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THE ROCKETDYNE MULTIFUNCTION TESTER -
PART il: OPERATION OF A RADIAL MAGNETIC BEARING AS AN EXCITATION SOURCE*

L.A. Hawkins, B.T. Murphy, and K.W. Lang
Rockwel! International
Canoga Park, California 91304, U.S.A.

The operation of the magnetic bearing used as an excitation source in the
Rocketdyne Multifunction Tester is described. The tester is scheduled for
operation during the summer of 1990. The magnetic bearing can be used in two
control modes: 1) open Tloop mode, in which the magnetic bearing operates as a
force actuator, and 2) closed loop mode, in which the magnetic bearing provides
shaft support. Either control mode can be used to excite the shaft; however,
response of the shaft in the two control modes is different due to the alteration
of the eigenvalues by closed loop mode operation. A rotordynamic model is
developed to predict the frequency response of the tester due to excitation in
either control mode. UClosed loop mode excitation is shown to be similar to the
excitation produced by a rotating eccentricity in a conventional bearing.
Predicted frequency response of the tester in the two control modes is compared,
and the maximum response is shown to be the same for the two control modes when
synchronous unbalance loading is not considered. The analysis shows that the
response of this tester is adequate for the extraction of rotordynamic stiffness,
damping, and inertia coefficients over a wide range of test article stiffnesses.

INTRODUCT ION

Active magnetic bearings have been developed by numerous researchers for an
increasing number of tasks. Schweitzer and Lange (ref. 1), Stanway and Burrows
(ref. 2), and Salm and Schweitzer (ref. 3) have described strategies for using
magnetic bearings to actively control the motion of a flexible rotor. Nikolajsen
(ref. 4), Allaire (ref. 5), and Kasarda (ref. &) have described the use of
magnetic bearings as damping devices. The first commercially available magnetic
bearing was introduced by Societe Europeenne de Propulsion/Societe de Mecanique
Magnetique (SEP/S2M) of France in the early 1980s. Industrial applications of
these bearings as primary bearings in rotating machinery have been described by
Foster (ref. 7), Weise (ref. 8), and Brunet (ref. 9). Habermann and Brunet (ref.
10), Weise (ref. 11), Humphris (ref. 12), and Chen and Darlow (ref. 13) have
presented details of practical magnetic bearing control systems. Chen (ref. 14)
translated the parameters of a magnetic bearing control system into stiffness and
damping coefficients for use in a rotordynamic analysis.

A radial magnetic bearing is used in the Rocketdyne Multifunction Tester (RMT) as

*This work was funded by AFAL Contract F04611-86-C-0103 (Program Monitor,
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an excitation source for the identification of rotordynamic coefficients (ref.
15). The use of a magnetic bearing as an excitation source has been described by
Ulbrich (ref. 16) and Wagner and Pietruszka (ref. 17). Wagner and Pietruszka used
the magnetic bearing as a known force input device for the identification of
rotordynamic coefficients in a test stand. 1In the RMT, the magnetic bearing is
used as a motion input device, and test article reaction force is determined
independently through a calibrated backup spring. The backup spring, or flex
mount, has a stiffness of 5.25E+8 N/m (3.0 E+6 1b/in) and is instrumented with
accelerometers and high resolution displacement probes. As an excitation source,
the magnetic bearing must meet two requirements: 1) provide a shaft displacement
at the test article of 1.25E-5 m (0.5 mils) minimum, and 2) provide a deflection
of the flex mount of 1.25E-6 m (50 win) minimum. These two requirements are
necessary to provide adequate accuracy for the calculation of the rotordynamic
coefficients. These requirements must be met over a Tlarge portion of the 0 - 400
Hz excitation range. The primary motivation for the study described here was to
determine if the magnetic bearing would produce the necessary response at the test
article.

The magnetic bearing used in the RMT can be used to excite the shaft in either of
two control modes - closed loop or open Toop. The response of the tester will be
different in the two control modes; therefore, response to the two control modes
is compared to determine which control mode produces the better response. DOpen
loop excitation can be treated simply by applying a forcing function directly to
the shaft (ref. 17). The authors are not aware of a published analysis of the
magnetic bearing as an excitation source in closed Toop mode. An analysis is
presented here that shows closed loop excitation of a rotor to be analogous to a
rotating eccentricity at a conventional bearing. The analysis 1is then used to
predict the maximum frequency response of the RMT rotor to magnetic bearing
excitation. '

RADIAL MAGNETIC BEARING

A schematic for a simple magnetic bearing is shown in Figure 1. The magnetic
force developed in the air gap of the magnetic bearing is given by

F = uApN212/2h2. (m

Since only the current, i, and the gap clearance, h, can change, this leads to the
relation

AF = -Kjai - Kydy | (2)

where for two pairs of magnetic poles, Kj and Ky are given by Kasarda (ref. 6)
as

Kij = —(4p0ApN2iS)/(hS 2) (3)

Ky = =(4upApN2ig 2)/(hg 2) (4)
The current stiffness, K;, is negative, indicating that an increase in current
forces the mass away from its equilibrium position (toward the magnet), (ref.
12). The position stiffness, Ky, is also negative, indicating that a positive

displacement toward the magnet forces the mass further from its equilibrium
position. A net positive stiffness is provided in closed loop mode with proper
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design of the control loop proportional gain. The radial magnetic bearing used in
the RMT is an active magnetic bearing manufactured by SEP/S2M. The configuration
and development testing of this magnetic bearing were described by Lang (ref.
18). The magnetic bearing is a force actuator and does not support the shaft when
operated in open loop mode. When operated in closed loop mode, the magnetic
bearing functions as a shaft support element that has significant stiffness and
damping capability. Closed Toop mode operation is required for some of the test
conditions for stability reasons. The closed Tloop stiffness and damping
coefficients of the magnetic bearing vary with frequency as given in Figures 2 and
3. These coefficients were calculated for the frequency range of interest from a
transfer function provided by SEP/S2M. The position stiffness, Ky, was
calculated to be -8.76E+6 N/m (-50,000 1b/in) using the nominal air gap and bias
current. The maximum force that can be produced by the magnetic bearing with the
rotor centered (nominal air gap) is given in Figure 4. Force capacity of the
magnetic bearing is based on the maximum current that can be provided to the coils
of the bearing. The force capacity 1is frequency dependent because the coil
impedence is frequency dependent. A second constraint on magnetic bearing
performance is relative rotor/housing displacement at the magnetic bearing.
Maximum displacement at the magnetic bearing is 1.56-4 m (6.0 mils) which is
one~half of the air gap. The force and displacement constraints are the same for
both closed loop and open Toop modes.

CONTROL SYSTEM
A block diagram for the magnetic bearing controller is shown in Figure 5. In
closed loop mode, the control current is determined by feedback control such that
the error between a reference and actual shaft position signal is minimized. This
control current is then fed to a current amplifier before going to the
electromagnets of the bearing. The magnetic bearing can be used to excite the
shaft by using a time varying reference signal.
Two equations that can be written from the block dijagram are
Y¢ = Ya ~ Yo (5)
and
It is necessary to characterize the effect of the reference signal, yg, on the
response of the rotor; therefore, let Fq = 0, implying no external disturbing
forces such as unbalance.
Substituting Equation (6) into Equation (5) gives
(m52 + Ky + G(S)CpKi)ya = G(S)CpKiyo (7)
From Figure 5, the controlled stiffness of the bearing is
Fi/ye = G(s)CpKi. ‘ (8)
This is a complex stiffness that can be represented by (ref. 13)

Fi/ye = Ko + Jal (9)
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where K. and C are determined by the parameters of the control system, the
current stiffness, and the excitation frequency. The position stiffness, Ky, is
usually added to the controlled bearing stiffness so that the net stiffness of the
magnetic bearing is

The stiffness and damping coefficients given in Figures 2 and 3 are K in Equation
10 and C in Equation 9. Equation 7 may be written in terms of K and C as follows

(ms2 + Cs + K)yg = (Cs + K = Ky)yq, (1)

using equations 8, 9, and 10 and the substitution jo = s. If the position
reference signal can be represented by

Vo = Yoelot, (12)

then the sinusoidal component of the signal causes a shaft excitation that is
similar to the shaft excitation caused by a rotating eccentricity (runout) at a
conventional bearing. The position stiffness, Ky, is part of the response to
the excitation but not part of the excitation; hence, it is subtracted from the
total magnetic bearing stiffness, K, in the excitation term.

The feedback loop 1is deactivated for open loop mode operation. To excite the
shaft in this mode, a control signal 1is fed directly to the current amplifier,
Cp- The force produced is applied directly to the shaft, and no spring exists
at the magnetic bearing Tocation except for Ky

ROTORDYNAMICS OF THE TESTER

The layout of the tester is shown in Figure 6. The shaft is supported radially by
the test article, the radial magnetic bearing, and the slave bearings. In the
configuration shown, the fest article is a load sharing seal with stiffness
variable from 0-1.75E+8 N/m (0-1,000,000 1b/in). The slave bearings form a duplex
pair of angular contact ball bearings with stiffnesses of about 1.31E+8 N/m
(750,000 1b/in) each as computed by the rolling element computer program of
reference 19.

The mode shapes of the first three vibration modes of the tester are shown in
Figure 7. A test article stiffness of 8.75t+7 N/m (500,000 1b/in) was used here,
but the general character of the mode shapes is the same throughout the stiffness
range to be tested. Figure B shows the first three forward natural frequencies of
the tester as a function of test article stiffness. Results are shown for both
closed Toop and open loop mode operation of the magnetic bearing. These results
are for a rotor speed of 20,000 cpm; however, the natural frequencies are. not
strongly dependent on rotor speed. The closed Tloop stiffness and damping
coefficients of the magnetic bearing vary with the vibration mode frequency in
accordance with Figures 2 and 3.

Damping for the first two vibration modes varies c¢onsiderably depending on the
test conditions, particularly when testing load sharing seals. Under many of the
test conditions, the first two vibration modes of the tester are predicted to be
unstable unless the magnetic bearing is used in closed loop mode. Therefore,
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closed loop mode operation of the magnetic bearing is required for some of the
test conditions.

TEST SIMULATION

The purpose of this analysis is to determine the response at the test article with
the magnetic bearing used as an excitation source. Although closed loop mode
operation must be used for some of the tests, performance of both operating modes
was examined to determine if it would be advantageous to use open loop mode in
some instances. In a typical test using the RMY, the rotor is driven at a
constant operating speed. The desired test condition is then set for the test
article. With closed loop mode operation, the rotor js excited by a frequency
sweep of the reference signal, yg. With open loop mode operation, the rotor is
excited by a frequency sweep of a similar signal applied to the current amplifier
of the bearing. Details of this procedure are described by Murphy (ref. 20).

The response of the rotor to closed loop mode excitation can be modelled using

M) a - (681w q+ [KJa+ [Cla+ [Kda=([K]=-[KIy, +[CIy, (13)

The matrix, [Kp], has only one nonzero element -- the magnetic bearing position
stiffness, Ky, which must be subtracted from the +total magnetic bearing
stiffness since it is not part of the excitation.

The excitation is represented by
and the response by

q = er((l.)t + ¢).

As described above, the excitation signal (reference signal) forces the rotor in
the same way as a rotating eccentricity at a conventional bearing. To simulate a
test, the excitation 1is applied at the magnetic bearing degree-of-freedom to
represent the dynamic reference signal, y,, fed to the control system. The
rotor spin speed, ¢, is held constant at the desired testing speed and all
bearing elements other than the magnetic bearing are given constant values based
on the constant rotor speed. Equation 13 is solved for various values of the
excitation frequency, o, to obtain the response of the rotor over the frequency
range of interest. 4

Figures 9 - 12 show predicted results for a constant rotor speed of 20,000 cpm and
a test article stiffness of 1.75E+7 N/m (100,000 1b/in). Figure 9 shows a
comparison of predicted transfer function amplitudes at the test article for
closed and open Toop operation. The transfer function for the closed loop curve
is calculated based on the excitation force produced by yg,. The transfer
function for the open loop curve is calculated based on the forcing function
applied at the magnetic bearing. The response of the first vibration mode is much
Tower with closed loop operation due to the higher damping.

In Figures 10-12, three constraints are placed on the system that determine the
maximum response at the test article: 1) the magnetic bearing applied force, Fj,
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cannot exceed the values given in Figure 4, 2) displacement at the magnetic
bearing cannot exceed 1.5t-4 m (6.0 mils), and 3) based on clearance, the maximum
allowable displacement at the test article is 1.0E-4 m (4.0 mils). The net force
provided by the magnetic bearing in closed loop mode includes both the excitation
force from y, and the reaction force due to the measured rotor motion. The
force oproduced by the position stiffness, Ky, is not included in the
constraint. The input signal varies with frequency as necessary to produce the
maximum response at each frequency.

These three physical constraints serve to place an upper limit on tester response
to magnetic bearing excitation. In addition, there are also two minimum
conditions which must be satisfied. The two primary measured quantities of test
article displacement and load must be large enough to be accurately measured with
the given instrumentation. The lower 1limits are 1.25E-5 m (0.5 mils) of test
article displacement and 1.5e-6 m (50 win) of flex mount deflection. An
appreciable range between the upper and lower operating limits is desirable so
that tests on amplitude linearity could be performed.

Figure 10 is a comparison of the maximum response at the test article for closed
and open loop modes. The response exceeds the requirement of 1.25E-5 m (0.5 mils)
throughout the frequency range for both control modes. There appears to be only
one curve in the figure because the responses are the same for the two control
modes. The reason the curves are the same is that either of the first two
constraints (force and displacement at the magnetic bearing) applied in the
analysis serves to prescribe the rotor motion at the magnetic bearing regardiess
of the magnetic bearing stiffness and damping. The third constraint prescribes
the motion at the test article. Since all of the constraints are the same for
both control modes, the test article responses are identical.

Figure 11 shows the maximum displacement of the flex mount load sensing element.
The curve is similar to that of Figure 10, and shows +that the required
displacement of 1.25E-6 m (50 uin) is achieved over most of the frequency range,
regardless of control mode.

Figures 12 - 14 show predicted results for a constant rotor speed of 20,000 cpm
and a test article stiffness of 1.3E+8 N/m (750,000 1b/in). Figure 12 shows a
comparison of the predicted closed and open Toop transfer function amplitudes at
the test article. Again, response is lower with closed lToop mode operation due to
higher damping. A comparison of Figures 12 and 9 shows that test article response
for a given force at the magnetic bearing is lower with the higher test article
stiffness.

Figure 13 shows a comparison of the maximum response at the test article for
closed and open loop modes. Again, the response is nearly the same for the two
control modes, and the requirenment of 71.25E-5 m (0.5 mils) displacement is met
throughout most of the frequency range. A comparison of Figures 13 and 10 shows
that the response at the test article is lower when the test article stiffness is
higher.

Figure 14 shows the maximum displacement of the flex mount load sensing element.
The required displacement of 1.25E-6 m (50 win) is again achieved over most of
the frequency range, regardless of control mode. By comparison of Figures 11 and
14, flex mount deflection is much higher with the higher test article stiffness.
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Figures 10 and 13 show that the maximum response at the test article is the same
for both open loop and closed Toop modes. This result is due to the nature of the
constraints that are placed on the analysis to determine the maximum response.
This analysis does not consider the effect of synchronous loading due to
unbalance. A given unbalance loading would cause a displacement response at the
test article and at the magnetic bearing that would subtract directly from the
allowable displacement at either location. The responses would be different for
closed and open loop modes because the shaft eigenvalues are different in the two
control modes. Also, a given unbalance loading would cause a reaction force at the
magnetic bearing when the magnetic bearing is operated in closed loop mode. This
reaction force would reduce the allowable magnetic bearing force available to
excite the rotor. The net effect of unbalance js to Tower the maximum achievable
test article response 1in either control mode. This reduction in maximum test
article response is minimized by operating the tester at spin speeds that are
adequately distant from the rotor natural frequencies. Based on the maximum
expected unbalance levels for the RMT, response due to unbalance should not exceed
1.0e-5 m (0.4 mils) at either the test article or the magnetic bearing for any of
the planned test conditions with either operating mode. The closed loop reaction
force at the magnetic bearing for the maximum expected unbalance force is about
330N (75 1bs), or less than 10% of the dynamic load capacity of the magnetic
bearing. Therefore, the desired test article response levels should still be
achieved.

CONCLUSIONS

An analysis was presented here that shows closed loop mode excitation of a rotor by
a magnetic bearing to be analogous to the excitation produced by a rotating
eccentricity at a conventional bearing. Open loop mode excitation can be treated
simply by applying a forcing function directly to the shaft. These two methods
were used to predict the maximum response of the Rocketdyne Multifunction Tester to
magnetic bearing excitation in either controi mode. The results show that the
required response levels at the test article location are achievable over most of
the frequency range. The analysis also predicts that maximum response will be the
same for both open and closed loop modes. This result was due to the nature of the
constraints that were used to determine maximum response. The analysis does not
consider the effect of residual unbalance in the tester rotor. A synchronous
unbalance Tloading would reduce, by differing amounts, the maximum test article
response achievable in either control mode. Based on expected unbalance Tlevels,
the desired test article response levels should still be achieved.

NOMENCLATURE
Ap = cross section area of one pole of a magnetic bearing
C = magnetic bearing damping
[Ch]l = bearing damping matrix
Cp = current amplifier gain
e = base of the natural logarithm
F = magnetic force in an air gap
Fd = any disturbance force, such as unbalance
Fj = net controlled force applied by magnetic bearing
[G] = rotor gyroscopic matrix
G(s) = controller closed loop transfer function
h = magnetic bearing air gap thickness
hg = nominal magnetic bearing air gap thickness
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current in magnetic bearing coil

ic = control current

ig = steady or bias current in magnetic bearing coil
J = square root of -1

K = net magnetic bearing stiffness

[Kp] = bearing stiffness matrix

Ke = magnetic bearing controlled stiffness

Kj = magnetic bearing current stiffness

[Knl = magnetic bearing position stiffness matrix
[Krl = rotor free/free stiffness matrix

Ky = magnetic bearing position stiffness

m = effective mass of the rotor

[M] = rotor mass matrix

N = number of turns in magnetic bearing coil
q = physical displacement vector

S = Laplace variable

t = time

y = vertical position

Ya = actual (measured) rotor position

Ve = error signal

Vo = position reference signal

¢ = phase angle

P = rotor spin speed

u = magnetic permeability

Uo = magnetic permeability of free space

@ = excitation frequency
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