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MagneticBearings are devices used tqport (levitate)objects using magnetic forces. Some magnetic
bearings provide a full necontact support of an object, whereas others provide only a partial support
workingtogetherwith more conventional mechanical bearings.

While a wide variety of magnetic bearinggvebeen developedonly one type has been widely
accepted in the industrgo far- Active Magnetic Bearings (AMBS). This is becansgctive magnetic
bearingcanexert higherdensity forces omsurfaces ofsupported objecsthan any other type of
magnetic baring They canalsooperate inawide range of environments and their propertiean be
madehighly configurablehrough software parameter€ngoing dramatic improvements in Digital
Signal Processors (D&Rasterperformance, integration oimportant peripheral features, and cost
reductionsg havefurther boosted commercial attractiveness agtive magnetic bearirgg

The basic operating principle ah active magnetic bearirig very simple. A ferrous object is known to
be attracted to a permanent magher an electromagnefanelectrical coil wound around a ferrous
core).For exampleFigure 1 shows a ferroudbjectwhich will be attracted t@anelectromagnet located
next to itwheneverthe coilis energized with a curreniote that the force betweeran electromagnet
andaferrous object isalways attractivec it cannot be repulsive.
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The pulling forcexerted by éectromagneton anobjectdepends on two parameters:
a.) Current in the electromagnet, and
b.) Distancer gapg between theobject and the éctromagnet.

If the currentl does not change, the forcE:m pulling the object towards the kectromagnet will get
stronger when the rotor gets closer to the electromagnet. Because of this, and because the gravity force
Fyrav €ffectively does not change with the rotor position, if you bring the rotor close enough to the
electromagnet for the electromagnetic foréen to overcome the gravity forcEymay, the rotor will jump

to the electromagnet and stick to it. Alternatively, if you place the rotor too far from the electromagnet
where the gravity force is larger than electromagodorce, the rotor will fall on the floor

This behavior is just opposite to ahwould happen if the rotor was suspended on a spring as shown in
Fig. 2- the force with which spring would pull the rotor up would get weaker when the rotor moves up
and stronger when the rotor moves down. It is said that a spring suspension shown2rhBs a positive
stiffness (defined as a rate at whidpring force changes with the rotor displacement taken with a
negative sign) whereas the electromagnet suspension shown in Fig. 1 has a negative stiffness. We know
that an object can be suspended arspring as shown in Fig. 1, but it is not possible to suspend an object
using an electromagnet shown in Fignvithout it coming to a full contact with the electromagnet
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Position Control in a Magnetic Bearing

In order to achievestable leviation of a rotor inan active magnetic bearingthe current in the
electromagnetis continuously adjusted to keep the rotor in the desired position. This position is
constantly measured using a position sensor, shown in Fig. 3, which passes informatioartwoller,
which, in turn, adjustshe current (typically by applying some control voltagiethe input ofa power
amplifier). The position sensor electronics, the controller and the power amplifier are all part of the
Magnetic Bearing Controller (MBC).

An important advantage of the arrangement shown in Fig. 3 compared to Fig. 2 or any other type of
magnetic bearing is that the curremtcan be adjusted so that the object deflection from the desired
positionwould remainzero regardless of the value thfe external force acting on the object (this can be

done, however, only with static or slowly changing forces). In effect, this is equivalent to a spring as in Fig.

2 with an infinitepositivestiffness.
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Theportion of anactive magnetic bearinthat is responsible for generating electromagnetic forces is
calledthe electromagnetic actuator. Thus, the electromagnet shown in Fig. 3 is a simple form of an
electromagnetic actuator. In addition to an electromagnetic actuator any magnetic bearingescl

three other components shown in Fig. 3: position sensor, controller and power amplifier. There is one
more component present in alctive magnetic bearingsvhich is not shown in Fig.ciabackup bearing

(also often referred to as 'touchdown bearlnguxiliary bearing 4 OF § OKSNJ 6 S NAy 3U3x
0 S I NNyepudpose of this component is to support the rotor when the main paatiife magnetic
bearingis not activated, gets overloaded or malfunctions.
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Bias Current (or Flux) Linearization

Since the force between an electromagnet and a ferrous object is always an attractive one, the AMB
shown in Fig. 3 can operate only if the external forces acting on the object (such as the gravity force
Fyravy) are directed away from the electromagnétthe externalforce canchange signwo
electromagnetdocatedon the opposite sides of thebject along the force lineustbe used as shown

in Fig. 4For example, if the external force is applied in the positive Y direction, the bottom
electromagnet in ig. 4 can be energized to counteract that force and keep the object in place.
Alternatively, if the external force is applied in the negative Y direction, the top electromagnet can be
energized to counteract it.

In practical applicationghe external for@ acting oran object(the rotor of a machine supported by a
magnetic bearing) will vamyith time or reversesign This makes theurrent control inof the
electromagnetianuch more difficult than when the external forgeconstanisuch as the gravitiprce

in Fig. 3)To understand these complications we need to labkow the force exerted by the

electromagnet on the object depends on the current in the electromagnet. This dependence is quadratic
in nature:"O x "0. Fig. 5 shows an example&f, vs | curve. Note that thelope of this curve is not

constant and changes with the current (forcBarticularlyimportant is that when we try to generate a

small force close to zero, the forée2 S degp@nd much to changes in the current. This makes

choosing the right current to offset an external force asteblylevitate an objectat the desired position
difficult.
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A common method used to avoid complications with Aimearity of theFem vs| curve is to preenergize

both electromagets Y+ and-¥n Fig. 4 with the same constant currdantalled bias currentf the object

in Fig. 4 is centered between two identical electromagnets and both are energized with the same current,
the net pull force on the object would be zero (the bottatectromagnet would pull the object down

with exactly the same force as the top electromagnet would pull it Gperefore,with bias currently

alone there is no net electromagnetic force on a centered object.

In order to produce anet force, an additioal current, called control current, is injected into both
electromagnets in such a way that if it adds to the bias current in one coil, it subtracts from it in another
coil. For example in order to produce a force in the positive Y direction, the ¢antn@ntl. has to be
added to the bias currerigin the top electromagnet and subtracted from it in the bottom electromagnet.
Then the force produced by the top electromagnet would be

"o 0 O (1)
and the force produced by the bottoslectromagnet would be

> 0 O . 2)
The net force exerted on the object would be

O 0 »* 0 0O 0 0 ¢'0Q (3)

If the bias currenty is kept constant and the object is kept at the center between two electromagnet
the electromagnetic force exerted on the object would be simply a linear function of the control current
(Fig. 6). Reversing sign of the control current will reverse the sign of the force.
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FIG. 6

If two more electromagnets are added as shown in Fig. 7, lifecopositioncan be controlled along two

axes - X and YThe structure shown in Fig. 7 represetite typical basicradial active magnetic bearing
design employed by most magnetic bearing companies (Calnetix utilizes a different approach as will be
discwssed later)The only difference is that in practical designs individual electromagnets are often linked
together by a common ferrous path and there might be different poles arrangements.
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Heteropolar Magnetic Bearings

In realstic turbomachinery application thebject, a turbomachinery rotomormally spins about its axis
Z (directed out of page in Fig. 7) and this brings other complicaflandiscuss those complications we
will focus only on the bias field for now (for sihegty) and redraw Fig. 7 using 'North' and 'South’
designation for the electromagnet poles instead of arrows showing the field dire¢fibe convention
is that the magnetic field is coming out of the 'North' Pole and returns into the 'South). pole

Twosymmetric patterns of the bias poles are possible as shown in Figs. 8a dnde8ber case, a point
on the object (rotor) will see changes of the bias magnetic field polarity when the rotor spirfSSNN-
SSin case of Fig. 8a an@®N-SN-SN-S in ase of Fig. 8b. A complication arises when the rotor material
is not only magnetically permeable but also electrically conductive, and this is normally the case in
practicalrotating machinesThis idecause rotors spinning at high speeds experience migthanical
stresses and while there are some materials thi@magnetically permeable but not electrically
conductive, such as ferrites, they are not sufficiently strong mechanidéigse considerations make
magneticallypermeable ferrous steels a matal of choice for the rotors, and they are electrically
conductive.
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When a rotor sping a norruniform magnetic field such as shown in Figs. 8a and 8b, each point of the
rotor seegime-periodic magnetic fieldariations InFig.8a the frequencyf the main field harmonic

will be2f and in Fig. 8b it will be 4f, whefds the frequency of rotor rotation in revolutions per second.
According to Faraday's law, these periodic changes of the magnetic field cause periodic voltages, which,
in case of onductive rotors, cause eddy currents in the rotors.

7|Page Calnetix Technologies, October 2018



One of the unpleasant outcomes is that eddy cureaggnerate heat in the rotor and cause mechanical
drag.

The other outcome is even more unpleasant. As any other electrical currents, eddy curremtsdnd a
spinning rotor produce their own magnetic field, which gets superimposed on the external magnetic
field. The end effect is known as a s&ffect - the net magnetic field gets expelled from most of the
rotor instead of very thin (skideep) layemon the surface of the rotofThe thickness of this layer can be
estimated using the equation Y4elow:

] - — 4

Wherep and s are permeability and congttivity of the rotor material respectively arfglis an
equivalent electric frequency, which is equal twice the rotor spin frequency for the arrangement shown
in Fig. 8a and four times for the arrangement shown in Fig. 8b.

For example, electrical silicon steel p&2t500 ands®2.5A0° S/m. If the rotothas a bias pole
arrangement shown in Fig. 8a and spins at 30,000RPB0QHzf.=1000Hz), the skin depth would be
only 0.15mm (0.006"Since the magnetic flux density in ferrouaterials is limited by material
saturation to approximately 1.5T for reguksteels and about 2.1T for cobalt alloys, very limited
magnetic flux will be able to flow in this thin surface layer. In other words, the bias flux, and similarly,
the control flux, will be expelled from the rotor and the bearing will cease to functicpesd.

In order to avoid expelling the magnetic flux from a spinning rotor, rotor portions interacting with
stationary parts ofnagnetic bearingare normally made out of electrically insulated steel laminations
stacked in the axial direction. The elecalicmsulation between the laminati@breaksup the paths for
eddy currents. Note that there still will be eddy currsntithin each lamination and the radial bearing
capacity will start deteriorate once the skin depth calculated using equadidreComessmaller than
the lamination thickness.

The radiamagnetic bearingslustrated in Figs. 7 and 8 are called heteropolar because the polarity of
the bias poles changes around the rotor circumferefidas is a consequence of the magnetic fluxes
being consrained to one plane normal to the rotation axis (magnetic flux lines always €losed loops

- if they exited at one pole they always will have to come back in the other, and in case of heteropolar
bearings both poles lie in the same plane).
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PM Bias Homopolar Magnetic Bearings

Calnetix has pioneered commercial use and lsaldveral key patents on another type of radiative
magnetic bearing, the homopolar, PM-biasedactivemagnetic bearingThebasic structure of such
radialactive magnetic bearinig shown in Fig. 9, a 3D illustration in Fig. 10 and the operational principle
is explained in Fig. 11.
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To better understand the operation of this type of radi@gnetic bearingwe need to note thathe
magnetic field in the air gap between the electromagnet poles and the rotor is proportional to the
control current. Thus there is a bias magnetic field compoBgtiat is proportional tolo. Similarly,
there is a control magnetic field compone®ithat is proportional td.. Then, equation (3) can be-re
written in terms of magnetic fields (magnetic flux densities) instead of currents:

"®cd 6x o O %)

One important difference between the radiattive magnetic bearinghown in Figs. 9 throtgl1 and
the one shown in Figs. 7 and 8 is that the bias magneticBigldFigs. 9 11 is generated by permanent
magnets rather than currents in coils.criticaladvantage of permanent magnets is that they produce
the biasmagnetic field without consuming power, and even more importantyhout generatng heat
This translates into a smeailsizefor the PM biasactive magnetic bearingpmpared to an equivalent EM
biasedactive magnetic bearing¥he explanation is as folvs.

When a certain magnetic field is generated by a coil, the resistive heat generated by this coil in the
process depends inversely on the amount of a conductive material (typically copper) in the coil: more
coppermeansless heat. Because the coil tearpturerise and subsequent heat generation must be
limited, the size ofa typical electric coil needed to generate a certain magnetic fiedoh ective

magnetic bearings several times bigger than a modern ragarth magnetneeded to generatéhe same
field.

While it is possible to usededicated coito generate thebias magnetic fielslin EM biasedhctive
magnetic bearingsn mostcommercial implementations a single coil accommoddiath the bias and
control currents The advantages of this apprdeare fewer terminal wires, less complexity and less
cost, while the disadvantage is a lower dynamic force capacity due to increased inductance of the
combined bias/control coil. In any case, either the net size of both dedicated bias and congof aoil
the size of a combined bias/control coil in aBM biased active magnetic bearwguld be significantly
larger than the combined size of a permanent magnet and a control coil inlgidddactive magnetic
bearing Asmallermagnetic bearingnormally Bads to better rotordynamic performance of a machine
and more robust operation.

In Calnetix Radial AMBhe permanent magnet generating the bias magnetic field is sandwiched axially
between a radial pole assembly and so called "dead" pole as showrsir®Figpughl1l. The bias

magnetic field generated by the magnets is delivered by the "dead" pole to-msafhetic shaft, which
further transfers the field to a laminated actuator target. The field exits the target radially, crosses radial
air gap, entes the radial pole assembly and travels within it towards the magnet to complete the loop.

The radial pole assembly has two pairs of diametrically opposite magnetic poles with electrical windings
around them.The electrical windings associated with egde pair are connected in series so that they
produce magnetic fields in the same direction along the pole axis.

Fig. 11 illustrates generation of a radial force along the verdieais as an example. When the coils
wound around poles 2 and 4 are enegl with a current as shown in Fig. 11, thi@roduce a control
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magnetic flux that adds to the bias flux in the top air gap under the pole #4 and subtracts from it in the
bottom air gap under the pole #2. As a result, the net magnetic flux density bedarges in the top air
gap, and the magnetic forqaulling therotor toward the pole #4 (up) becomes larger than the force
pulling it towards the pole #2 (down). Thus applying a control cudremtoils #2 and #4 results in a net
magnetic force directedpwards (positivey direction). Reversing the current reverses the direction of
the force. Applying a current in a similar manner to coils #1 and #3 will produce a forceXin the
directions and a combination of two currents allows generating a force imlia@gtion in the radial

plane.

A very important advantage of the bearing shown in Figkl 8ver the bearing shown in Figs87s that
the bias magnetic polaritis uniformaround thecircumference of theotor. Forexample,n Figs. 91
each of the catrol poles #1 though#4 has "South" polarity and the entire ID of the dead pole has
"North" polarity. Therefore, almost no bias flux will be expelled from the rotor due to eddy currents
induced when the rotor spins as opposed to the design shown in#8&& small portion of the bias
flux will be expelled because of discontinuities between activeqibi®). If we were only concerned
about the bias field, the actuator target on the rotor would not even have to be laminated.

When the bearing shown ings. 911 generates a radial force, suchFagorce in Fig. 11, however, the
control component of the magnetic field will be naniform around the rotor and it will tend to be
expelled by the eddy currentBren if we lose onlf3. component in equation (fhowever,we still lose
the load capacity. Therefore, the actuator target in the design per Fig$.4ill has to be laminated.

Important advantages of the design shown in Figsl®ver the design shown in Figs8 at speed is
that

a.)There is ndoss ofB,. Therefore if the same laminationas in heteropolar bearings are used, and
even if we assume thd: is the same as in heteropolar bearings, the load capaatyld already be
retained better at speed than in heteropolar bearings. (In reditiyn homopolar bearings will also be
higher at speed than in heteropolar ones as explained bétoiem h).

b.) The frequency of the control magnetic fielariationsthat the rotor sees at speed are at least two
times lower in the design per Figs11 than in the design per Figs87According to eq. (4), this means
that either B; will be retained betterat speed, or thicker (cheaper) laminations can be used.

Both items a.) and b.) above lead to better retention of the load capacity in homopedaings at
speed (provided that the same lamination thicknesses are used).
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Axial Magnetic Bearings

In addition to radial supp®, turbomachineryrotors normallyrequire axial supporas well Thestructure
of a conventional axial magnetic bearing usedinst magnetic bearing companies is shown in Fig. 12.
The operation of this bearing is identical to the operation of the radial bearing shown in8igs. 7

Depending on the situation, Calnetix sometimes also uses the axial bearing shown in Fig. 12sa well
variety of PMbiasedradialbearings. Irmost cases, howevealnetixselectsa patented unique

magnetic bearing design that combsieinctions of both axial and radial bearing in one devicembo
magnetic bearing. The structure of this bearinghiswn in Fig. 13, 3D representation in Fig. 14 and the
operational principlds explained in Fig. 15.

Thestructure ofthe combination bearing shown in Figs. 13 and llarigelysimilar to the structure of
the radial bearing shown in Figs19 but the dead pole is replaced with two axial poles located on the
axiallyopposite sides of a solid axial actuator target. The bias flux generatién Ipermanentmagnet
flowsradially in the radial pole assembly exactly as it does in the radial bgairigigs. 9.1, but on
return it gets divided between two axial polésee Fig. 15)

If the axial actuator target is centered between the inner and outer axial poles, the magnetic flux density
on the left side of the target would be almost the same ashmnright side and the net axial force on

the target would be approximately zerAn axial control coil sandwiched between two axial poles

induces magnetic axial control flux in those poles when energized with a current. This flux circulates in a
loop formed by the axial control poles magnetically connected to each other on the OD and an axial
actuator target.It does not propagate much into the radial pole assenfiglgausat is difficult for it to

cross the permanent magnéthe permanent magnet has laige magnetic reluctange

When the axial control winding is energized with a current directed as shown in Fig. 15, it adds to the
bias flux in the inner (left) axial pole and subtracts from it in the outer (right) axial pole, resulting in a
higher magnetidlux density on the left side of the actuator axial target than on the right side, and,
consequently, an axial force pulling the rotor to the left (posii\direction). Reversing direction of the
axial current reverses the direction of force.

The compenation coil sandwiched between the radial pole assembly and the inner axial pole serves to
stabilizethe bias magnetic flux when the axial control coil is energized with a current. The compensation
coil and the axial control coil are connected in seriesvimund in the opposite directions.

Mechanism of generating radial forces in the combo bearing is exactly the same as in the radial bearing
and can be understood from Fig.11 ah& accompanying description.
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FIG. 12
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