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Optimizing the Internal
Structure and Control of
Power Semiconductor Modules
The use of the semiconductor material silicon carbide in power semiconductors
for traction inverters demands optimal control by novel gate units and as well electro
magnetic design. Furthermore, the efficiency gains offered by very low-loss SiC semi
conductors can only be achieved with good thermal design that allows an ideal current
distribution within the modules, as Hitachi ABB Power Grids und NXP show.
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The current distribution between
individual modules is determined by
the external control, the so-called gate
unit. Frequently, gate units coupled to one
another are used, both with three independent modules in a typical three-phase
converter and when several modules are
connected in parallel. Their operation
must be aligned, which is often achieved
by self-calibration where the operation
of connected gate units is controlled automatically via the switching behavior of
the individually connected power semiconductors. This enables synchronous
current transfer with modules connected
in parallel or an optimized commutation
phase with three-phase inverters.
Silicon Carbide (SiC), with its fast
switching frequencies and high dI/dt
and dU/dt, requires a fast response on
the control side. Short circuit detection
or conscious short circuit (active short
circuit) must take place within a few
microseconds. This is only possible with
intelligent gate units that can perform
certain tasks autonomously, and therefore quickly, using programmed logic.
g

FAST SWITCHING IS KEY

In this regard, NXP with its GD31xx
family offers optimized SiC gate units,
whose gate drivers can drive currents up
to 15 A and support dU/dt of >25 V/ns.
Furthermore, these drivers are characterized by robust electrical isolation
with a common-mode transient interference immunity of greater than 130 V/ns
between the low-voltage and the highvoltage path. The integrated intelligence
recognizes and reacts to short circuits
within less than 1.5 µs, protecting the
SiC Mosfets even if they have a much
lower short-circuit strength (approximately 3 µs) than comparable Silicium
(Si) IGBTs (approximately 10 µs). At the
same time, overvoltage is limited to less
than 10 % by the programmable soft
shutdown current, allowing a smooth
turn off of the gate. These gate drivers are
compliant with the ISO 26262 “Road Vehicles – Functional Safety” standard and
support required safety functions such
as Built-in Self-test (BIST), System Performance Index (SPI), gate-emitter voltage

Dr. Daniel Schneider
is Senior Principal Engineer
BiMOS at Hitachi ABB Power Grids
in Lenzburg (Switzerland).

ATZ electronics worldwide

04|2021   

9

C OVER STORY

P ower El ectronics

FIGURE 1 Evaluation board with gate unit mounted on the RoadPak (© NXP)

(VGE) monitoring, making it easier to
integrate them into ASIL C/D systems.
The BIST monitors all analog and digital
circuits on the gate unit and detects any
errors, and status can be read out via an
SPI interface secured with Cyclic Redundancy Check (CRC). An evaluation kit
that allows simple configuration of the
gate units at the desk is also available,
enabling demonstrators and simple
structures to be implemented quickly
and easily, FIGURE 1.
Experience from testing and custo
mer applications shows that unintended
behavior or errors can often be traced
back to problems in the design of the
gate units. Si gate units that have been
adapted for use in SiC are a frequent
cause of problems due to the completely
different control and the much higher
dI/dt and dU/dt that can occur with
SiC. Using an optimized driver enables
trouble-free operation of the SiC power
semiconductors and allows them to
deliver the maximum performance.
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ELECTROMAGNETIC DESIGN

In addition to the optimal design of the
gate unit, it is also imperative that the

control signals are distributed correctly
within the module. The current distribution between the modules and the individual chips is also influenced by the
geometric layout of the module. There
are basically two areas to consider: electromagnetic and thermal design. The
electromagnetic design refers to the
alignment of the electrical conductors
in the module, both the high-current
main paths and the auxiliary current
paths that carry the small control currents. These conductors influence each
other through inductive coupling. Especially the extremely high switching
speed of several billion amperes per
second in the main current path generates strong magnetic fields, which in
turn induces voltages in the surrounding control path conductors. This effect
is particularly pronounced when the
conductors form loops. As a result of
these induced voltages, individual
chips will experience different control
voltages, which can mean that the chips
do not switch on at the same time and
when switched on they have different
losses. This coupling into the control
paths must therefore be minimized, and
where it cannot be avoided, the induced
voltages must be as similar as possible
for chips that are configured in parallel.
SIMULATION FOR OPTIMIZED
COUPLING CONSTANT

To achieve this goal, the two voltage poles
of the control, that is, the actual gate signal and the main contact (Mosfet source),

FIGURE 2 The SiC RoadPak module for e-mobility applications combines high-current ratings
with small stray inductances (© Hitachi ABB Power Grids)
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should be as parallel as possible and as
close as possible to the individual chips.
This ensures that both leads experience
the same magnetic fields and that the
same voltages are induced in both, thus
avoiding any change in the voltage difference (being the signal) between the two
poles. Alternatively, to make the individual chips less sensitive to fluctuations,
individual gate resistors can also be used
as damping elements for each chip. In the
former case, however, a lot of additional
space is required because separate conductor tracks must be routed to all chips.
In the latter, there is an increase in both
losses due to slower switching and costs
due to the additional resistors.
If computer simulations are used to
determine the design precisely, so that
the same coupling constant is achieved
for every chip that is operated in parallel, neither of the above mitigations is
required. In an ideal design, the coupling can also have a slight damping
effect on switching, replacing the gate
resistor which saves a component and
thus cost. To achieve this, however, each
element must be carefully designed to
be the right length and width as well as
being positioned correctly. In the RoadPak module, this has been successfully
achieved down to the bond-wire level,
FIGURE 2.
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THERMAL DESIGN

In thermal design, the choice of material
and the positioning of the chips determine how well each chip is cooled. For
modules using SiC Mosfets, the chip is
the primary cost-determining factor, so
designers aim to minimize the size and
number of chips, which requires the thermal performance of the packaging to be
optimized. Copper is used instead of aluminum to achieve higher thermal conductivity and also to reduce resistive heating
thanks to the better electrical conductivity. In the manufacturing processes, silver
sintering is used instead of soldering,
avoiding the use of lead and combining
a much higher conductivity with better
reliability. Finally, the base plate has a
so-called pin-fin structure on its underside that directly forms the upper part
of the heat sink. This eliminates the dry
contact between the base plate and the
heat sink, which results in poor heat
transfer even when filled with thermally
conductive paste. The pin-fin structure
ATZ electronics worldwide
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FIGURE 3 Velocity contour of the cooling medium using CFD [m/s] (© Hitachi ABB Power Grids)

is directly surrounded by the coolant so
the base plate is cooled directly.
PARALLEL SWITCHING
ENFORCES THOROUGH DESIGN

Compared to the Si semiconductors that
are most commonly used today, the SiC
layer grown epitaxially on a substrate
has a relatively large number of crystallographic dislocations and stacking
defects that will make a chip unusable.
Manufacturing SiC chips to be the same
size as silicon would result in an unacceptable low yield. For this reason, SiC
chips are usually only a few square millimeters in size, which means many
chips have to be connected in parallel,
making the electromagnetic design
described above very demanding. On
the other hand, the large number of
chips means there are more options
for thermal design. The art of successfully operating IGBTs and Mosfets in
parallel is ensuring all components
are loaded equally [1]. To do this, they
must all switch on at the same time
and at the same speed (dynamic load),
and they must also have the same
losses (static load). The temperature
of the chip in operation is determined
by various factors:
– Different chip locations are cooled to
different degrees. Chips at the edge
tend to be better cooled than those
in the middle because they only have
neighbors on one side. Chips at the
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cooling inlet are cooled more effectively because the cooling medium
has not yet been heated.
– The chip itself varies greatly due to
its different internal properties such
as its internal resistance RDS(on) or its
switch-on point Vth
– Process fluctuations in packaging
result in variations in the effectiveness of thermal connections.
The task of the thermal design is to compensate for these deviations as far as
possible to ensure all chip positions
are equally well cooled. Simulations
are the main way of achieving this as
experiments are very difficult to control,
require time and need a huge amount
of material. With the help of Computational Fluid Dynamics (CFD), the ideal
flow of the coolant, the correct size and
distribution of the pins, and the appropriate positioning of the chips can be
determined, FIGURE 3.
CONCLUSION

Since many influencing factors are
not predictable or not measurable, self-
regulating mechanisms based on the
chip properties are very important to
consider. A chip whose internal properties lead to above-average losses, for
example, heats up faster, which in turn
increases its internal resistance, resulting
in it carrying less current than neighboring chips that have lower losses. A chip
that is less well cooled due to process

fluctuations in the packaging becomes
warmer and should then also take less
current. It is imperative to avoid so-called
runaway effects, where the warming
leads to lower resistance and higher
current, which in turn leads to a further
increase in temperature.
These effects can be avoided by optimizing the stray inductance outside the
module [2], using optimized gate units
and considering the aspects of current
distribution and cooling when designing the semiconductor modules. In
this way, a powerful and space-saving
power semiconductor module is obtained
that optimally combines all the possible advantages of silicon carbide. Thus,
numerous applications in e-mobility will
benefit from the greatly improved overall
system efficiency.
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