IGBT turn-on scheme, using the current
sources, and the measurement circuit for vAC are explained
in Sections III-A and III-B.

A. IGBT Turn-ON Scheme for the LED-IT Concept

The proposed turn-ON scheme, as shown in Fig. 7, uses in-
tervals each with constant gate current as also proposed in
the literature [38], [45]. The levels are predefined and ad-
justed for the semiconductor type for which the concept is used
with.

During the first interval, 1, a reasonably high precharge cur-
rent is used in order to raise vGE from –15 V to approximately
0 V in order to reduce the total turn-ON delay. The level and
time duration in this interval are precalibrated with fixed values
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Fig. 7. LED-IT turn-ON scheme.

for each IGBT type. During interval 2, iG is adjusted to a lower
value until a measurable value of diC /dt is detected by sensing
voltage drop between the emitter main and kelvin terminals. The
level of iG in this interval must be high enough to avoid a long
delay, but low enough to be able to change the level quickly to
the lower value which is precalibrated for a low value of IL .
The voltage drop between the emitter main and kelvin terminals
can easily be measured by the GD as proposed in [33] and [53].
For interval 3, iG is selected from a table, stored in read-only-
memory on the GD. When selecting the value from the table, the
received forward diode voltage from the complementary switch
is used. This voltage is an estimate of IL and has been measured
by the complementary switch and transferred by the optical link,
shown in Fig. 6, prior to the turn-ON process. The table itself is
programmed into the read-only-memory. The value of iG which
is looked-up from the measured diode forward voltage has been
precalibrated to give the optimal dvAC/dt over the diode at this
IL for the worst case temperature and dc-link voltage. The du-
ration of this interval is also precalibrated long enough to last
during the iC rise and the reverse recovery for this particular
power device. In the subsequent interval 4, iG has a higher, fixed
value in order to keep the IGBT turn-ON loss low by charging
the Miller capacitance at a higher rate. During this time inter-
val, dvCE/dt is the same as dvAC/dt and there is therefore no
need to adapt iG with respect to IL any more. As the last step,
a MOSFET stage and a resistor are activated to hold the gate at
+15 V.

By using this concept, dvAC/dt can be controlled to a constant
value, independent of IL . As a result, the losses can be kept low
at high currents and dvAC/dt can be kept at acceptable levels at
low currents.

For low temperatures, which pertain to the warm-up period
of the converter, a fixed, low value of iG is used in interval 3,
adjusted to fulfill the dvAC/dt requirement for low values of
IL . This means that dvAC/dt is lower for high values of IL as
illustrated in Fig. 5. The benefit of doing so is that the p-i-n
diode voltage variations with temperature is less significant to
the concept as the measurement setup is only used for warm
temperatures. The temperature threshold can be adjusted by a
parameter in the memory.

B. Freewheeling Diode Forward Voltage Measurement on
the GD

In order to adapt iG with respect to IL during the IGBT turn-
ON, a cost-effective current measurement concept is proposed.
Before the turn-ON, during the freewheeling interval, IL causes a
forward voltage drop on the complementary diode. This voltage
drop can be measured by the GD.

The diode voltage drop during the freewheeling interval is a
result of the diode junction built-in potential of approximately
0.8 V and a resistive part of approximately 1–1.5 V, which cor-
responds mainly to the voltage drop across the drift region. The
built-in potential is dependent on temperature, but not depen-
dent on IL . As the concept is used within a limited temperature
range, the contribution of this part can be removed using a GD
temperature-dependent offset in the look-up table for the built-
in potential. On the other hand, the resistive part is current and
temperature dependent and could be utilized for current esti-
mation in this limited temperature range. Moreover, there is an
inductive part caused by the module parasitic inductance LD .
This inductive voltage contribution can be calculated as

vD,ind = LD
diL
dt

(3)

where diL/dt is the current change rate of the freewheeling
traction motor phase current. diL/dt is the highest when the full
dc-link voltage UW is applied across the machine inductance.
An example is during traction when the speed of the motor is
the highest or in braking at low speed. During those cases, the
induced voltage across the diode can be calculated using the
phase load inductance LW as

diD
dt

=
UW

LW
. (4)

Reasonable values for UW and LW are 1 kV and 1 mH,
respectively, resulting in a change rate of 1 A/μs using (4). As a
result, the maximum diode inductive voltage can be concluded
to be 5 mV using (3) if LD is 5 nH. This inductive voltage drop
can be considered to be negligible since it constitutes less than
1% of current-dependent diode forward voltage drop (1–1.5 V).
The inductive voltage drop is, therefore, omitted from this study
as it focuses on the new high power half-bridge housing with
auxiliary terminal connectors. As those connectors are used,
the stray inductance voltage drop in the bond-wires connecting
the main terminals and dies together does not contribute to
the measured voltage. For other applications, e.g., an industrial
motor drive with MOSFETs using the TO-247 package where
the sense terminals are not available, the inductive voltage drop
might be of greater significance.

An overview of the measurement circuit in the GD is shown
in Fig. 8. The diode voltage measurement circuit consists of
a current source, a resistor, and a chain of diodes in order to
measure the diode forward voltage using the auxiliary terminals.
This concept is well known to be used also for short-circuit
detection for various devices [63]. In order to avoid inductive
feedback to the gate control, the GD is connected to the collector
and emitter “sense” terminals, which have connections very
close to the semiconductor chips.
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Fig. 8. Simplified overview of GD with the proposed forward voltage drop
measurement circuit.

For analog-to-digital conversation (ADC) of the measured
forward voltage drop, a new cost-effective implementation is
proposed. This concept uses a fast comparator, a simple small
signal MOSFET, the resistors R1, R2, and the capacitor C1 to
build up a charging circuit used to convert the analog forward
voltage to a digital value as shown in Fig. 8. For each measured
sample, C1 is charged through R1. When the voltage of C1
exceeds the voltage from the diode voltage measurement circuit,
the comparator changes its output. The time duration from start
of charging C1 to the change of the comparator output is then
recorded. This time duration is used a measure of the diode
voltage drop as a digital value. The accuracy of this measurement
is approximately 2%. Before the next sample, the FET and R2
are used in order to discharge C1. The maximum ADC sampling
frequency fs can be calculated from the rise time tr of the
charging circuit and the discharge time td as

tr = 2.2 · R1 · C1, (5)

td = 2.2 · R2 · C1, (6)

Ts =
1
fs

= tr + td . (7)

The R1, R2, and C1 values proposed are 5 kΩ, 100 Ω, and
470 pF, respectively, resulting in a minimum sampling time of
5.3 μs. For Si p-i-n diodes, the conductivity modulation requires
the minimum ON-time to be at least in the order of 10 μs,
otherwise the reverse recovery is also strongly dependent on the
ON time [64]. However, by using the proposed values, at least
one sample is received for each freewheeling time period.

By using this charging circuit, the necessity of a cost-driving
analog-to-digital converter and a potentially needed signal op-
eration amplifier could be avoided. Moreover, the often used
short-circuit protection strategy by measuring the IGBT satura-
tion voltage can share the same circuitry and components. For
short-circuit detection, a single comparator port could be used
instead of the charging circuit as an input to the FPGA in or-
der to compare the measured IGBT saturation voltage with a
reference level [65].

Moreover, the diode chain voltage drop is temperature de-
pendent, a temperature difference in the diode chain of 10 K
corresponds to a measurement error of approximately 75 mV
in the p-i-n power diode voltage measurement and 100 A in the

Fig. 9. Photo of the experimental setup.

freewheeling current. Therefore, in order to avoid a significant
influence of diode chain temperature, the temperature of the
GD can be measured and used for compensation in the look-up
table. An alternative solution can be to include a compensating
similar diode chain in the reference voltage network of the vF

measurement.

IV. EXPERIMENTAL RESULTS

Two GDs were prototyped with the proposed analog-to-
digital measurement circuit, one for each IGBT in the half-
bridge phase leg. In addition, the intercommunication between
the GDs was realized by one optical link in each direction us-
ing a universal asynchronous protocol in order to transmit the
measured vAC .

The IGBT module used for the evaluation is Hitachi
MBM900FS17F [66] and is rated 900 A and 1700 V.

For all measurements, a standard double-pulse test setup was
used. The total dc-link inductance Lσ was found to be 30 nH
including the half-bridge module, as well as the holder for the
Pearson 4997 current measurement probe and the capacitors.
For the iG measurement, a Pearson 2878 was used. Moreover,
air inductors served as loads and the module baseplate were
heated by a heating element and connected to a thermocouple
for the temperature recording. Passive voltage probes with a
bandwidth of 200 MHz were used for the vCE , vAC , and vGE
measurements. In all tests, the lower position was measured. In
Fig. 9, the experimental setup is shown. In the photo, the optical
components used in order to verify the function of the com-
munication link between the upper and lower GDs are clearly
indicated with “link.”

Moreover, as concluded in the previous section, the LED-IT
concept allows dvAC/dt to be adjusted by firmware to meet the
actual requirement for a certain application. However, for these
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Fig. 10. Waveforms of the IGBT using LED-IT concept at 1050 V and 100 A
(a) and 1100 A (b) using the same time axis.

measurements, a value of 10 kV/μs was used in order to verify
the function and the performance of the concept.

Measurements with the LED-IT concept are shown in the
next section. As a reference, a control method using a fixed
iG value during interval 3 in Fig. 7 is used, hereafter called
noncompensated control.

In order to verify the LED-IT scheme, recorded waveforms
are shown for 100 A in Fig. 10(a) and 1100 A in Fig. 10(b). As
seen in the figures, iG is similar in (a) and (b) before iC starts
to rise which corresponds to intervals 1 and 2 in Fig. 7. Later
on, at 4 μs, iG is adjusted with respect to the current which
is measured and transferred from the upper GD by the optical
link. As seen in the graphs, iG is approximately 100 mA at this
point for the 100 A case (a) and approximately 1 A for the 1100
A case (b). The currents in intervals 2 and 3, see Fig. 7, are
precalibrated to be equal for the 100 A case for this particular
power device. The time duration of interval 4 is fixed to cover
the current rise and reverse recovery for all operation points
as stated in Section III. As a result, for low IL , dvCE/dt is
unnecessarily low after the reverse recovery of the diode as seen

Fig. 11. Waveforms of the p-i-n diode using the LED-IT concept at 1050 V
and 100 A (upper graph) and 1100 A (lower graph) using the same time axis.

Fig. 12. Comparison of the diode turn-OFF dvAC /dt between the LED-IT
concept and non-compensated control at 60 °C and 1050 V.

in Fig. 10. However, these extra losses due to this limitation at
low IL constitute only a fraction of the total losses when using
the converter for all currents as can be seen in Fig. 13.

Moreover, the corresponding graphs for the p-i-n diode are
shown in Fig. 11 using the same setup as in Fig. 10.

A. Comparison of dv/dt of the Noncompensated Control
and LED-IT

In Fig. 12, the worst case recorded dvAC/dt is shown as
a function of commutated current using the same setup. The
worst case was found to be at the lowest junction temperature
and highest dc-link voltage, 60 °C and 1050 V, respectively. For
higher temperatures, up to 125 °C and lower dc-link voltages,
down to 750 V, dvAC/dt was found to be slightly lower using the
same concept, settings, and component. As seen in the figure, the
highest values are occurring at low commutated current using the
noncompensated control. However, at higher currents, dvAC/dt
values are significantly lower, about 2.5 kV/ μs at 1100 A. This
leads to unnecessarily high switching losses for the IGBT at this
operating point. On the other hand, when the LED-IT concept
is used, dvAC/dt can be adjusted with respect to the current,
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Fig. 13. Comparison of the total switching loss between the LED-IT concept
and the noncompensated at 125 °C and 1050 V.

resulting in almost constant dvAC/dt and reduced switching
losses.

B. Comparison of the Switching Losses of the
Noncompensated Control and LED-IT

In this section, the switching loss performances are compared
using the LED-IT concept as well as the noncompensated con-
trol. In order to present an input for converter performance eval-
uation, the total switching losses are compared (IGBT turn-OFF,
IGBT turn-ON, and the diode reverse recovery).

The IGBT losses have been calculated using the well-known
power loss integral for the IGBT

EON ,OFF =
∫ tW

0
vCE · iC dt (8)

where tW is the entire time duration of the switching event
and vCE and iC are the measured voltage and currents with the
steady-state offsets subtracted. For the diode reverse recovery
losses, the corresponding equation is

EREC =
∫ tW

0
vAC · iD dt. (9)

For the IGBT turn-OFF loss measurement, the current source
based control was used using the same hardware as for the
IGBT turn-ON evaluation. However, the switching behavior and
the losses using this method at IGBT turn-OFF were found to be
the same as by using the CGD with the datasheet RG-value.

The total switching losses are similar for the lower current
range for the noncompensated GD and the LED-IT concept
as shown in Fig. 13. For these measurements, the losses were
recorded at a temperature of 125 °C. At this temperature, the
switching losses are higher than at 60 °C for which dvAC/dt
were recorded and presented in Fig. 12. However, the same setup
was used during both measurements.

In Table I, the resulting loss reduction using the proposed
control is presented. As seen, the benefit, in terms of switching
loss reduction, of the LED-IT concept is higher for higher cur-
rents than for lower currents. As a result, the LED-IT concept
is more beneficial when the converter is heavily loaded.

TABLE I
LOSS IMPROVEMENT OF LED-IT CONCEPT AT 1050 V FOR MAX 10 KV/μS

600 A 900 A 1200 A

Improvement of total switching loss Eo n + Eo f f + E r r 10% 19% 28%

V. DISCUSSION

In this paper, a new programmable logic-based universal GD
hardware concept for measuring the diode freewheeling cur-
rent and adapting the IGBT turn-ON for optimization of switch-
ing losses under an application imposed dv/dt constraint is
presented. For motor drive applications, e.g., railway traction,
dv/dt for the diode turn-OFF is a limiting design parameter in
order to avoid pre-aging due to partial discharge between the
windings in the motor. As the p-i-n diode dvAC/dt is lower for
higher currents, where the IGBT switching losses are the high-
est, there is a motivation to adapt the IGBT turn-ON to the actual
current such that the losses are not higher than necessary given
a certain application diode dvAC/dt requirement. By doing so,
the losses could be reduced by up to 28%. Based on the re-
sults, the LED-IT concept could lead to a junction temperature
reduction of approximately 3–5 °C when operating in a train.
Moreover, based on this temperature reduction, an estimated
improvement of 20% in power thermal load cycling life time
can be expected. For 3.3 or 6.5 kV devices, which are also often
used for traction converters, the benefit of using the proposed
concept is potentially higher as the switching losses, for these
voltage levels, constitute a greater part.

In principle, this concept could also be used for a multilevel
converter. However, the higher number of switches and, thus,
GDs per phase in those converters makes it difficult to realize
the communication between each GD connected to a diode and
all GDs for IGBTs to which the diode current may commutate.
In some multilevel converters, e.g., the neutral-point clamped
(NPC) converter, there are not even GDs associated with all
diodes and consequently no low-cost measurement of the free-
wheeling diode current. As a result this concept is less attractive
for multilevel converters.

Moreover, the LED-IT measurement circuit and the com-
mutation protocol must be fast, in the order of microseconds
as the shortest conduction time of the diode is of the order of
10 μs. This bandwidth requirement may result in increased fault-
tolerance sensitivity resulting in lost samples. In such case, a
default iG value can be used for the next commutation. As a re-
sult, this commutation exhibits a slightly higher switching loss.
However, the resulting increase of the total switching loss over
time would be negligible.

VI. CONCLUSION

In this paper, results for a low loss IGBT turn-ON concept
under motor drive dv/dt constraint based on a current source
based GDU has been presented. It consists of two intercommu-
nicating GDs, one for the upper and one for the lower IGBT.
Moreover, the p-i-n diode freewheeling current is estimated by
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measuring the ON-state voltage drop and the temperature of the
power module on the GD. By doing so, the turn-ON can be ad-
justed with respect to the current and temperature. As a result,
the phase output dv/dt can be limited at the worst points without
having unnecessarily high losses during the entire load cycle.

A detailed description was also given how the phase output
dv/dt is linked to the GD and the commutation circuit in motor-
drive application. In this description, it was found that diode-OFF

dv/dt is a more severe case regarding phase output dv/dt than
the IGBT turn-ON case. Moreover, the IGBT turn-OFF control
was found to be sufficient in order to limit also the diode turn-ON

dv/dt.
Additionally, a new cost-effective forward voltage measure-

ment circuit is proposed based on a standard short-circuit pro-
tection circuit. By using the proposed circuit, the measurement
shows that this estimation can be performed and the IGBT turn-
ON process could be adapted accordingly.

Finally, the results show that the diode dv/dt at the turn-OFF

could be adapted to the diode current by measuring it with the
GD. The resulting diode turn-OFF dv/dt is independent of the
commutated current resulting in a total switching loss reduction
up to 28% compared to a noncompensated GD configured for
the worst case diode turn-OFF dv/dt.
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