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(57) Abstract: An electrical apparatus for limiting the
peak voltage across a recttifying member (23) of a current
valve arranged in a circuit having a substantial inductance
(24) and having at least one controllable semiconductor
device (22) and at least one said rectifying member (23)
connected in anti-parallel therewith when the rectifying
member is turning off, comprises means (28, 29) adapted
to control the semiconductor device so as to increase the
conductivity thereof during turning off of the rectifying
member.
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An electrical apparatus and a limiting method

The present invention relates to an electrical apparatus for lim-
iting the peak voltage across a rectifying member of a current
valve arranged in a circuit having a substantial inductance and
having at least one controllable semiconductor device and at
least one said rectifying member connected in anti-parallel

therewith when the rectifying member is turning off.

Such a rectifying member is usually, although not necessarily, a
diode, so that hereinafter by way of example and for simplifica-
tion, but not at all by way of limitation, the word diode will be
used. Furthermore, the word IGBT will hereinafter by way of ex-
ample, but not by way of limitation, be used for said controllable
semiconductor device.

Furthermore, the invention comprises an electrical apparatus for
such a peak voltage limitation across such a diode when it is
turning off in all types of circuits having a substantial, i.e. com-
paratively high, inductance creating a heavy inductive over-volt-
age when the diode is turning off. It is then primarily a question
of converters having an inductor in series with said current
valve. The case of a voltage stiff converter having a resonance
circuit in the form of so-called ARCP-circuit (Auxiliary Resonant
Commutation Pole) will for that sake be described hereinafter so
as to exemplify the invention and the problem thereof, but not in
any way for restricting the invention.
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Such a converter already known is schematically illustrated in
the appended Fig 1. Only the part of the converter, which is
connected to one phase. of an alternating voltage phase line is
shown in this Figure, in which the number of phases is normally
three. The converter is a so-called VSC-converter (Voltage
Source Converter), which has two so-called main current valves
1, 2 connected in series between the two poles 3, 4, positive
and negative, respectively, of a direct voltage side of the appa-
ratus. Capacitors 5, 6 are arranged to define a voltage between
the two poles, so that the pole 3 gets the voltage +Udy. and the
pole 4 gets the potential —Uy., in which the point 7 between the
capacitors gets the potential 0.

The current valves 1 and 2 are each constituted by a controlla-
ble semiconductor device 8, 9, such as an IGBT, MOSFET or
BJT, and a rectifying member in the form of a rectifying diode

10, 11 connected in anti-parallel therewith. Furthermore, a so-

called snubber capacitor 12, 13 is connected in parallel with the
current valve. A midpoint 14, which constitutes the phase output
of the converter, is connected to an alternating voltage phase
line 15 through an inductor 16.

The converter has also an arrangement 17 to control the differ-
ent semiconductor devices of the current valves 1 and 2 and
thereby ensure that said phase output 14 is connected to and
receives the same potential as the pole 3 or the pole 4 so as to
generate positive and negative pulses according to a pulse
width modulation pattern on the phase output 14. It would here
also be possible that the circuit shown in Fig 1 is a part of a
partial circuit in a converter with more possible voltage levels
than two on the phase output 14 by the fact that more main cur-
rent valves are connected in series with the current valves 1, 2.
Furthermore, it is pointed out that the arrangement 17 and the
connection thereof is very schematically illustrated here, and a
separate such arrangement would in the practice be arranged on
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high potential at each individual current valve 1, 2 and these will
receive control signals from a control arrangement arranged on
ground level.

The converter has also a resonance circuit 18 for recharging the
snubber capacitors 12, 13 so as to enable turning on of the
semiconductor devices of turn-off type of the current valves 1, 2
at low voltage thereacross, so-called soft-switching. The reso-
nance circuit is constituted by an ARCP-circuit. How a circuit of
this type operates is considered to be general knowledge, and
reference is here made to interalia W McMurray, “Resonant
snubbers with auxiliary switches”, IEEE IAS Conference Pro-
ceedings 1989, pages 829-834. The ARCP-circuit comprises
more exactly an auxiliary valve 19 comprising auxiliary valve
circuits 20, 21 connected in series, which each comprises a
semiconductor device 22, 22’ of turn-off type, such as an IGBT,
and a rectifying member 23, 23’ connected in anti-parallel

‘therewith in the form of a diode, such as a free-wheeling diode.

The semiconductor devices 22, 22’ of turn-off type of the two
auxiliary valve circuits are arranged in opposite polarity with re-
spect to each other. The ARCP-circuit also comprises an induc-
tor 24 connected in series with the auxiliary valve circuits. This
auxiliary valve 19 constitutes a bi-directional valve, which may
be brought to conduct in one or the other direction. The function
of the resonance circuit may be described briefly. When for ex-
ample the current valve 2 conducts and the current flows from
the phase output to this valve and this is controlled to turn off
the current flowing into the phase output from the phase line is
directly transferred to the two snubber capacitors 12, 13 and the
voltage increases slowly across the current valve 2, so that the
current through the semiconductor device 9 gets low before the
voltage gets high and thereby the switching loss gets low. When
the current direction with respect to the phase output is the
same and instead the diode 10 in the main current valve 1 con-
ducts and this shall be turned off the semiconductor device 12’
in the auxiliary valve circuit 21 is turned on. The load current in
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towards the phase output from the phase line is more and more
transferred to flow through the inductor 24 having a large in-
ductance and the current therethrough increases linearly. When
the current through the diode 10 has reached zero, i.e. the en-
tire load current flows through the inductor 24, the voltage of the
phase output 14 will describe a sine function and swing over to
get the same potential as the pole 4, so that the semiconductor
device 9 in the main current valve 2 then may be turned on at
zero voltage thereacross. It is shown how a separate second
control arrangement 25 is arranged so as to control the semi-
conductor devices 22, 22’ of the two auxiliary valve circuits. It is
a matter of course that the arrangement 17 and this second
control arrangement 25 control the different semiconductor de-
vices in an analogous way on switching when the current flows
from the phase output out towards the alternating voltage phase
line 15.

‘We will now restrict the description to what is happening when .

the diode 23 in the auxiliary valve circuit 20 is commutated to
turn off, but the corresponding discussion is of course valid
when turning the diode 23’ in the auxiliary valve circuit 21 off

‘when the current has the opposite direction. Diodes being

adapted for a rapid turning off by commutation are used in these
types of circuits. When the semiconductor device 22’ is turned
on and a current flows through the diode 23 and this is commu-
tated to turn off by changing the direction of the current through
the auxiliary valve circuit the commutation to turn off of the di-
ode will as a consequence of the high inductance of the inductor
24 result in a high inductive overvoltage, i.e. a short time peak
voltage, across the auxiliary valve circuit 19, i.e. across the di-
ode 23. If no apparatus of the type defined in the introduction
would be used for limiting this peak voltage this inductive over-
voltage would destroy the diode. It is for this sake known, such
as illustrated in Fig 1, to arrange such an apparatus in the form
of a so called RC-snubber member consisting of a resistor 46
and a capacitor 47 connected in series therewith. Such an RC-
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snubber member may limit the time derivative of the voltage in-
crease across the diode when commutating this to turn off, so
that the diode may be saved, as long as the diode has sufficient
voltage blocking capability. However, a disadvantage of this so-
lution is that comparatively large RC-snubber members, with a
capacitor having a capacitance in the region of uF, are required,
which results in considerable costs. Furthermore, the peak volt-
age value when commutating the diode 23 to turn off will still be
comparatively high and the losses created, primarily at a later
discharging of the capacitor when turning the auxiliary valves
on, gets comparatively high. Furthermore, problems will arise
due to oscillations between the inductor 24 and the capacitor 47.

Another known alternative is to instead arrange a so-called
RCD-snubber member in parallel with the current valve (20).
Thus, a diode is here connected in parallel with the resistor 46
or the diode is connected in series with a parallel connection of

‘the capacitor 47 and the resistor 46. Also this solution results in

high losses when commutating the diode to turn off and has
other disadvantages, for example when connecting semicon-
ductor devices and diodes connected in anti-parallel therewith in
series in the current valve 20, as will be described below.

It is illustrated in Fig 3 what is happening with the voltage
across the diode 23 and the current therethrough when the di-
ode 23 of the converter according to Fig 1 is commutated to turn
off. It is shown in the upper part of the diagram the current | in
the valve versus the time t, while in the lower part the voltage U
across the diode is shown versus the time t. It is shown how the
reverse current a through the diode is developed over the time,
and this will here be a maximum of for example 200 A, while the
total current b through the diode and the RC-snubber member
46, 47 will reach a maximum value being twice as high, i.e. 400
A. The dashed line ¢ shows a voltage Uy, which may be 1200 V,
while the maximum voltage d obtained across the valve will be
for example 2800 V. The snubber capacitor 47 will restrict the
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time derivative of the voltage increase across the valve 20 when
commutating the diode to turn off, while the resistor 46 will pro-
vide damping for the LC-resonance circuit formed through the
inductor 24 and the capacitor 47. Thus, any instantaneous over-
voltage when commutating to turn off is avoided, and the lower
peak voltage, which however, is still comparatively high, will in-
stead be displaced to a later moment. This peak voltage is de-
pending upon Uy, and the magnitude of the inductance of the
inductor 24 and the capacitance of the capacitor 47.

SUMMARY OF THE INVENTION

The object of the present invention is to provide an electrical
apparatus for peak voltage limitation of the type defined in the
introduction, which at least partially finds a remedy to the incon-
veniences mentioned above of such apparatuses already known.

This object is according to the invention obtained by providing

such an apparatus with means adapted to control the semicon-
ductor device during the turning-off of the rectifying member so
that the conductivity thereof increases.

A number of advantages may hereby be obtained. The semicon-
ductor device being present in any case is in this way used as
snubber member, so that no large snubber members in parallel
with the rectifying member are needed anymore and thereby
costs may be saved. It will also be possible to obtain a lower
peak voltage across the rectifying member when turning it off.
Since there is principally no problems to control the semicon-
ductor device connected in anti-parallel with the rectifying mem-
ber a controllable snubber member enabling a determination of
the peak voltage across the rectifying member less dependent
upon for example the pole voltage is in this way obtained for a
converter of the type according to Fig 1. It will hereby be possi-
ble to use a less expensive or alternatively another type of di-
ode having a lower voltage blocking capability than otherwise
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would be the case, without any risk that this will be destroyed by
said peak voltage. It has also turned out that it is possible to
control the semiconductor device so that the maximum return
current through the current valve gets low and also the losses
when turning off (commutation for turning off) of the diode gets
lower. The reliability of the function of the current valve is at the
same time increased, since the turning off method of the recti-
fying member may in this way be controlled. To control the
semiconductor device so that the conductivity thereof is in-
creased may often be put equal to control it to turn on slightly.

According to a preferred embodiment of the invention said
means are adapted to control the degree of conductivity of the
semiconductor device when the rectifying member is turning on
in dependence of the instantaneous magnitude of the voltage
across the rectifying member. It may hereby be ensured that the
time derivative of the voltage increase across the rectifying

‘member gets as desired and for example a predetermined refer-

ence voltage wave shape is followed, which is the subject matter
of another preferred embodiment of the invention.

The apparatus comprises advantageously members adapted to
measure the voltage across the rectifying member and said
means are adapted to consider voltage values so measured
when controlling the semiconductor device.

According to another preferred embodiment of the invention the
apparatus comprises members adapted to compare the voltage
measured across the rectifying member with a reference volt-
age, and said means are adapted to control the semiconductor
device in dependence of the result of this comparison. The volt-
age increase and also the final peak voltage across the rectify-
ing member may in this way be controlled according to prede-
termined goals.
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According to another preferred embodiment of the invention the
apparatus is designed to limit the peak voltage across a rectify-
ing member of a current valve with an IGBT as semiconductor
device. This is particularly advantageous, since the turning on
and the turning off of an IGBT are well controllable and IGBT is
the semiconductor device presently mostly used in such current
valves.

According to a preferred embodiment of the invention said
means comprises a series connection of a capacitive and a re-
sistive member between the gate and the collector of the IGBT
and a negative current source connected to the gate, which is
adapted to drain a predetermined current as soon as the voltage
between the gate and the emitter of the IGBT exceeds a deter-
mined value, for example 0 V, and when this value is exceeded
divert the share of the current above this predetermined current
to the gate of the IGBT so as to increase the gate-emitter volt-

‘age thereof and bring the IGBT towards a state with a higher

conductivity. A current will start to flow through the capacitive
and the resistive member, such as a capacitor and a resistor,
connected between the collector and the gate of the IGBT when
the collector voltage of the IGBT increases. The amplitude of the
current is determined by the time derivative of the collector volt-
age and the value of the capacitor, under the condition that the
voltage drop across said resistance is small and may be ne-
glected. This current is divided to flow to the negative current
source and to flow into the gate. The charge flowing into the
gate will raise the gate-emitter voltage until it reaches the
threshold value at which the conductivity of the IGBT starts to
increase. The time derivative of the increase of the collector
voltage will then automatically be adjusted to a value deter-
mined in accordance with:
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Accordingly, by controlling the value of the negative current
source during the over-voltage progress a desired voltage curve
shape may be obtained. When the inductive over-voltage is ter-
minated the voltage across the semiconductor device will return
to the pole voltage in Fig 1. This results in a current flowing in
the opposite direction through the link between the gate and the
collector and it will thereby discharge the gate, since the current
source cannot deliver this current. This means that the conduc-
tivity of the IGBT will decrease, so that the semiconductor de-
vice gets a low leakage current in the resting position thereof.

According to another preferred embodiment of the invention,
which constitutes a further development of the embodiment last
mentioned, said members for controlling the predetermined cur-
rent level of the current source is adapted to achieve such con-
trolling between at least two discrete values and at voltages
across the rectifying member below a predetermined level to

‘have a first higher current value of the current source and when

exceeding the predetermined level of the voltage across the
rectifying member change to a second lower value of the current
which the current source is adapted to drain. At lower voltages
across the rectifying member a more rapid voltage increase will
in this way take place, while at higher voltages the voltage in-
crease will be slower and even in principle nearly zero. This is
desired in many applications (see below).

According to another preferred embodiment of the invention said
control member is adapted to control the current of the current
source to have a high level until the voltage across the rectifying
member has exceeded a predetermined value. The fact is that it
is advantageous to wait to in a substantial degree limit the time
derivative of the voltage across the rectifying member until a
certain voltage value has been obtained, since such a limitation
before said value of the voltage has been obtained will mean
that the current through the inductor increases and thereby the
total losses in the valve increase. This means that it is advanta-
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geous to let a more powerful limitation of the time derivative of
the voltage across the rectifying member wait until said voltage
value has been exceeded.

According to another preferred embodiment of the invention the
apparatus comprises a RC-snubber member connected in
parallel with the rectifying member of the current valve. Such a
RC-snubber member may be made with a comparatively small
capacitor and arranged for rapidly suppressing high frequency
oscillations of the circuit.

According to another preferred embodiment of the invention the
apparatus is adapted to limit the peak voltage across the recti-
fying members of a current valve with a series connection of
semiconductor devices and rectifying members connected in
anti-parallel therewith, and the apparatus comprises said means
adapted to individually control the semiconductor device be-

‘longing to each individual rectifying member to turn on at least

slightly when the rectifying member is turning off. By the fact
that the invention in this way enables an active control of the
peak voltage at each position and the peak voltage is not con-
trolled by for example stray capacitances to ground, by differ-
ences in the maximum reverse current through the diodes or by
tolerances of the snubber capacitors, a protection of each semi-
conductor device against high peak voltages may reliably and
safely be obtained. Furthermore, the losses get lower than when
using the RC- or RCD-circuits already known as snubber mem-
bers, since in a RC-circuit the capacitor is charged and the en-
ergy is converted into heat each time, while in a RCD-circuit at
such a series connection differently much energy will be stored
in the capacitors for different rectifying members, and this en-
ergy has also to be converted into heat and causes losses when
the valve switches.

According to another preferred embodiment of the invention the
current valve is a part of a voltage stiff converter adapted to
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convert alternating voltage into direct voltage and conversely by
being a part of a converter circuit of ARCP-type for recharging
snubber capacitors of other main current valves located on both
sides of a phase output for enabling turning on of semiconductor
devices of turn-off type of the main current valves at a low volt-
age thereacross by that. This constitutes a particularly advanta-
geous application of the apparatus according to the invention,
since in such a case a comparatively large inductance is ar-
ranged in series with the rectifying member and in the same cir-
cuit as this when turning that off. Another advantageous use is
for limiting the peak voltage across a rectifying member of a
said current valve being a part of a converter belonging to an
arrangement for driving an electric motor. A comparatively high
inductance in series with a rectifying member (diode) when this
is to be turned off is also present in converters in such motor
driving assemblies, and an apparatus according to the invention

is then very advantageous.

The invention relates to a method for limiting the peak voltage
across the rectifying member of a current valve arranged in a
circuit with a substantial inductance and having at least one
controliable semiconductor device and at least one said rectify-
ing member connected in anti-parallel therewith when the recti-
fying member is turning off according to the appended inde-
pendent method claim.

The advantages of this method and the embodiments of the
method defined in the appended dependent claims appear with-
out any doubt from the discussion above of preferred embodi-
ments of the apparatus according to the invention.

The invention also relates to a computer program product as
well as a computer readable medium according to the corre-
sponding appended claims. It is easily understood that a method
according to the invention defined in the appended set of
method claims is well suited to be carried out through program
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instructions from a processor which may be influenced by a
computer program provided with the program step in question.

Further advantages as well as advantageous features of the in-
vention appear from the other dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

With reference to the appended drawings, below follows a spe-
cific description of preferred embodiments of the invention cited
as examples. In the drawings:

Fig 1 is a simplified circuit diagram of a converter provided with
an apparatus for peak voltage limitation according to the prior

art,

Fig 2 is a view corresponding to Fig 1 of a converter provided

‘'with an apparatus according to a preferred embodiment of the

invention and very schematically indicated,

Fig 3 is a diagram illustrating the development of the current
through a diode and through the entire current valve to which
the diode belongs and the associated snubber member and the
voltage across the diode versus time when this diode of the
converter according to Fig 1 is turning off,

Fig 4 is a diagram corresponding to the diagram according to
Fig 3 for the converter according to the invention shown in Fig
2,

Fig 5 is a simplified circuit diagram illustrating a part of a con-
verter according to Fig 2 with an apparatus according to a first
preferred embodiment of the invention,



10

15

20

25

30

35

WO 03/015233 PCT/SE02/01331

13

Fig 6 is a simplified circuit diagram of a part of a converter ac-
cording to Fig 2 provided with an apparatus according to a sec-
ond preferred embodiment of the invention,

Fig 7 is a view corresponding to Fig 6 of a converter provided
with an apparatus according to a third preferred embodiment of
the invention,

Fig 8 is a view corresponding to Fig 6 of a converter provided
with an apparatus according to a fourth preferred embodiment of
the invention, and

Fig 9 is a diagram corresponding to Figs 3 and 4 for the current
valve of the converter according to Fig 8, but the control current
| versus time t of a current source being a part of the apparatus
has here also been drawn up.

"DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

OF THE INVENTION

The basic idea of the invention has very schematically been
shown in Fig 2 by showing there how the second control ar-
rangement 25 is modified and connected in another way than
the control arrangement 25 of the converter according to Fig 1,
more exactly in such a way that it comprises means adapted to
control the semiconductor device connected in anti-parallel with
the rectifying member 23 or 23’ when this is turning off so that
the conductivity increases. What this means in practice is shown
in the diagram in Fig 4, which corresponds to the diagram ac-
cording to Fig 3. The following data and properties imay be valid
for this: We assume that Uy, = 1200 volts, the. maximum reverse
current in the diode 23 I, = 200 A, the inductance of the induc-
tor 24 L = 8 pH (di/dt = -1200 V/8 uH = -150 A/us) and the diode
turns rapidly off. The IGBT 22 in anti-parallel will limit dV ./dt
(Vce = the collector emitter voltage of the IGBT) to a certain pre-
determined value, such as for example 1 kV/us. A somewhat
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idealized wave shape is shown in Fig 4. The collector-emitter
voltage will reach Uy, at a point of time of 1,2 pus after |, with a
total maximum reverse current in the valve of approximately 300
A. At another predetermined value, which in this example is V..
= Vaamp = 2.0 kV, the voltage across the anti-parallel IGBT is
clamped at a valve current of 260 A. The valve current is re-
duced to zero with a di/dt = (Vgjamp-Ugc)/L = 100 A/us during a
period of time of 2.6 pus. The total energy consumed in the diode
and in the anti-parallel IGBT may be calculated to be about 1.2
J, which is less than in the apparatus already known according
to Fig 1. Another advantage is that the peak voltage has been
reduced to 2.0 kV and that the clamping voltage now is inde-
pendently of the pole voltage Ugy.. By increasing dV../dt to a
higher value or by increasing the clamping voltage the turning-
off losses may be reduced further. If the diode can take an in-
crease of the peak voltage to 2300 volts this will result in a pos-
sibility to more rapidly reduce the current through the inductor

‘24 and the turning-off losses thereby get lower. The current

through the inductor 24 will not be influenced in reducing direc-
tion until the voltage across the diode 23 in the reverse direction
thereof has exceeded Uy.. Thus, the size of the difference of the
instantaneous voltage and Uy will decide how rapidly the cur-
rent through the inductor may be reduced to zero.

In Fig 5 it is very schematically illustrated how an apparatus ac-
cording to the invention may be built in the practice. A controlled
current source 26 used for the normal turning-on of the IGBT 22
is shown in this figure, but this has nothing to do with the func-
tion of the apparatus according to the invention. It is schemati-
cally illustrated how a member 27 is adapted to measure the
voltage across the diode 23 and send information thereabout to
a negative current source 28, the function of which will be ex-
plained further below. The member 27 may be designed in many
different ways apparent to a person with skill in the art.
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It is also illustrated how a capacitor 29 with a capacitance C and
a resistor 29’ are arranged in series between the collector 30
and the gate 31 of the IGBT. The negative current source 28 is
connected between the gate and the emitter. The internal gate-
emitter-capacitance in the IGBT 22 is indicated through a ca-
pacitor 32. The current source is adapted to drain a predeter-
mined current thereto within the voltage range thereof
(Voff<Vge<Von). When the outer feeding circuit creates a posi-
tive voltage derivative when the diode 23 is turning off a current
will flow through 29 and 29’. This current is distributed on a cur-
rent source 28, to which 2 A flows, and the rest of the current
flows to the gate of the IGBT so as to increase the gate-emitter
voltage thereof for increasing the conductivity of the semicon-
ductor device when the gate reaches the threshold voltage
thereof.

The function of the apparatus according to Fig 5 is as follows:

‘when the diode 23 is turned off a voltage will start to be built up

thereacross. This voltage will mainly correspond to the voltage
between the collector 30 and the gate 31 of the IGBT and drive
the current through the capacitor 29 and the resistor 29’ towards
the current source 28. The magnitude of this current is con-

trolied by the formula | = Cidg, where U is the voltage between

the collector and the gate of the IGBT and C is the capacitance
of the capacitor 29. When the predetermined level of the current
source, for example 2 A, is exceeded the share of the current
thereabove will be diverted to the gate 31 of the IGBT, so that
the capacitance 32 will raise the voltage between the gate 31
and the emitter 33 of the IGBT. When this voltage reaches
above the threshold voltage of the IGBT the conductivity of the
IGBT will increase and a part of the return current will start to
flow through the IGBT. When the conductivity of the IGBT in-
creases the current through the capacitor 29 will assume sub-
stantially the value determined by the current source, in which
the gate-emitter voltage is kept substantially constant to the
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value needed for obtaining a desired conductivity. The voltage
increase across the diode will in this way take place in a con-
trolled way with the dV../dt as indicated in Fig 4. When then a
certain voltage, namely V.,mp, is reached, the member 27 in-
forms the current source 28 thereof, whereupon this is con--
trolled to drain a considerably lower current, such as for exam-
ple 0.2 A, which means that the dV../dt will be considerably
lower, such as for example be changed from 500 V/us to 50
V/us, which in the practice means that the voltage across the
diode 23 will be substantially constant until the inductor 24 does
not feed any current any longer and the IGBT 22 will thereby
turn off by itself. When this takes place the collector voltage of
the IGBT falls to the pole voltage Uy, such as indicated through
a dashed line in Fig 4. When the collector voltage falls down a
current will flow from the gate to the collector through the ca-
pacitor 29 discharging the gate and thereby reducing the con-

ductivity of the IGBT to a much lower value.

It would of course be well possible to build in a number of dif-
ferent levels in the current source 28 for changing the control
thereof in dependence of the voltage measured by the member
27. This may be done so that the total turning-off losses are
minimized.

An apparatus according to another preferred embodiment of the
invention is schematically illustrated in Fig 6. The case of turn-
ing-off the diode in the valve circuit 20 is also shown here. The
valve circuit 21 is conducting and the main current valve 2 has
been turned on. The diode 23 conducts a current starting to flow
in the reverse direction. The IGBT 22 is turned off. A voltage di-
vider 34 is used for measuring the voltage across the valve cir-
cuit 20, i.e. the diode 23. As soon as the diode 23 starts to take
voltage a reference ramp generator 35 is started, which is trig-
gered by the fact that the collector-emitter voltage measured by
the voltage dividers 34 is higher than a reference voltage, pref-
erably 0 volt. A time-depending reference voltage is thereby
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generated and compared in an amplifier 36 with the voltage
measured across the diode 23. As soon as the measured volt-
age is higher than the reference voltage the amplifier 36 starts
to increase the conductivity of the IGBT 22 so as to bring the
measured voltage to follow the reference voltage. The amplifier
36 may deliver sufficient current for raising the gate-emitter
voltage of the IGBT 22, so that the conductivity of the IGBT in-
creases. The resistor 37, which tries to keep the IGBT 22 turned
off, has in this case a comparatively high impedance, which al-
lows the amplifier to increase the voltage of the gate of the IGBT
to a value at which the conductivity of the IGBT increases. As
soon as the voltage measured by the voltage divider 34 is lower
than the reference voltage delivered by the generator 35 the
gate voltage will again be reduced to V¢ and the conductivity of
the IGBT gets low. It is also illustrated that a small RC-snubber
member 38 with a capacitance in the order of 50 nF is used so

as to suppress oscillations in the MHz-region in the circuit.

An apparatus according to another preferred embodiment of the
invention is schematically illustrated in Fig 7, and the descrip-
tion will here be restricted to the differences thereof with respect
to the embodiment according to Fig 6. The current to the gate is
in this embodiment controlled through a capacitor 29 between
the gate and the collector of the IGBT, which acts as a current
source (as in the embodiment according to Fig 5) as long as the
collector voltage increases. This capacitor 29 will try to increase
the conductivity of the IGBT as soon as the collector-emitter
voltage of the IGBT increases. For avoiding that the IGBT is
turned on too much there is also a negative current source
formed by the amplifier 36 and the transistor 39, controlled
thereby, and through which the value of the current that will be
drained from the gate will be controlled according to the meas-
ured fault of the measured collector-emitter voltage with respect
to the reference voltage wave shape. As soon as the reference
voltage is higher than the voltage measured by the voltage di-
viders 34 the amplifier 36 starts to increase the conductivity of
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the transistor 39, so that the gate-emitter voltage is limited to a
suitable value so as to increase the collector-emitter voltage of
the IGBT so that this follows the reference voltage.

An apparatus according to a further preferred embodiment of the
invention is illustrated in Fig 8 and this constitutes a simplifica-
tion of the embodiment according to Fig 7. No reference voltage
generator is present in this embodiment, but a voltage limited
negative current source 40 is instead used, which preferably
may be controlled to drain either a low predetermined current or
a high predetermined current. Reference is now also made to
Fig 9. When turning off the low current is initially drained by the
current source 40, which is controlled by the control member 41.
When the collector voltage starts to increase the capacitor 29
will feed a current to the gate 31 of the IGBT. The capacitance
of the capacitor is sufficiently large and the low predetermined
current value is sufficiently low for turning the IGBT on and limit

‘the time derivative of the voltage across the diode 23 to a

voltage V, according to Fig 9. The voltage dividers will now
measure when the collector-emitter voltage is higher than V,,
and after a time delay of At the current source 40 will instead
drain a current according to the higher current value. When di-
mensioning the capacitor 29 and the value of the current source
according to Fig 9 correctly the IGBT will actively adjust the
conductivity when the collector-emitter voltage has reached the
value V4. When the collector-emitter voltage is equal to V, the
gate-emitter voltage of the IGBT is sufficiently high for making
the IGBT able to limit the time derivative of the voltage across
the diode 23. At another voltage, namely when the voltage
across the diode is equal to Vg jamp, it is desired to turn the IGBT
on even more for bringing it to clamp the voltage on this level.
The current source 40 is at this voltage allowed to return to the
low current value being so low that the voltage across the diode
23 will not increase remarkably during the clamping period. The
first limitation according to V, is in the first place for ensuring
that the gate of the IGBT is located close to the threshold volt-
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age when the maximum voltage level V;m, is exceeded. This
reduces the delay in the control loop. So as to manage the se-
ries connection with different components it is extremely impor-
tant that this active control is rapid and individual. The step
between low and high current should be as large as possible for
compensating differences between different component data so
as to enable the series connection.

The invention is of course not in any way restricted to the pre-
ferred embodiments described above, but many possibilities to
modifications thereof will be apparent to a person with ordinary
skill in the art without departing from the basic idea of the in-
vention as defined in the claims.

The current source shown in Fig 8 may for example instead be
realized through a variable resistor which may have a low re-
sistance value when the collector-emitter voltage of the IGBT

‘increases and a higher value so as to clamp the collector-emit-

ter voltage.
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Claims

1. An electrical apparatus for limiting the peak voltage across a
rectifying member (23, 23’) of a current valve arranged in a cir-
cuit having a substantial inductance (24) and having at least one
controllable semiconductor device (22, 22’) and at least one said
rectifying member connected in anti-parailel therewith when
turning off the rectifying member, characterized in that it com-
prises means (25) adapted to control the semiconductor device
so that the conductivity thereof is increased during the turning
off of the rectifying member.

2. An apparatus according to claim 1, characterized in that said
means (25) are adapted to control the degree of conductivity of
the semiconductor device (22, 22’) when the rectifying member
(23, 23’) is turning off in dependence of the instantaneous mag-

nitude of the voltage across the rectifying member.

3. An apparatus according to claim 2, characterized in that said
means (25) are adapted to control the voltage across the recti-
fying member according to a predetermined reference voltage
wave shape through controlling the degree of conductivity of the
semiconductor device (22, 22’) when the rectifying member (23,
23’) is turning off.

4. An apparatus according to claim 2 or 3, characterized in that
it comprises members (27, 34) adapted to measure the voltage
across the rectifying member (23, 23’) and said means (25) are
adapted to consider voltage values so measured when control-
ling the semiconductor device (22, 22’)

5. An apparatus according to claim 4, characterized in that it
comprises members (36) adapted to compare the voltage meas-
ured across the rectifying member with a reference voltage, and
that said means (25) are adapted to control the semiconductor
device in dependence of the result of this comparison.
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6. An apparatus according to claim 5, characterized in that said
means (25) are adapted to control the semiconductor device
(22, 22’) towards an increasing conductivity when the voltage
measured is higher than the reference voltage and control the
semiconductor device towards a lower conductivity when the
voltage measured is lower than the reference voltage.

7. An apparatus according to any of the preceding claims,
characterized in that it is designed to limit the peak voltage
across a rectifying member (23, 23’) of a current valve having an
IGBT (Insulated Gate Bipolar Transistor) as semiconductor de-
vice (22, 22’).

8. An apparatus according to claim 7, characterized in that said
means comprise a series connection of a capacitive (29) and a
resistive (29’) member between the gate and the collector of the

'IGBT and a negative current source (28, 40) connected to the

gate and adapted to drain a predetermined current as soon as
the voltage between the gate and the emitter of the IGBT ex-
ceeds a determined value and when this value is exceeded di-
vert the share of the current above this predetermined current to
the gate of the IGBT so as to increase this gate-emitter voltage
and bring the IGBT towards a state of a higher conductivity.

9. An apparatus according to claim 8, characterized in that the
current source (28, 40) is controllable, and that the apparatus
comprises members (41) adapted to control said predetermined
level of the current drained by the current source so as to con-
trol the time derivative of the voltage increase across the IGBT
when the rectifying member is turning off.

10. An apparatus according to claim 9, characterized in that
said members (41) for controlling the predetermined current
level of the current source is adapted to achieve such controlling
between at least two discrete values and at voltages across the
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rectifying member (23, 23’) below a predetermined level to have
a first higher current value of the current source and when ex-
ceeding the predetermined level of the voltage across the recti-
fying member change to a second lower value of the current
which the current source (40) is adapted to drain.

11. An apparatus according to claim 10, characterized in that
the first higher current value is substantially higher than the
second lower current value, preferably at least five times higher.

12. An apparatus according to any of claims 9-11, character-
ized in that the current control members comprise a transistor
(39) adapted to be controlled for controlling the current of the
current source.

13. An apparatus according to any of claims 9-11, character-
ized in that the current control members comprise a resistor with

‘a variable resistance and members adapted to vary the resis-

tance of the resistor for varying the current of the current
source. '

14. An apparatus according to any of claims 9-13, character-
ized in that said control member (41) is adapted to control the
current of the current source to have a high level until the volt-
age across the rectifying member (23, 23') has exceeded a
value above which it will effect a reduction of the current
through said inductance (24).

15. An apparatus according to any of claims 9-14, character-
ized in that a capacitor (29) is arranged between the collector
(30) and the gate (31) of the IGBT and in series with the collec-
tor and the current source (28).

16. An apparatus according to any of the preceding claims,
characterized in that a RC-snubber member (38) is connected
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in parallel with the rectifying member (23, 23’) of the current
valve.

17. An apparatus according to any of the preceding claims,
characterized in that it is adapted to limit the peak voltage
across the rectifying member (23, 23’) of a current valve having
a series connection of semiconductor devices (22, 22’) and rec-
tifying members connected in anti-parallel therewith, and that
the apparatus comprises said means adapted to individually
control the semiconductor device belonging to each individual
rectifying member to turn on at least slightly when the rectifying
member is turning off.

18. An apparatus according to any of the preceding claims,
characterized in that it is adapted to limit the peak voltage
across a rectifying member (23, 23’) in the form of a diode when

the latter is turned off.

19. An apparatus according to any of the preceding claims,
characterized in that it is adapted to limit the peak voltage
across a rectifying member (23, 23’) of a said current valve in-
cluded in a converter.

20. An apparatus according to claim 19, characterized in that
the current valve is a part of a voltage stiff converter adapted to
convert alternating voltage into direct voltage and conversely.

21. An apparatus according to claim 20, characterized in that
said converter is a part of a plant for transmitting electric power
in the form of high voltage direct current (HVDC).

22. An apparatus according to claim 20 or 21, characterized in
that said current valve is a part of a resonance circuit (18) for
recharging snubber capacitors (12, 13) of other main current
valves (1, 2) located on both sides of a phase output (14) of the
converter so as to thereby enable turning on of semiconductor
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devices (8, 9) of turn-off type of the main current valves at a low
voltage thereacross.

23. An apparatus according to claim 22, characterized in that
the resonance circuit (18) is constituted by an ARCP-circuit
(Auxiliary Resonant Commutation Pole).

24. An apparatus according to claim 23, characterized in that
said current valve, in which the peak voltage across a rectifying
member (23, 23’) shall be limited when the rectifying member is
turning off, is a part of a so called auxiliary valve circuit (20, 21)
in the ARCP-circuit. ‘

25. An apparatus according to claim 24, characterized in that
the converter has an auxiliary valve (19) comprising at least one
set of two said auxiliary valve circuits (20, 21) connected in se-
ries, each of which comprises a semiconductor device (22, 22’)

‘of turn-off type and a rectifying member (23, 23’) connected in

anti-parallel therewith, said semiconductor devices of turn-off
type of the two auxiliary valve circuits being arranged in oppo-
site polarity with respect to each other, and that the ARCP-cir-
cuit also comprises an inductor (24) connected in series with
said set of auxiliary valve circuits.

26. An apparatus according to claim 19, characterized in that it
is adapted to limit the peak voltage across a rectifying member
of a said current valve being a part of a converter belonging to
an arrangement for driving an electric motor.

27. A method for limiting the peak voltage across a rectifying
member (23, 23’) of a current valve (20, 21) arranged in a circuit
having a substantial inductance (24) and having at least one
controllable semiconductor device (22, 22’) and at least one said
rectifying member connected in anti-paraliel therewith when
turning off the rectifying member, characterized in that the
semiconductor device is during the turning off of the rectifying
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member controlled towards an increased conductivity for limiting
the voltage increase across the rectifying member.

28. A method according to claim 27, characterized in that the
degree of turning on of the semiconductor device (22, 22’) at
turning off of the rectifying member (23, 23’) is controlled in de-
pendence of the instantaneous magnitude of the voltage across
the rectifying member.

29. A method according to claim 28, characterized in that the
voltage across the rectifying member of the current valve is

~controlled according to a predetermined reference voltage wave

shape when the rectifying member (23, 23’) is turning off.

30. A method according to any of claims 27-29, characterized
in that it is the peak voltage across a rectifying member (23, 23°)
of a current valve having an IGBT as semiconductor device (22,

'22’) that is limited, and that the current limitation takes place by

diverting a current from the collector of the IGBT until a prede-
termined level has been reached for the current and when this
level is exceeded the share of the current above this level is di-
verted to the gate of the IGBT so as to increase the gate-emitter
voltage thereof and influence the IGBT towards an increased
conductivity. :

31. A method according to claim 30, characterized in that said
predetermined level of the current is controlled so as to control
the time derivative of the voltage increase across the IGBT
when the rectifying member is turning off.

32. A computer program product adapted to be loaded directly
into the internal memory of a computer and comprising software
code portions for instructing a processor to carry out the steps
according to any of claims 27-31 when the product is run on a
computer.
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33. A computer program product according to claim 32, provided
at least partially over a network as the Internet.

34. A computer readable medium having a program recorded
thereon adapted to make a computer control the steps according
to any of claims 27-31.
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