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Description

Field of the invention

[0001] This invention relates to power electronics in
general, and in particular to an improved magnetic bear-
ing drive system.

Background of the invention

[0002] A conventional magnetic bearing amplifier is
similar in topology to that used for a switched reluctance
drive. However, the magnetic bearing amplifier situation
differs in that the power transmitted will be ideally reactive
(since no mechanical work is being done).
[0003] In practice, the magnet can be modelled as an
inductor with copper losses and maybe even core losses.
However, in installations with long power cables going
to the magnetic bearings (which is often the case in real
life implementations, since separation between the ma-
chinery containing the bearings and the bearings driver
circuitry is often required, e.g. where the bearing is in a
volatile gas compressor), the capacitance and transmis-
sion line effects of the long magnet power cables going
to and from the magnetic bearings and their respective
driver circuitry will result in high currents at the switching
edges and very high voltages at the load (i.e. at the mag-
netic bearing).
[0004] High currents might cause damage or other det-
rimental effects to the bearings or driver circuitry. The
detrimental effects may also be amplified, which is a par-
ticular problem because the operating voltages for such
magnetic bearings are (already) typically in the order of
several hundred volts (e.g. 600V).
[0005] Accordingly, there is a need for an improved
magnetic bearing drive system.
[0006] US5376867, US4061948, and US2009/174270
disclose magnetic bearing drives with energy recupera-
tion. The paper ’Origins of Harmonic Distortion in Switch-
ing Amplifiers’, by R.D. Middlebrook, 4th PCI conference,
1982, teaches offset supply rails to overcome crossover
distortion in audio switching power amplifiers.

Summary of the invention

[0007] Embodiments of the present invention feed the
energy associated with the switching of the transmission-
line-modelled magnet-power-cables back into the DC
link (i.e. power supply) of the magnet drive amplifier and
will limit the voltage at the load without compromising the
dynamic performance of the bearing driver amplifier.
[0008] Accordingly, there is provided a magnetic bear-
ing drive circuit driven from a pair of Direct Current (DC)
link voltage rails, said magnetic bearing drive circuit hav-
ing at least one amplifier providing an output PWM drive
signal for driving a magnetic bearing winding, said output
PWM drive signal being provided to the magnetic bearing
winding through a plurality of drive signal rails, said mag-

netic bearing drive circuit comprising a pair of voltage
offset devices coupled to the DC link voltage rails and
arranged to provide a pair of offset catcher voltage rails
from the DC link voltage rails, and primary clamping
means coupled between each offset catcher voltage rail
and a respective one of the drive signal rails. Thus, both
catcher rails are connected to each "leg" of the magnetic
bearing through the primary clamping means.
[0009] Optionally, each voltage offset device further
comprises a decoupling capacitor network connected be-
tween earth and each offset catcher voltage rail.
[0010] Optionally, the primary clamping means com-
prises a pair of clamping diodes per respective drive sig-
nal rail.
[0011] Optionally, the pair of primary clamping diodes
are coupled in series between the offset catcher voltage
rails, and the junction between the primary clamping di-
odes is coupled to the respective drive signal rail.
[0012] Optionally, the voltage offset device comprises
one out of: a series resistor coupled between the respec-
tive DC link voltage rail and offset catcher voltage rail; a
(power) Zener diode having a predetermined threshold
voltage coupled between the respective DC link voltage
rail and offset catcher voltage rail; a DC-DC converter,
whose output is the DC link voltage between the DC link
voltage rails and whose input is a predetermined offset
voltage, coupled between the respective DC link voltage
rail and both offset catcher voltage rails; or a capacitor,
resistor and switch forming a brake circuit.
[0013] Optionally, the voltage offset device comprises
a (power) Zener diode, and the circuit further comprises
a resistor in series with each Zener diode.
[0014] Optionally, the voltage offset device comprises
a power Zener diode formed from a low power Zener
diode coupled across a power MOSFET or power IGBT.
[0015] Optionally, the power Zener diode comprises a
plurality of low power Zener diodes selectively coupled
across a power MOSFET or power IGBT, to provide a
variable threshold voltage power Zener diode.
[0016] Optionally, rectifier diodes may be coupled be-
tween the voltage offset devices and the DC link voltage
rails to ensure power only transfers back to the DC link
voltage.
[0017] Optionally, the voltage offset devices are posi-
tioned at either the amplifier end of the overall system
comprising the magnetic bearing, magnetic bearing am-
plifier and length of cables there between, or at the mag-
netic bearing end of the overall system comprising the
magnetic bearing, magnetic bearing amplifier and length
of cables there between.
[0018] Optionally, secondary clamping means may be
coupled between each DC link voltage rail and drive sig-
nal rail.
[0019] Optionally, the secondary clamping means
comprises a further set of (power) diodes in series with
resistors coupled between each DC link voltage rail and
drive signal rail.
[0020] A variation of the afore-mentioned magnetic
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drive bearing circuit may also be used for other machine
drive circuitry.

Brief description of the drawings

[0021] Further details, aspects and embodiments of
the invention will be described, by way of example only,
with reference to the drawings. In the drawings, like ref-
erence numbers are used to identify like or functionally
similar elements. Elements in the figures are illustrated
for simplicity and clarity and have not necessarily been
drawn to scale.

Figure 1 schematically shows how magnetic bearing
windings may be individually sourced or share a re-
turn path according to embodiments of the present
invention;
Figure 2 shows a high level schematic diagram of a
magnetic bearing amplifier circuit according to an
embodiment of the present invention;
Figure 3 shows a component level schematic dia-
gram of a magnetic bearing amplifier circuit having
only a primary clamping diode arrangement accord-
ing to an embodiment of the present invention;
Figures 4A to 4C show component level schematic
diagrams of a power Zener diode and variable power
Zener diode, according to embodiments of the
present invention;
Figure 5 shows a voltage vs time waveform of a mag-
netic bearing input voltage without the present in-
vention applied;
Figure 6 shows a voltage vs time waveform of a mag-
netic bearing input voltage according to embodi-
ments of the present invention.

Detailed description of the preferred embodiments

[0022] Because the illustrated examples of the present
invention may, for the most part, be implemented using
electronic components and circuits known to those skilled
in the art, details will not be explained in any greater ex-
tent than that considered necessary for the understand-
ing and appreciation of the underlying concepts of the
present invention and in order not to obfuscate or distract
from the teachings of the present invention.
[0023] Magnetic bearings are used in a variety of sit-
uations, most notably in plant machinery such as that
found driving many industrial processes. Examples in-
clude industrial pumps, generators, and the like. Often,
for safety/hygiene or others reasons, the magnetic bear-
ings are located separately from their control and drive
circuitry. The drive circuitry typically comprises multiple
amplifiers powered off a suitable DC link voltage (power
supply), with each amplifier providing a specifically con-
trolled Pulse Width Modulated (PWM) drive signal to one
or more sets of windings within the magnetic bearing.
[0024] Typical systems run with DC link voltages of 0V
to 390 V, 0 V to 600 V or -150 V to +150V (i.e. a 300 V

span centred about ground). However, the methodology
of the present invention is not so limited. Different voltage
spans simply require different values of resistance,
breakdown/threshold voltages and the like to be used.
[0025] The PWM drive signals driving the magnetic
bearing windings are often at high frequency. For such
high frequency pulses, the (long) magnet power cables
connecting the drive circuitry to the magnetic bearing
may be treated as a transmission line.
[0026] The normal practice used to get the best pulse
response or flattest frequency response out of a trans-
mission line is to drive it from a (series) source impedance
equal to the characteristic impedance of the transmission
line, and terminate it with a (parallel) resistance or im-
pedance of similar value (so called impedance match-
ing). This eliminates reflections in the transmission line.
[0027] Taking an example of a 200 metre cable suita-
ble for use as magnet power cabling, test measurements
determine the characteristic impedance to be 43 ohms
(where the tests measured the square root of the induct-
ance per unit length divided by capacitance per unit
length).
[0028] For such a cable, the high value of magnet in-
ductance (20 mH or more) of a magnetic bearing winding
effectively presents an open circuit termination at the
magnetic bearing end of the magnet power cable (at the
typically used 10 kHz carrier frequency of the pulse width
modulation).
[0029] Simply putting a 43 ohm resistor in parallel with
the magnetic bearing winding would provide a good ter-
mination (due to it matching the characteristic impedance
of the transmission-line-modelled power cable), but
would also incur a considerable power loss due to the
significant resistance across the voltage being supplied
to the respective magnet bearing winding.
[0030] For example, power loss = V2/R, and where the
operating voltage is 600V (which is quite typical in mag-
netic bearing applications), the instantaneous loss for a
single magnet would be: 

[0031] Taking into account that the power is being sup-
plied to the bearing in the form of a PWM signal, the full
voltage is only being applied for a proportion of time (a
typical example being about 10%). This makes the power
loss actually observed across the 43 Ohms resistor at
the magnetic bearing end of the magnet power cables
about 837 watts per magnet. However, these levels are
still very high.
[0032] This power would not only have to be provided
by the power supply (together with the power being used
by the magnetic bearing(s) itself), but this waste power
also needs to be dissipated at the load. In canned bear-
ings the can-loss may also provide a further contribution
to such resistive losses/damping.
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[0033] Without the parallel termination resistor, a pulse
signal arriving at the magnet end will see an impedance
much higher than the Cable characteristic impedance
and the voltage of the pulse transition will double as the
pulse is reflected without inversion back towards the
sending end.
[0034] Furthermore, it is not desirable to simply use a
series resistor at the source (of 43 ohms, to match the
calculated characteristic impedance of the magnet power
cables in this example), because this would be about 100
times greater than the inherent cable resistance, causing
unwanted, significant and unacceptable DC voltage drop
in proportion to the current being transferred to the mag-
net winding (since power loss = I2R). To put this into
perspective, it is typically advisable to use a cable resist-
ance of less than 0.5 ohms to keep the I2R power losses
as low as possible. Thus, the 43 Ohm resistance would
increase this total cable resistance by approx 100 times.
Moreover, this topology would require a (very) high power
rated resistor (which are bulky and expensive).
[0035] Furthermore, because the source impedance
is effectively zero at the amplifier end, any drive signal
reflected from the far end will effectively invert and
bounce back (i.e. reflect) towards the magnetic bearing,
to be once again reflected back toward the amplifier with-
out inversion. This might occur regularly, resulting in a
"ringing" on the line (which is particularly detrimental to
amplifier circuits). In more detail, if there is an effective
open circuit termination at the far end and zero imped-
ance at the sending end, any pulse arriving at the open
circuit far end will double in magnitude (e.g. to 1200V, if
the original voltage was 600V) and make its way back to
the sending end, only to hit a short circuit termination and
travel back to the load end, now inverted, and so on.
Such an effect can be demonstrated at low voltage on a
video coaxial cable. The result looks like a decaying ring,
but with a rectangular rather than sine waveform. The
rate of decay of the ring depends upon the loss in the
magnet power cable (i.e. losses through the actual series
resistance of the cable compared to the 43 Ohms char-
acteristic impedance calculated by modelling the power
cables as a transmission line). Typically, the ring might
decay by between 5% (magnet cable with large cross
section) and 40% (video coaxial cable) for each transit
up and down a long cable.
[0036] However, it was found that by catching the first
voltage overshoot with a "clamping" diode connected to
a voltage set slightly beyond (with respect to the voltage
polarity - i.e. beyond a positive number is more positive,
and beyond a negative number is more negative) the
supply rail voltage of the PWM amplifier driving the mag-
netic bearing winding and recovering the energy from the
ringing into these ’catcher’ voltage rails, it is possible to
substantially reduce the amplitude of any further back-
and-forth ring effects in a single hit. This, in effect, is the
result of terminating the excess voltage part of the reflec-
tion into an artificial near-zero impedance at the open
circuit far end.

[0037] A second "clamping" diode may be used for
negative transitions and in this case the catching voltage
needs to be slightly beyond the negative drive voltage,
i.e. more negative than the negative rail supplying power
to the pulse source (i.e. the magnetic bearing drive am-
plifier).
[0038] Preferably, the "clamping" diodes are fast re-
covery diodes, and used in a pair (per leg of the bearing
winding power cable).
[0039] Each magnet power cable comprises two ’legs’,
i.e. a current conductor going from the drive amplifier to
the magnetic bearing winding and a current conductor
coming back from the magnetic bearing winding to the
drive amplifier. Magnetic bearing windings are often driv-
en in opposing pairs, so a set of opposing magnets may
share a single return path, i.e. leg, as shown in Fig. 1
(where A1 and B1 110 represent isolated/individual mag-
net drive cabling and A2/B2 120 represent a shared com-
mon return situation).
[0040] Each magnetic bearing winding/leg, (or shared
return path) typically has two associated clamping di-
odes, so four are used per magnetic bearing winding. In
one embodiment, the diodes have no series resistors and
connect to the catcher voltages offset above and below
the limits of the DC link voltage by a predetermined volt-
age offset value. However, resistors matching the imped-
ance of the magnet power cables may be used in alter-
native embodiments.
[0041] Every catcher voltage (i.e. voltage sink) prefer-
ably has two decoupling capacitors, one connecting to
earth and the other connecting to the opposite polarity
catcher voltage. Earth is typically the local machine met-
alwork earth potential, not the earth conductor in the mag-
net cable.
[0042] Whilst a separate circuit may provide the catch-
er voltages, it is preferential to use the DC link voltage,
so that energy is returned to the DC link, and not lost.
Thus, in energy efficiency terms, it is far superior to use
voltage offset devices connected back to the DC link to
return power to the DC link whenever the positive drive
voltage exceeds the positive potential of the DC link volt-
age by a predetermined offset value, and similarly for the
negative drive voltage exceeding the negative potential
of the DC link. Offset voltages would typically lie between
15V and 50V of the respective DC link value (e.g. be-
tween (-15V to +615V) and (-50V to +650V) for a typical
DC link voltage of 600V).
[0043] Where no power return cable is provided, there
is an option to use a brake resistor circuit to dissipate the
power that would otherwise be returned to the source. In
this case, the circuit that normally feeds to the respective
power return cable would feed instead to a large value
electrolytic capacitor and this capacitor would be dis-
charged by a resistor connected across the capacitor via
a semiconductor switch. The normal action for such a
brake circuit is for the switch to start conducting as the
voltage increases beyond a high(er) threshold value and
to cease conducting once the capacitor voltage has
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passed below a low(er) threshold value. The hysteresis
between the two voltage levels might typically be be-
tween 15 and 50V, and so both thresholds would be be-
yond the spread of the DC link voltage, and so it would
not be necessary to use the voltage offset device to
spread the clamping voltage levels outside the range of
the DC link instead. However, this is an inefficient imple-
mentation, as energy is simply being dumped into the
brake circuit wastefully.
[0044] Voltage offset devices are typically used in
pairs, one for a positive offset to a positive catcher voltage
rail and another for a negative offset to a negative catcher
voltage rail. The voltage offset devices may be located
at either end of the power return cable (i.e. at the
drive/control circuit end or the load end).
[0045] A range of different offset devices may be used,
for example, a simple resistor can be used to create a
voltage offset. However, in this case the offset voltage is
directly proportional to the power return current. Thus, a
resistor is simple and cheap, but does not provide the
best performance.
[0046] The simplest embodiment of a constant voltage
offset device is a Zener diode. When driving large volt-
ages and currents, a power Zener diode is typically used.
The Zener (breakdown, i.e. threshold) voltage will be in
the region of 10 V to 50V and the Zener current might be
as much as 5A. Thus, the dissipation may be up to 250W.
The power Zener diode can be implemented by connect-
ing a typical 400 mW (i.e. low power) Zener diode across
a power semiconductor such as a Metal Oxide Semicon-
ductor Field-Effect Transistor (MOSFET) or Insulated
Gate Bipolar Transistor (IGBT), to make the gate voltage
some defined value less than the Collector (when using
an IGBT) or Drain (when using a MOSFET) voltage. The
power Zener threshold voltage is then the breakdown
voltage of the standard (400 mW typically) Zener diode
plus the gate threshold voltage of the power semicon-
ductor (which may be typically between 5V and 10V).
The sum is set to be in the 10V to 50V range mentioned
previously.
[0047] A more complex solution is to use a DC-DC con-
verter to achieve the voltage offset in place of the power
Zener diode. Ideally, a galvanically isolated DC-DC con-
verter would be used that has an input voltage that is the
same as the threshold voltage of the power Zener diode
that the DC-DC converter replaces. The output voltage
is typically the DC link voltage (i.e. 0V or +600V). The
input voltage may be regulated by arranging the DC-DC
converter so that the converter delivers progressively
more power back to the DC link bus as the voltage rises
above the set value (10V to 50V). This improves power
efficiency, but at the expense of more complex catcher
circuitry.
[0048] Another possibility is to use a boost converter
configuration (not galvanically isolated) to return the pow-
er from the offset catcher voltage to the DC link bus. In
this case, the control loop of the boost converter would
need to be set up to regulate the input voltage by adjusting

the current taken from the input upwards as the input
voltage rises above a set value.
[0049] Additionally there may be a second set of
clamping diodes which have resistors approximately
equal to the magnet power cable characteristic imped-
ance connected in series with them. This second set of
clamping diodes connects directly to the DC link voltage
of the power return cable (not the offset catcher voltage).
The presence of the resistor prevents the catcher diode
from becoming the preferred path for the flywheel current
and the value is chosen to properly terminate the char-
acteristic impedance. The serial order of the secondary
clamping diode and series resistor can be swapped. Ad-
dition of this second set of clamping diodes causes added
complexity because two sets of power return cables will
be required (one set of ’offset’ return cables, and one set
of ’DC link’ return cables). This entails either a second
power return cable (per DC link) or that the voltage offset
devices are located at the load end of the cable. The
small benefits of the secondary set of diodes may not
justify the extra complexity, and problems associated
with having the voltage offset devices located at the load
end of the cable.
[0050] If a system were to use only the secondary
clamping diodes (with series resistors), then the initial
voltage overshoots would still be significant compared to
those experienced when utilising only primary clamping
diodes, since they are not so effective. But the duration
of the ’rings’ could be significantly reduced. Using both
primary and secondary clamping diodes provides a mix-
ture of their respective benefits.
[0051] Fig. 2 shows a high level schematic diagram of
a magnetic bearing amplifier circuit 200 according to an
embodiment of the present invention.
[0052] In Fig. 2, a DC link voltage/power supply 210
supplies power to a plurality of magnetic bearing winding
amplifiers (220a-c), each driving at least one magnetic
bearing winding. The windings of the magnetic bearing
are connected through respective terminals (only two
sets of terminals are shown in Fig. 2 - 130a/b). Connected
to each respective magnet terminal 130a/b are primary
clamping diodes 140a/b, and, optionally, secondary
clamping diodes 150a/b (dotted lines). The primary
clamping diodes 140a/b are coupled between a positive
catcher voltage rail 160 and a ’negative’ catcher voltage
rail 170, provided by respective voltage offset devices
165 and 175. These voltage offset devices, in turn, return
to the appropriate DC link voltage (i.e. for a 0-600V DC
link, the positive catcher rail connects to the +600V and
’negative’ catcher rail connects to 0V) via reverse feed
blocking diodes 180. When implemented, the secondary
clamping diodes with resistors 150a/b are coupled to the
DC link 210 directly. Each amplifier 220a-c has one or
more sets of primary/secondary clamping diodes, and
they can either all use the same power return cable, or
separate ones. Fig. 2 also shows where the respective
portions of the circuit are provided - either in a control
cabinet located remotely to where the machine incorpo-

7 8 



EP 2 656 501 B1

6

5

10

15

20

25

30

35

40

45

50

55

rating the magnetic bearing is mounted, or the machine
itself.
[0053] Fig. 3 shows a component level schematic di-
agram of a magnetic bearing amplifier circuit having only
a primary clamping diode 140a arrangement according
to an embodiment of the present invention, where the
reference numerals correspond to the high level sche-
matic diagram of Fig. 2, in order to illustrate the compo-
nent typically used for the respective portions of the over-
all circuit. Some additional components are also shown,
such as a parallel inductor and resistor in series with each
cable leg 310 (these are often included to limit the rate
of change of current with time under short circuit condi-
tions), the magnetic bearing winding 320 and decoupling
capacitor network 330.
[0054] Figs. 4A to 4C show how a power Zener diode,
and variable Zener diode, may be formed from one or
more low power Zener diodes (165D1:1-N) coupled to a
high powered IGBT or MOSFET transistor (165D2), in
series with a resistor (165R). These arrangements may
form one or more of the catcher offset voltages (positive
and negative).
[0055] Fig. 5 shows a voltage or current vs time wave-
form of a magnetic bearing input voltage without the
present invention applied, where there are spikes 510
visible on the drive voltage waveform shown in the upper
part of the diagram and rings on the current waveform
shown in the lower half.
[0056] Meanwhile, Fig. 6 shows in the upper part a
voltage vs time waveform of a magnetic bearing input
voltage according to embodiments of the present inven-
tion, where the spike has been removed to form a plateau
610 visible on the drive voltage waveform and in the lower
half the current waveform shows a reduced duration of
ring effect. It was found that if the offset catcher voltages
are too small (i.e. not spread beyond the DC link voltage
robustly enough), then the drive voltage has a longer tail
off.
[0057] This is because it was found that if the voltage
to which the "clamping" diode(s) connects is too low (i.e.
too near the DC link voltage), the respective clamping
diode can take over from a flywheel diode in the magnet
bearing drive amplifier, causing a very long tail on the
current pulse at the cable input. Under this condition the
return path current is approximately half the sum of the
magnet currents in the magnets to which the return path
current is associated. This should be avoided by provid-
ing robust catcher voltages through suitable voltage off-
set devices, such as the power Zener diode arrangement
of Fig. 4.
[0058] In an exemplary topology operating at 600V, it
was found that by using a 22 ohm resistor in each leg of
the power return to the amplifier, the current is typically
reduced to around 0.7A rather than half the sum of the
magnet currents (10A each) and from this it can be de-
duced that the two catcher voltages to which the Zener
diodes connect are about 15V above the 600 V DC link
rail and 15 V below the 0V rail. So, in effect there is tram-

lining of the voltage waveform between -15V and +615V,
when the pulse source was generated between 0 V and
+600V. However, different component values may result
in/require a different tram-lined voltage level, typically be-
tween 10V - 50V.
[0059] Even with these catching voltage levels in place,
there may still be some long current tails, for example
when there has been a longer interval between glitches
of power than the "clamping" diode(s) is able to catch
and, as a result, the two tramline levels (the -15V and
+615V) may move inwards towards the DC link voltages
(e.g. 0V and +600V). However, this may be avoided by
using a voltage offset device powered from the main DC
link, such as the active power zener diode, optionally in
series with a 22 Ohm resistor. By varying the Zener volt-
age (see Fig. 4C), the tail current and catching voltage
can be optimised.
[0060] It will be appreciated that the specific compo-
nent values disclosed are only exemplary and not limiting
in any way. Thus, in brief review, there may be typically
at least one set (pair) of clamping diodes per leg of mag-
net cable, with a voltage sink (offset catcher voltage) ar-
rangement for each side (positive and negative) of the
DC link. Every voltage sink may require two decoupling
capacitors, one to earth and the other to the opposite
polarity voltage sink. Earth is typically the local machine
metalwork not the earth conductor in the magnet cable.
Meanwhile, the further options for variation include: A)
Clamp diodes may or may not include a series resistor;
B) Possibility of using more than one set of clamp diodes
(for example one set with and one set without series re-
sistors) connected to different voltage sinks.
[0061] Different methods of providing a voltage sink
may include: C1) Simple series resistor (but voltage off-
set from DC link varies with current flow); C2) Power Zen-
er Diode to add a constant voltage to the DC link voltage;
C3) a DC-DC Voltage converter of Zener voltage to DC
link bus voltage (to reduce power wastage and avoid
need to dissipate the waste heat); C4) Series resistor
additional to Power Zener diode (for added safety should
Zener device fail short circuit); C5) a Power dump direct
into brake resistor with threshold voltage control and with-
out power return link (but this is not so energy efficient).
The voltage sink Power Zeners or DC-DC converters can
be at either end of the magnet cable.
[0062] The standard rectifier diodes 180 at the ampli-
fier end of the DC return path 180 typically only provided
for safety reasons to prevent forward power flow.
[0063] There may be one DC return bus required for
each separate amplifier to prevent the DC links from be-
coming interconnected. Worst case current rating is typ-
ically half the sum of the magnet currents (Note this is
for wire self-heating considerations, as volt drop is not
an issue here). A wire size of 2.5 mm2 should be adequate
for the power return cables. By comparison, long magnet
power cables are likely to have a cross section of at least
10 mm2.
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Claims

1. A magnetic bearing drive circuit driven from a pair
of Direct Current (DC) link voltage rails (210), said
magnetic bearing drive circuit having at least one
amplifier (220) providing an output PWM drive signal
for driving a magnetic bearing winding, said output
PWM drive signal being provided to the magnetic
bearing winding through a plurality of drive signal
rails, said magnetic bearing drive circuit comprising:

a pair of voltage offset devices (165, 175) cou-
pled to the DC link voltage rails and arranged to
provide a pair of offset catcher voltage rails (160,
170) from the DC link voltage rails; and
primary clamping means (140) coupled between
each offset catcher voltage rail and a respective
one of the drive signal rails.

2. The magnetic bearing drive circuit of claim 1, wherein
each voltage offset device further comprises a de-
coupling capacitor network connected between
earth and each offset catcher voltage rail.

3. The magnetic bearing drive circuit of claim 1 or 2,
wherein the primary clamping means comprises a
pair of clamping diodes per respective drive signal
rail.

4. The magnetic bearing drive circuit of claim 3, wherein
the pair of primary clamping diodes are coupled in
series between the offset catcher voltage rails, and
the junction between the primary clamping diodes is
coupled to the respective drive signal rail.

5. The magnetic bearing drive circuit of any of claims
1 to 4, wherein the voltage offset device comprises:

a series resistor coupled between the respective
DC link voltage rail and offset catcher voltage
rail; or
a (power) Zener diode having a predetermined
threshold voltage coupled between the respec-
tive DC link voltage rail and offset catcher volt-
age rail; or
a DC-DC converter, whose output is the DC link
voltage between the DC link voltage rails and
whose input is a predetermined offset voltage,
coupled between the respective DC link voltage
rail and both offset catcher voltage rails; or
a capacitor, resistor and switch forming a brake
circuit.

6. The magnetic bearing drive circuit of claim 5, wherein
the voltage offset device comprises a Zener diode,
and the circuit further comprises a resistor in series
with each Zener diode.

7. The magnetic bearing drive circuit of claim 5 or 6,
wherein the voltage offset device comprises a power
Zener diode formed from a low power Zener diode
coupled across a power MOSFET or power IGBT.

8. The magnetic bearing drive circuit of claim 7, wherein
the power Zener diode comprises a plurality of low
power Zener diodes selectively coupled across a
power MOSFET or power IGBT, to provide a variable
threshold voltage power Zener diode.

9. The magnetic bearing drive circuit of any preceding
claim, further comprising rectifier diodes coupled be-
tween the voltage offset devices and the DC link volt-
age rails to ensure power only transfers back to the
DC link voltage.

10. The magnetic bearing drive circuit of any preceding
claim, wherein the voltage offset devices are posi-
tioned:

at the amplifier end of the overall system com-
prising the magnetic bearing, magnetic bearing
amplifier and length of cables there between; or
at the magnetic bearing end of the overall sys-
tem comprising the magnetic bearing, magnetic
bearing amplifier and length of cables there be-
tween.

11. The magnetic bearing drive circuit of any preceding
claim, further comprising secondary clamping
means coupled between each DC link voltage rail
and drive signal rail.

12. The magnetic bearing drive circuit of claim 11,
wherein the secondary clamping means comprises
a further set of (power) diodes in series with resistors
coupled between each DC link voltage rail and drive
signal rail.

Patentansprüche

1. Magnetlager-Treiberschaltung angesteuert von ei-
nem Paar Zwischenkreisspannungsschienen (210),
wobei die Magnetlager-Treiberschaltung mindes-
tens einen ein Ausgangs-PWM-Ansteuersignal zum
Ansteuern einer Magnetlagerwindung bereitstellen-
den Verstärker (220) hat, wobei das Ausgangs-
PWM-Ansteuersignal der Magnetlagerwindung
durch eine Vielzahl von Ansteuersignalschienen be-
reitgestellt wird, wobei die Magnetlager-Treiber-
schaltung Folgendes aufweist:

ein Paar Spannungsoffsetvorrichtungen (165,
175), die an die Zwischenkreisspannungsschie-
nen gekoppelt sind und angeordnet sind, um ein
Paar Offset-Auffangspannungsschienen (160,
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170) von den Zwischenkreisspannungsschie-
nen bereitzustellen, und
primäre, zwischen jeder Offset-Auffangspan-
nungsschiene und einer jeweiligen eine der An-
steuersignalschienen gekoppelte Einspannein-
richtung (140).

2. Magnetlager-Treiberschaltung nach Anspruch 1,
wobei jede Spannungsoffsetvorrichtung ferner ein
zwischen Erde und jeder Offset-Auffangspannungs-
schiene angeschlossenes Entkopplungskondensa-
tornetzwerk aufweist.

3. Magnetlager-Treiberschaltung nach Anspruch 1
oder 2, wobei die primäre Einspanneinrichtung ein
Paar Klemmdioden pro jeweilige Ansteuersignal-
schiene aufweist.

4. Magnetlager-Treiberschaltung nach Anspruch 3,
wobei das Paar primäre Klemmdioden in Reihe zwi-
schen den Offset-Auffangspannungsschienen ge-
koppelt ist und die Verbindungsstelle zwischen den
primären Klemmdioden an die jeweilige Ansteuersi-
gnalschiene gekoppelt ist.

5. Magnetlager-Treiberschaltung nach einem der An-
sprüche 1 bis 4, wobei die Spannungsoffsetvorrich-
tung Folgendes aufweist:

einen zwischen der jeweiligen Zwischenkreis-
spannungsschiene und Offset-Auffangspan-
nungsschiene gekoppelten Vorwiderstand oder
eine zwischen der jeweiligen Zwischenkreis-
spannungsschiene und Offset-Auffangspan-
nungsschiene gekoppelte (Leistungs-)Zener-
Diode mit einer vorbestimmten Schwellwert-
spannung oder
einen zwischen der jeweiligen Zwischenkreis-
spannungsschiene un beiden Offset-Auffangs-
pannungsschienen gekoppelter Gleichstrom-
wandler, dessen Ausgang die Zwischenkreis-
spannung zwischen den Zwischenkreisspan-
nungsschienen ist und dessen Eingang eine
vorbestimmte Offsetspannung ist, oder
einen ein Bremskreis bildenden Kondensator,
Widerstand und Schalter.

6. Magnetlager-Treiberschaltung nach Anspruch 5,
wobei die Spannungsoffsetvorrichtung eine Zener-
Diode aufweist und der Schaltkreis ferner einen mit
jeder Zener-Diode in Reihe geschalteten Wider-
stand aufweist.

7. Magnetlager-Treiberschaltung nach Anspruch 5
oder 6, wobei die Spannungsoffsetvorrichtung eine
Leistungs-Zehner-Diode aufweist, die aus einer über
einen Leistungs-MOSFET oder Leistungs-IGBT ge-
koppelte leistungsarmen Zener-Diode gebildet ist.

8. Magnetlager-Treiberschaltung nach Anspruch 7,
wobei die Leistungs-Zener-Diode eine Vielzahl von
über einen Leistungs-MOSFET oder Leistungs-IG-
BT selektiv gekoppelten leistungsarmen Zener-Dio-
den aufweist, um eine Leistungs-Zener-Diode mit
variabler Schwellenspannung bereitzustellen.

9. Magnetlager-Treiberschaltung nach einem der vor-
hergehenden Ansprüche, ferner aufweisend zwi-
schen den Spannungsoffsetvorrichtungen und den
Zwischenkreisspannungsschienen gekoppelte
Gleichrichter-Dioden, um ausschließlich Leistungs-
übertragungen zurück zur Zwischenkreisspannung
sicherzustellen.

10. Magnetlager-Treiberschaltung nach einem der vor-
hergehenden Ansprüche, wobei die Spannungsoff-
setvorrichtungen wie folgt positionert sind:

am Verstärkerende des den Magnetlager, Ma-
gnetlagerverstärker und Länge der Kabel dazwi-
schen aufweisenden Gesamtsystems oder
am Magnetlagerende des den Magnetlager,
Magnetlagerverstärker und Länge der Kabel da-
zwischen aufweisenden Gesamtsystems.

11. Magnetlager-Treiberschaltung nach einem der vor-
hergehenden Ansprüche, ferner aufweisend sekun-
däre, zwischen jeder Zwischenkreisspannungs-
schiene und Ansteuersignalschiene gekoppelte Ein-
spanneinrichtungen.

12. Magnetlager-Treiberschaltung nach Anspruch 11,
wobei die sekundäre Einspanneinrichtung einen
weiteren Satz (Leistungs-)Dioden aufweist, die mit
zwischen jeder Zwischenkreisspannungsschiene
und Ansteuersignalschiene gekoppelten Widerstän-
den in Reihe geschaltet sind.

Revendications

1. Circuit d’attaque de palier magnétique, alimenté par
une paire de rails de liaison (210) en courant continu
(CC), ledit circuit d’attaque de palier magnétique
possédant au moins un amplificateur (220) qui four-
nit un signal d’attaque PWM de sortie pour attaquer
un bobinage de palier magnétique, ledit signal d’at-
taque PWM de sortie étant fourni au bobinage de
palier magnétique par l’intermédiaire d’une pluralité
de rails de signal d’attaque, ledit circuit d’attaque de
palier magnétique comprenant :

une paire de dispositifs de décalage de tension
(165, 175) couplés aux rails de liaison en cou-
rant continu et conçus pour fournir une paire de
rails de rattrapage de décalage (160, 170) à par-
tir des rails de liaison en courant continu ; et
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des moyens principaux d’écrêtage (140) cou-
plés entre chaque rail de rattrapage de décalage
et l’un des rails de signal d’attaque respectif.

2. Circuit d’attaque de palier magnétique selon la re-
vendication 1, chaque dispositif de décalage de ten-
sion comprenant en outre un réseau de condensa-
teurs de découplage branché entre la terre et chaque
rail de rattrapage de décalage.

3. Circuit d’attaque de palier magnétique selon la re-
vendication 1 ou 2, le moyen principal d’écrêtage
comprenant une paire de diodes d’écrêtage par rail
de signal d’attaque respectif.

4. Circuit d’attaque de palier magnétique selon la re-
vendication 3, ladite paire de diodes principales
d’écrêtage étant couplées en série entre les rails de
rattrapage de décalage, et le raccordement entre les
diodes principales d’écrêtage étant couplé au rail de
signal d’attaque respectif.

5. Circuit d’attaque de palier magnétique selon l’une
quelconque des revendications 1 à 4, le dispositif de
décalage de tension comprenant :

une résistance en série couplée entre le rail de
liaison en courant continu respectif et un rail de
rattrapage de décalage ; ou
une diode Zener (de puissance) présentant une
tension seuil prédéfinie couplée entre le rail de
liaison en courant continu respectif et un rail de
rattrapage de décalage ; ou
un convertisseur CC-CC dont la sortie est la ten-
sion de liaison en courant continu entre les rails
de liaison en courant continu et dont l’entrée est
une tension de décalage prédéfinie, couplé en-
tre le rail de liaison en courant continu respectif
et les deux rails de rattrapage de décalage ; ou
un condensateur, une résistance et un commu-
tateur formant un circuit de frein.

6. Circuit d’attaque de palier magnétique selon la re-
vendication 5, ledit dispositif de décalage de tension
comprenant une diode Zener, et ledit circuit compre-
nant en outre une résistance en série avec chaque
diode Zener.

7. Circuit d’attaque de palier magnétique selon la re-
vendication 5 ou 6, ledit dispositif de décalage de
tension comprenant une diode Zener de puissance
formée à partir d’une diode Zener de faible puissan-
ce couplée à un MOSFET de puissance ou à un IGBT
de puissance.

8. Circuit d’attaque de palier magnétique selon la re-
vendication 7, ladite diode Zener de puissance com-
prenant une pluralité de diodes Zener de faible puis-

sance couplées sélectivement à un MOSFET de
puissance ou à un IGBT de puissance, pour fournir
une diode Zener de puissance à tension seuil varia-
ble.

9. Circuit d’attaque de palier magnétique selon l’une
quelconque des revendications précédentes, com-
prenant en outre des diodes redresseuses couplées
entre les dispositifs de décalage de tension et les
rails de liaison en courant continu pour garantir que
la puissance est uniquement renvoyée vers la ten-
sion de liaison en cours continu.

10. Circuit d’attaque de palier magnétique selon l’une
quelconque des revendications précédentes, lesdits
dispositifs de décalage de tension étant placés :

à l’extrémité de l’amplificateur du système glo-
bal comprenant le palier magnétique, l’amplifi-
cateur de palier magnétique et la longueur des
câbles entre eux ; ou
à l’extrémité du palier magnétique du système
global comprenant le palier magnétique, l’am-
plificateur de palier magnétique et la longueur
des câbles entre eux.

11. Circuit d’attaque de palier magnétique selon l’une
quelconque des revendications précédentes, com-
prenant en outre des moyens secondaires d’écrêta-
ge couplés entre chaque rail de liaison en courant
continu et un rail de signal d’attaque.

12. Circuit d’attaque de palier magnétique selon la re-
vendication 11, lesdits moyens secondaires d’écrê-
tage comprenant un jeu supplémentaire de diodes
(de puissance) en série avec des résistances cou-
plées entre chaque rail de liaison en courant continu
et un rail de signal d’attaque.
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