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Abstract: The oscillatory motion of any rotor-bearing system is defined by the amount of stiffness
and damping present. With mechanical bearing, stiffness and damping characteristics are
generally fixed by the design of the bearing. In contrast, the stiffness and damping characteristics
of the magnetic bearings are adjusted through the choice of control system parameters for a given
control algorithm. This provides the ability to significantly change the system dynamics within the
bounds of physical and operating constraints. Thus, in this article the author presents a general
discussion of the operation of an active magnetic bearing, as well as the procedure to calculate the
stiffness and damping from a set of control system parameters for rotor dynamic purposes.
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1. INTRODUCTION

Active Magnetic Bearing (AMB) is a rather new concept in bearing technology. The AMBs are
electromagnetic devices configured to suspend a shaft within a gap. The basic operating principles
of AMBs ae given in Allare e d (1993). They take radid loads or thrust loads by utilizing a
magnetic field to support the shaft rather than a mechanicd force as in fluid film or rolling dement
bearings.

Magnetic bearings provide severa advantages over conventiond bearings for a variety of
practica agpplications. One of these advantages is no lubrication requirement that results in the
reduction of equipment maintenance, waste associated with the replacement of used lubricants and
bearings. Besides, the AMBs are wdl suited to gpplications such as canned pumps, turbomolecular
vacuum pumps, turboexpanders, and centrifuges where oil cannot be employed. Because there is no
contact between the rotor and Sator, there is no wear and bearings commonly have lower power
consumption and very long life. Another advantage of AMBs is that they are cgpable of operaing
under much higher speeds than conventiond rolling dement bearings with relatively low power
losses. Also, they can operate a much higher temperatures or a much lower temperatures than oil
lubricated bearings. One great benefit of the AMBs is that they dso have active vibration control
cgpabilities. Schweltzer and Lange (1976) recognized the potentid for active vibration control of
rotor usng AMB technology. Since then, sgnificant work in the active vibraion control area has
been completed.

One potentid disadvantage is that AMBs have a lower load capability than conventiona
bearings, and therefore, need a larger envelope for inddlation. Economics plays a large role in


CONEM UFPB



dictating and limiting the use of AMBs A long-term payback andyss including reduction of
maintenance costs is necessary for economic judtification in some cases.

An overview of active magnetic bearing applications has been presented in Kasarda (2000). In
commercid agpplications, pumps and turbomachinery with nomina operating Speeds as high as
60,000 rpm have represented the mgority of equipment outfitted with AMBs. Also, there are many
promisng new AMB research topics under invedtigation. Examples of some of these research
topics are bearingless motors, biomedical applications (external blood pumps and atificid heart
desgns), machine tool research, arcraft jet engines flywhed energy dorage sysems and
miniaturized sysems. The gpplicaion in big inddlations dso is under invedtigation. Yamashi
(1997) presents the application of magnetic bearing for water turbine and generator. There are
several works on application of AMBs as actuator in active and adaptive vibration control system
(Hope, 1997; Knospe, 1993; Beale, 1992; Redmond, 1992; Nonami, 1998; Ku, 1993).

In rotating machinery applications, dways it is very important to know how the AMBs affect
the rotor dynamic to determine a set of control parameters that induces a safe dynamic sability.

2. ACTIVE MAGNETIC BEARING THEORY

In the theoreticd modd of the magnetic bearings several assumptions are made in the
falowing: 1) flux levds are dways below saturation leve; 2) shaft motions are smal compared to
the Seady dae ar ggp dimendon; 3) the flux digribution is rdativey uniform in daor cross
sections, and; 4) leskage is smdl. Some of these assumptions may be violated by a particuar
bearing design, but this does not mean that the bearing will not operate. In generd, a relidble finite
element analyss must be carried out.
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Figure 1. Basc geometry of adouble acting magnetic actuator

The magnetic part of the circuit, as illugtrated in the Fig. (1), is congructed of magnetic materid
such as dlicon ged or higher saurdion levd magnetic materids such as Vanadium Permendur.
Magnetic flux is produced in each horseshoe shgped section of the bearing. Magnetic bearings are
normaly congtructed of a ferrous magnetic materia and the air gaps made as smal as practicd to
minimize the required magnotomative force. Nearly dways, the magnetic flux in magnetic bearings
IS determined by the air gap and the reluctance of the magnet iron can be neglected compared to
that in the ar gap. The typicd ferrous magnetic materiad employed in a magnetic actuator has a
magnetizetion curve, plotted as magnetic flux dendty (B) vs magnetic fidd intengty (H), as
illugrated in Fg. (2). The B-H curve is roughly linear for much of the range of B. The dope of this



curve in the linear range is cdled the permesability of the materid, m Often, this is expressed as the

product of the permeability of the free space (air gap), my, times a relative permesbility for the
materid, m. The B-H reationis,

B=mmH D

At higher vaues of B, the B-H curve is no longer linear. The knee of the curve is cdled the
saturation point. For slicon sted, this typicaly occurs in the range of 1.5 to 1.7 Teda (1 Teda =
10,000 Gauss). With the advanced magnetic materids such as Vanadium Permendur, this vaue
may be as high as 2.2 to 24 Teda. When the bearing operation drives he materid to that point, it

acts as if it has an ar core. The required magnetomotive force is then quite high and not
economical.
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Figure 2. Magnetic flux dengity (B) vs magnetic fidd intengty (H) for Slicon iron

The force Fy per ar gap of thickness g and area Aq, which éttract the rotor to the stator and
permit the actuator to act as a bearing, is given by,
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where e is a geometric correction factor of the fringing and leakage effects and N is the number of

wires wrapped around a closed magnetic path carrying current i. There are actudly two ar gaps in
the bearing circuit, so the total forceistwice this vaue, then,
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The force is proportiona to the square of Ni and inversaly proportiond to the square of gap g. It
would gppear from this result that magnetic bearings are very nonlinear devices. However, a close
examination of adouble acting bearing reveds a different result.

Actud operation of the magnetic bearing involves superpostion of two fluxes: a bias flux and a
perturbation flux, as shown in Fg. (2). The bias flux densty By is a Seady Sate flux leve induced
in the ar gap by a bias iy (Steady state) current in the coil. The perturbation flux dendty B, isatime



varying control flux density developed by the perturbation (control) current i, in the coil. The tota
fluxes and currents in the coils are,

B=B,+B, and i=i,+i, (4)

Usudly, the bias flux level By is sat a about one haf of the magnetic saturation leve, shown in
Fg. (2), dlowing for rdatively large perturbation flux levels up and down from the bias levd.

Electromagnetic forces are only attractive, so actuators must be placed on both sdes of the
moving components in a double acting arrangement, as illudrated in Fig. (1). From Eq. (3), the net
force Fn isgiven by,
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where iy and i, are the currents in magnets 1 and 2, and g; and g, are the gap distance between the
meass of the rotor and magnets 1 and 2 respectively. The thickness on the either sde of the bearing
may be written as,

0.=9,- X and gzzgo"'x (6)

where the dsteady dtate gap thickness is go assuming that the rotor is centered in the axis, and x
represents a perturbation in the postion of the rotor measured from the center. The difference in
sSgn is because when the rotor moves towards any of the magnets, moves away from the other one.
Inasmilar fashion, the currentsi; and i, can be expressed as,

I =ip-i, and i, =i+ @)
Substituting Eq. (6) and Eq. (7) into Eq. (5), resultsin the following,
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The linearized mode of the net force Fy assumes that the perturbation current i, and the
perturbation X, are smal compared to the bias current i, and the nomina gap go, respectively. This
dlows the excluson of the higher order terms of the perturbation current i, and the perturbation
pogition X, resulting in the following equation,
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Magnetic actuator forces change with both current and air gap thickness. The change due to a
change in col current K; , cdled the current diffness gain, is the more important factor for
magnetic bearings. Alternatively, the change in force due to a change in ar gap thickness Ky
(corresponding to a change in rotor pogtion) is cdled the podtion giffness. The current iffness
within the linear range, for dl four ar gapsin adouble acting bearing, is defined as,

K =
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The current diffness is podtive for a magnetic bearing because an increased force in one
direction is countered by an increased current on the other side which tends to oppose the externa
force on the moving component. The linearized expresson for the current diffness, Eq. (10), is
independent of the perturbation current but linearly related to the bias current. Thus, the magnetic
actuator should not be desgned with a very low bias current to avoid poor response when a change
in force is required. If iy is one hdf of the saturation vaue, the dynamic range of the actuator is a
meaximum.

The next parameter is the podtion diffness. This parameter, for dl four ar ggps in a double
acting bearing, is defined as,
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The pogtion giffness is negative. As the moving component moves close to one Sde, the force
increases tending to pull it further in that same direction, unlike a mechanica soring tends to return
it to a center.

3. ELETRONIC FEEDBACK CONTROL CIRCUIT

An active magnetic bearing system is required to mantain dability of the bearing-rotor system.
The control system takes signals provided by the sensors, located adjacent to the actuators, and
computes the necessary dabilizing current request. Amplifiers then provide the requested current to
the actuators, which crestes the dabilizing forces in the form of dectromagnetic flux. This
“feedback loop” is updated thousands of times per second. The Fig. (3) gives a block diagram of a
gngle radia bearing control axes within a digital controller sysem. In addition to the dabilizing
feedback loop, “open loop” control can be used to minimize unbadance-induced shaft whirl or
minimize the vibration transmitted to the bearing houses. In open loop control, the active nature of
the magnetic bearings is used to adaptivdy cancd the synchronous components of ether the
measured shaft position or the bearing current. It is important to note that “open loop” control aone
cannot provide stable levitation; i.e, it only can be used once the system is gtabilized through the
feedback control action.
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Figure 3. Single axis closed loop control block for radid bearing.
(Diagram courtesy of Revolve Magnetic Bearing Incorporated)

As it can be seen in the Fig. (3) the dectronic circuit, which controls the current in the stator
cails, has three basc components. sensor, controller and power amplifier. Eventualy low pass filter
aso can be used. It determines coil current in the actuator based upon the rotor postion. The



generd equation (employing Laplace transforms, where s is the complex frequency) for the control
careuit is,

i,(S) = G(S)X(s) (12)

where G(9) is the overdl controller transfer function which expresses the relationship between the
output perturbation current, and input shaft pogtion. If there no feedback controller employed, the
negative pogtion diffness Ky of the actuator from Eq. (11) shows that the actuator is unstable.
Therefore, the primary purpose of the feedback control is to stabilize the rotor and keep it centered.
The trander function G(s) is composed by a series of component transfer functions multiplied
together, and can be written as,

G(S) = ay(s) +ibs (9 (13)

where ag and bg represent the red and imaginary pat of the transfer function respectively. This
trandfer function multiplied by the postion x yieds the control current i, Conddering dl
components of the circuit, the complete transfer function is given by,

G(8) =G5(9)G: (9Gpyp (S)Gay (9) (14

where Gg(3), Gr(S), Gpip(s) and Gam(s) are the transfer functions of the position sensor, low pass
filter, PID filter and power amplifier, respectively.

3.1. Position Sensor

Position sensors used to continuoudy monitor rotor podtion for magnetic bearing include eddy
current sensor, induction sensor, optical sensor, capacitance sensor and others. The eddy current
sensors are the most commonly employed, and the changes in the reluctance across the magnetic
gap as detected by de position sensor indicate the opening or closing of the gap. The sensor has a
smal output voltage proportiond to the shaft podtion, and the transfer function of the sensor
sysem congdering it behaves linearly throughout the range of motion within the dator is Smply

given by,
Gs(9) =V, (9)/X(s) (15)

In a radid magnetic bearing, the sensor should be placed as close as physicaly possble to the
bearing location to avoid control problems. A particular problem arises when a shaft node point,
associated with a particular rotor natura frequency, is located between the sensor and bearing.

3.2. Low Pass Filter

The low pass filter is used to reduce the contraller’s high frequency gain above the bandwidth
of the hardware and a least one must be used for the bearing to operate properly. The low pass
filter ds0 dlows for the bearing to operate quietly by attenuating high frequency dectrica noise. A
second order low passfilter of the form,

w7
S+ X W, S+W?

G.(s) = \\j— = (16)



can be usad to modd the low pass filter where Ve is the output voltage of the filter, Vy is the input
position voltage, we is the filter cutoff frequency, xg is the filter damping ratio and s is the complex
frequency variable. The damping ratio (xg) and filter cutoff frequency (wg) must be properly
selected in the control system.

3.3. Proportional, Integral and Derivative (PID) Filter

The PID (proportiond-integra-derivative) control is the most commonly used dgorithm for
meagnetic bearings. The standard continuous PID trandfer function form is given by,

K. (K,s* +K s+K
Gop (9) :VPID = (o P )
Ve S

(17)

where Kt is the tota gain, Kp is the derivative gain, Kp is the proportiond gan, K; is the integrd
gan and s is the complex frequency variable. Vpip is the output voltage of the filter and Vg is the
input voltage from the low pass filter. In generd, the proportional gain directly effects the bearing
diffness because it is multiplied by the podtion sgnd directly. Smilaly, the derivative gan
directly effects the damping of the axis because it is multiplied by the derivative of the postion
sgnd. The integrd gain acts on Seady offsets within the axis and provides a control sgnd to
eliminate the offset. The totd gain is smply amultiplier on dl three gains smultaneoudy.

3.4. Power Amplifier

The output from the control circuit is typicdly a smal voltage proportiond to the desred
current required for the bearing coils. The current is usualy rather large, an the order of Amps, so a
power amplifier is required for each bearing coil. The trandfer function of the amplified can be
expressed as,

I w
G ()= — =K A
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(18)
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where I¢ is the control current to the individud magnets, Vpip is the input PID filter voltage, wa is
the filter cutoff frequency, K, isthe amplifier gain and sis the complex frequency variable.

4. MATHEMATICAL MODEL OF A ROTOR BEARING SYSTEM

A sngle axis within the bearing actuator actudly conssts of two identicd opposing horseshoe
magnets as shown in Fg. (4).
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Figure 4. Single axis layout of aradid magnetic bearing



This figure shows the force from each opposing magnet, F1 and F», acting on the mass within a
sgngle axis. The equation of mation describing this system is given by,

M X+F,-F =F (19)

where F; is an externd force applied to the sysem and M; is the mass of the rotor. The giffness and
damping for the axis are derived from the net force gpplied to the mass by the two opposing
magnets. The force net F, —F1) is given by the Eqg. (9). Now, subdtituting the current tiffness and
the position stiffness, Eq. (10) and Eq. (11), into Eq. (19) yidds,

M, X+ K x+Kii, =F, (20)

4.1. Equivalent Stiffnessand Damping

The feedback controller takes advantage of a postive current stiffness to provide stability to the
magnetic bearing. The controller adjusts the perturbation current i, to the magnets to counteract the
change in podtion detected by a sensor within the bearing. Therefore the controller transfer
function smply gives a ratio of output perturbation current to input postion as discussed before.
The perturbation current, ip, is adso referred to as the control current, ¢, because it is produced by
the control system and associated eectronics. The controller transfer function, Eq. (13), dso
contains the phase information reldive to the input podtion dgna. This equation can be further
amplified by subgtituting the complex frequency iw for the Laplace variable sto arrive &,

G(iw) = ag(w) +ib; (W) (21)

Thistransfer function multiplied by the pogtion x yields the control current i, which can be
substituted into EQ. (20) to give,

- IVlr>(W2+[Kx +Ki(aG +IbG)]X = If| (22)

The Eg. (22) assumes a hamonic forcing function therefore the mass accderation has been

represented as -Xw?. Thus, the stiffness and damping can now be determined from the net force
produced by the axis pogtion giffness, current stiffness and controller transfer function by equating
aforce produced by an equivaent stiffness and damping. Equating these two forces gives,

(Keg + CfW) X =[K, + K, (@ +iby)]X (23)

and equating Smilar terms on both Sdes of the equation yields the equivaent axis siffness as,

Keg = Ky + Kig (24)
and the equivaent axis damping as,
_ Kibg
Cy = e (29)

The Eq. (24) and Eq. (25) represent the single axis linearized iffness and damping vaues.
These vaues change with frequency due to their dependence on the red and imaginary parts of the



controller trandfer function. To successfully modd the entire radid magnetic bearing system, the
controller transfer function must be known.

The whole rotor bearing system can be modded combining the rotor modd with the AMB
mode represented by the equivdent giffness and damping. Each part is represented in the mode
by its own respective formulation. The system dynamics can be written as.

M Ju}+ (e + e+ (<] + [k, v} ={F} (26)

where [Mg is the mass matrix of the sysem, {U} is the system date vector, [C4 is the rotor
damping matrix, [Cp] is the AMB bearing damping matrix, K4 is the rotor iffness matrix, [Kp] is
the AMB bearing stiffness matrix and {F} is the sysem forcing vector. The matrices [K,] and [Cp]
contain the magnetic bearing properties that are calculated by the Eq. (24) and Eg. (25). The mode
usualy contains the gyroscopic effect, which is a function of rotor rotating speed and inertia
moments.

5. DETERMINING EQUIVALENT STIFFNESS AND DAMPING

The Fg. (5) shows the curves of equivalent giffness and damping characteristics for each axis
of a magnetic bearing from Revolve Magnetic Bearing Inc. obtained for two sets of PID control
gans. All the circuit parameters used in these two cases (Case A and Case B) are indicated at right
sde of the figure. Using the modd of the controller trandfer function for each axis, Eqg. (14), and
the podtion and current giffness of the magnetic bearing, Egs. (10) and (11), the diffness and
damping values were determined through a computationa code, which was implemented using the
Matlab software. The current tiffness and the posdtion stiffness have been cdculated from the basic
characteristics of the bearing to give K; = 37.2 N/Amp and Kx = - 1.45 E5 N/m. It can be seen that
there are great differences between the tiffness and damping results of the Case A and Case B, as a
function of PID filter gains taken. For rotor dynamic andyss it is reasonable taking the giffness for
the magnetic bearing as the average vaue over the frequency range of anayss. In the cases A and
B, the average values over 0 to 100 Hz should be 2.9 E4 N/m and 1.1 E5 N/m respectively. On the
other hand, the damping vaue can be taken asymptoticaly, gpproaching, in the cases A and B of
the values 100 Ng/m and 52 Ng/m.
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6.CONCLUSIONS

In this article it is presented a procedure to calculate the equivdent iffness and damping of an
active magnetic bearing. It can be seen that the equivdent diffness and damping are completely
dependent of the gains given to the PID control parameters, as wel as the characterigtics of the
sensor, low pass filter and power amplifier of the control circuit. Thus different vaues for
equivaent giffness and damping can be obtained in function of the PID control parameters utilized,
and this dependence permits to modify the dynamic response of the system in a rotor dynamic
andyss. A computationd code can be eadly implemented to determine the controller transfer
function, Eq. (14) and the equivdent siffness and damping, Eq. (24) and Eq. (25). Also, it can be
seen that the equivdent diffness and damping are given as a function of the frequency. In practice,
the vdue of the equivdent giffness can be taken as the average over the frequency range of
andyss and the vaue of the equivdent damping can be taken asymptoticaly from the curve.
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