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Abstract
IGBTs with blocking voltages of 3300V have been successful on the market for the last few years.
Meanwhile also high-voltage IGBTs with voltages in the range of 4500V and 6500V have become
available. In this way the modern high-voltage IGBTs have been established as dominant power
semiconductors for such applications as traction, voltage inverters, energy conversion, etc. Drivers for
such IGBTs are subject of high requirements. This contribution reviews the field showing also several
approaches to different issues. The proposed solutions range from compact and dedicated (Plu&Play)
solutions for 3300V IGBTs to the modular drivers for 3300V up to 6500V IGBTs. This modular
approach enables flexible configuration of IGBT drivers for conventional 2-level inverters but also for
3-level and multi-level inverters at different operating voltages.

Introduction
Availability of modern power semiconductor devices for high blocking voltages has become a strong
driving force for many new high-voltage applications. Similarly to IGBTs with voltages in the range
between 600V and 1700V that became the most important power switches for usual utility line
applications, also the high-voltage IGBTs are displacing other power semiconductors and enable new
applications. Together with appropriate driver stages they allow to realize the high-voltage
applications in a simpler, faster and more convenient way as ever before.

Requirements for drivers
The most important requirements to be fulfilled by drivers for high-voltage IGBTs can be summarized
briefly as follows.

•  Galvanic isolation between IGBT and control electronics
•  Isolated power supply (DC/DC-converter)
•  Appropriate output power level
•  Short-circuit detection and protection
•  Over-voltage protection (elimination of the turn-off over-voltage spikes)
•  Self-security (status and diagnosis function)
•  Status-Acknowledgement

Some particular and especially essential aspects will be considered more closely in the following.

Isolation
The first challenge to be faced during development of drivers for high-voltage IGBTs are those
requirements that result from high working voltages. The galvanic isolation between control circuitry
and the power semiconductor device is an indispensable requirement. Several stringent standards
defining the clearing and creepage distances as well as partial discharge endurance must be satisfied
here. This calls for quite special know-how during development stage and in addition forces the use of
special measurement equipment such as for example partial discharge test system.
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The extinction voltage for partial discharge test can be calculated according to the norm IEC1287. The
Table 1 contains the test voltages for partial discharge and dielectric test as well as clearing and
creepage distances implemented in IGBT modules available today.

Blocking voltage
VCE

Delectic test voltage
VISO

Partial discharge
test voltage

VPD

Spacing over air,
clearing distance

Spacing over surface,
creepage distance

2500V 5,0kV 2,0kV 19mm (21mm) 31mm
3300V 6,0kV 2,6kV 19mm (21mm) 31mm
4500V 6,0KV 3,5kV 19mm (21mm) 34mm
6500V 12,2kV 5,1kV 26mm 56mm

Table 1 Test voltages for partial discharge (extinction voltage), dielectric test and clearing and
creepage distances for various IGBT blocking voltages

Normally it is convenient to specify the required isolation barrier inside the driver basing on the data
given by the IGBT manufacturer. This approach however is not applicable in some cases. Consider for
example the two versions of the 3-level inverter shown in Fig. 1. In the left side version the middle
point of the link voltage is earthed (or virtally at the earth potential). This configuration is used mostly
in systems that (preceded by the rectifier stage) operate from the mains. Here the driver isolation
must be designed to sustain only the halve of the link voltage, increased by the voltage spikes
resulting from switching. The circuit according to schematic on the right side can be encountered for
example in traction applications. The minus (or the plus) pole of the link voltage is earthed here. The
isolation voltage requirements for the drivers (at least for drivers 3 and 4) is now increased to the full
link voltage plus switching spikes.
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Fig. 1 3-level inverter with middle point of the link voltage earthed (left), with minus pole of the
link voltage earthed (right)

Due to the large size of the high-power inverters and tough electromagnetic interference issues that
occur for long cables of control signals it is preferred in the most cases to use the fibre optic interface.
In this way all potential isolation problems in the control path for both directions (gate driving signals
and status-acknowledgement) are at once eliminated. For the driver stage only the working isolation
(clearance and creepage distances to the surrounding live parts of the IGBT module) as well as partial
discharge requirements must be observed.

Because of that the issues of isolation requirements between control electronic and the high-voltage
power stage concentrate on the DC/DC converter that supplies the driver stage with the necessary dc
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power. Obviously, the DC/DC converter must meet all requirements concerning safety isolation
distances and partial discharge test.

Turn-off over-voltages
The rated blocking voltage of the semiconductor switch may never be exceeded. This requirement
must be fulfiled under all working conditions including of course turn-off transients from over-current
or short-circuit conditions. Due to the unavoidable stray inductances in the layout of the power stage
and high values of the current changes di/dt the over-voltages in the range of few hundreds volts up
to some kilovolts can be produced. In extreme cases these voltage spikes can take the values higher
than the maximal permissible level of the collector-emitter voltage VCE(max).

There are several possible approaches to solve the above problem of turn-off over-voltages that were
compared in /1/. The most essential point is still the effort to keep the stray inductance of the inverter
commutating circuit as low as possible. Typically this step is however not enough to control the
problem of over-voltage at the turn-off from short-circuit and high value of the link voltage. This was
the reason that for the SCALE HVI drivers a special over-voltage protection circuit was developed that
was described in detail in /1/, /2/ and /3/ and will be briefly presented here.
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 Fig. 3 Simple Active-Clamping circuit (left) and its optimized behaviour for SCALE HVI driver (right)

The circuit of Fig. 3 works according to the Active Clamping principle. The Zener diode Dz between
collector and gate causes the gate to become turned-on when the collector voltage reaches some pre-
defined level. The IGBT will then start to conduct and work as high-power Zener diode that prevents
further increase of the collector voltage.

Inside any IGBT module there are several chips connected in parallel. For example in a 1200A/3300V
module there are total of 24 single chips. In a study presented in /4/ it was proved that the Active
Clamping method is an appropriate solution also for parallely connected IGBT chips and works quite
reliably.

Short-circuit detection
The short-circuit detection is realized in all IGBT drivers by monitoring of the saturation voltage
VCE(sat). The circuit checks if during the first 10µs after turn-on the collector-emitter voltage has
dropped below some pre-defined level that depends on the IGBT type. If the collector voltage does
not go below that level the short-circuit condition is assumed and the driver will immediately turn-off
that IGBT (2-level systems). In 3-level and multi-level systems a fail-message signal will be issued
that leads to the IGBT turn-off, however via the higher level supervision circuit (refer to section
„Status-Acknwledgement“).

The Fig. 4 shows the two collector voltage sense circuits used in the high-voltage drivers. On the left
side the sense circuit applicable for 3300V IGBT driver is presented. The current source supplies
through the diodes few mA current into the collector of the IGBT. The comparator checks if the
collector voltage lies below or above the trip level of 55V.
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As the higher voltage IGBTs need the trip levels up to 500V another circuit shown in Fig. 4 (right) is
used for 4500V and 6500V drivers. This solution uses the high-resistance voltage divider to scale
down the collector voltage before comparing it with some lower reference level.

RGx

Ref

Driver

RGx

55V

Driver

60V

Fig. 4 The two collector voltage sense circuits used in high-voltage IGBT drivers: for 3300V IGBTs
(left), for 4500V and 6500V IGBTs (right)

Status-Acknowledgement
All CONCEPT drivers for high-voltage IGBTs that are controlled through the fibre optic interface are
equipped with the edge-acknowledgement. This function allows the control electronic to permanently
monitor the correct operation of the fibre optic interface in both directions (to the driver and back).
The edge-acknowledgement circuit sends the light when the driver works correctly. However, at every
edge of the drive signal a short pulse extinguishing the light is applied to the fibre optic. This is
illustrated in Fig. 5 by the control signal „vin“, gate voltage „vge“ and status signal „vstat“ drawn for
normal operation. Under these conditions both 2-level and 3-level versions of drivers behave the same
way.
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Fig. 5 Control signal, gate voltage and Status-Acknowledgement signal for normal operation

Regarding the short-circuit conditions the behaviour of the 2-level drivers is different from that of the
3-level and multi-level drivers. In the first case, when a short-circuit condition is detected the driver
turns-off the IGBT by itself. Furthermore, the failure is fed back to the control electronic by turning off
the light in the Status-Acknowledgement circuit for approx. 1 second (refer to Fig. 6). The driver
remains disabled for any control signals during that time.

In 3-level systems it is not allowed that the driver turns-off the IGBT upon short-circuit detection.
Instead, the driver only announces the failure to the control electronic by turning off the light. The
supervising circuit in the control electronic is then responsible for appropriate time sequence of the
switching processes to eventually turn off all the IGBTs that were found shorted (refer to Fig. 7).
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Fig. 6 Control signal, gate voltage and Status-Acknowledgement signal under short-circuit
condition in 2-level system
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Fig. 7 Control signal, gate voltage and Status-Acknowledgement signal under short-circuit
condition in 3-level system

Further requirements
Other functions of the drivers for high-voltage IGBTs are basically identical to those for low-voltage
IGBTs that were described in /5/ and /6/.

Implementations of high-voltage drivers
The drivers for high-voltage IGBTs are available in variety of realizations. The drivers for mains
voltage applications (600V to 1700V) are usually offered as modules or „huckepack“ solutions that
contain all essential functions of the driver. The user must put the driver and add some peripheral
components on the additional printed circuit board. This approach is optimal for existing variety of
different types of IGBTs and their packages available from many different manufacturers.

The high-voltage IGBTs exist in remarkably lower count of types and packages. As the driver should
be placed possibly close to the IGBT it is typical for high-voltage high-power applications to use one
driver card per each IGBT module.

Huckepack driver
The construction of the first generation of the drivers for high-voltage IGBTs was based on already
existing drivers for mains voltage applications. Typical example of that kind of drivers is the IGD515EI.
The driver module includes all the core functions including DC/DC converter. This module is to be
mounted on a PCB that contains also all application specific or peripheral components of the driver
(see Fig. 8).
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Fig. 8 IGD515EI, representing the first generation of high-voltage drivers: the actual driver module
(left), the PCB that includes the peripheral components and is finally assembled on the IGBT
module (right)

As it was mentioned earlier, the majority of drivers for high-voltage IGBTs are built as single-channel
ones. They are equipped with the Active-Clamping circuitry and are controlled via fibre optic interface.
However, there are also exceptions from this rule: the compact half-bridge drivers 2SD315AI-25 and
2SD315AI-33 (see Fig. 9) that were designed specially to drive relatively „small“ half-bridge modules
with nominal currents from 200A to 400A.

Fig. 9 Compact 2-channel drivers for 2500V and 3300V half-bridge IGBT modules
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These drivers are based on a construction that was originally developed for 1200V and 1700V IGBTs
/5/, /6/, /7/ and /8/. What was adapted here were all transformers that have to meet higher isolation
requirements and must be respectively tested in production. In that case the transformers are also
used to transmit the gate signals and status information so that the user interface is realized
exclusively as electrical one (no fibre optic used). The Fig. 9 shows the picture of that driver while Fig.
10 gives its block diagram. Also these drivers need additional board for some peripheral components.
However the Active Clamping circuit is not implemented here, since the current levels are relatively
low and it is not difficult to keep the stray inductances small enough.
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Fig. 10 Block diagram of the drivers 2SD315AI-25 and 2SD315AI-33

Compact Plug&Play drivers
Quite different approach was implemented for the high-voltage SCALE HVI drivers that were dedicated
especially to large IGBT modules. What is proposed here are the single-channel complete „Plug&Play“
solutions that are fully adjusted to the specific high-voltage IGBT module by the driver supplier. This
guarantees excellent behaviour of the driver under all operating conditions. Equally important
advantages of this approach are that neither any development effort nor any additional
components/cards are required from the user side. The driver 1SD418Fx impresses also by its
extremely compact size (refer to Fig. 11) though it implements all standard driver functions and
contains the DC/DC converter. The first version of 1SD418FI was made for standard 2-level
applications. Meanwhile a new version 1SD418F2 is available that enables easy switching of the
operating mode between 2-level and 3-level (or multi-level) systems by simple plug-in of one jumper
on the driver card. The Fig. 12 shows the block diagram of this driver family.
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Fig. 11 SCALE HVI driver for 1700V to 3300V single-switch IGBT modules. Before it, the newest
version for 3-level and multi-level converters
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Fig. 12 Block diagram of the SCALE HVI driver of the 1SD418Fx family

Modular Plug&Play drivers
For drivers of the voltage class over 3300V one more approach was chosen that divides the „IGBT
driver“ function and the „DC/DC converter“ function in the two separate sub-modules. This idea allows
to cover the whole variety of different applications using the least number of individual blocks with
different specifications. So for example for the 6,5kV driver one can use the same DC/DC converter as
for the two 3,3kV IGBTs connected in series or in the 3-level topology. In other words for one
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particular IGBT type one can use always the same driver module independently of its application in 2-
level, 3-level or multi-level topology. For different operating voltages only the DC/DC converter
module must be selected according to the actual isolation requirements. Because of remarkably
greater clearing and creepage distances for 4500V and 6500V IGBTs, that make the compact design
similar to 1SD418Fx not feasible, the drivers for high-voltage IGBTs are mechanically somehow larger
than the compact Plug&Play versions. The Fig. 13 shows such driver for 6500V IGBTs.

Fig. 13 SCALE HVI driver for 6500V IGBT. The version mounted on the module is for 2-level
systems. In the front another version for 3-level and multi-level inverters.

Another advantage of the modular design is its flexibility. This means that to satisfy a special or
custom-specific requirements it is not necessary to develop completely new system but only its driver
function. The development effort can be reduced significantly and the project can be completed much
faster.

The Fig. 14 shows the custom-specific driver card for 4500V IGBTs in multi-level topology. Besides the
all usual functions the driver contains a second additional over-current detection circuit and
monitoring of the local heat sink temperature (as each IGBT module in that application is mounted on
a separate heat sink).
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Fig. 14 Custom-specific SCALE HVI driver for 4500V IGBT in multi-level application with additional
measurement and protection functions.(see text above)

DC/DC converter for modular drivers
In the Fig. 14 the 3-D drawing of the plastic package for the DC/DC converter used for 6,5kV drivers
is presented. In the both recesses on the left and right side two small PCBs will be inserted. They will
be supported by the few pins visible in the bottom.

This construction was developed to guarantee the creepage distance of more than 60mm from the
primary to secondary as well as from primary and secondary to the mouting surface, while keeping
the total height of 44,5mm (that is 3,5mm lower than the height of the 6,5kV IGBT module).

So the DC/DC converter can be mounted very easily under the power assembly directly beside the
IGBT module (for example on the heat sink). The plastic material used for the package can withstand
high temperatures and has CTI value of 600.

Fig. 15 3-D drawing of the DC/DC converter package with >60mm creepage distance to supply the
drivers for 6,5kV IGBTs
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Conclusions and prospectives
The high-voltage IGBTs are today standard components. The paper presents different approaches to
drive such devices that have been proved in the practice. Designer of the high-voltage inverters can
choose easy to use Plug&Play drivers to drive the high-voltage IGBTs. In this way the development
effort to realize such systems has become smaller than ever before.

The modular approach helps to keep the variety of different possible high-voltage drivers and
corresponding DC/DC converters reasonably low.

Continuing developments in the field of high-voltage IGBT modules and integration of the driver
electronics promise further innovations on that area.
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