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ABSTRACT

This paper studies dynamic controller switching
in active magnetic bearing (AMB) supported high
speed gyroscopic rotor systems. To control a gyro-
scopic rotor over a wide speed range, a single lin-
ear time invariant (LTI} controller is often not ad-
equate due to the speed-dependent system charac-
teristics and the high robustness requirement. One
approach is to design several controllers for each seg-
ment of speed range and switch between controllers.
Dynamic transfer of different controllers play an im-
portant role in this piecewise robust control design
method. The bumpless transfer problem will be in-
troduced and analyzed. A bidirectional bumpless
transfer scheme based on the robust observer con-
cept is proposed to address the controller transient
switching problem. To implement this scheme, sev-
eral important computational issues are addressed.
The proposed approach is successfully implemented
on an AMB control test rig.
Keywords: Active magnetic bearings, gyroscopic
effects, robust control, bumpless transfer, real-time
systems

1 INTRODUCTION

Active magnetic bearings (AMBs) offer many ad-
vantages over traditional bearings, such as higher
attainable speeds, lower power consumption, active
vibration control capability, no lubrication and no
wear. However, AMB systems are open loop unsta-
ble. Therefore, feedback control is required. Conven-

tional control systems applied to magnetic bearings -

in previous applications often assume that the rotor-
AMB system is linear and time invariant. Unfortu-
nately, the rotor-AMB system dynamic characteris-
tics are inherently speed dependent and nonlinear.
In 3 number of high speed rotor applications such as
high inertia fiywheel systems, the speed dependent
characteristics such as gyroscopics effects cannot be
neglected. Currently, a vast majority of AMB con-
trollers are designed using linear system theory. The
plant dynamics are linearized around the operating
point, and the system stability and performance are

only guaranteed in the neighborhood of equilibrium
points. A single LTI controller often cannot even
stabilize the system over the entire operating speed
range. To run such a system over a wide operat-
ing speed range, switching type linear controllers or
gain scheduled controllers are often suggested. In
addition, optimal control often results in a switching
type of controller. Switching controllers may experi-
ence a bump due to the unknown initial conditions
of the off-line controller. This prohibits its use in
high speed rotor applications where the vibrations
should not exceed certain limits. At the switching
point, it is highly desirable that the system transfers

from one controller to another without introducing

large transient vibrations of the rotor. The objective
of this paper is to provide a practical technique to
avoid transient vibrations.

The remainder of this paper is organized as fol-
lows. The bumpless transfer problem is first intro-
duced in Section 2. The observer based approach
to bumpless transfer design is developed. In Section
3, several important implementation issues are ad-
dressed and testing results are presented. Finally,
conclusions are drawn in Section 4.

2 BUMPLESS TRANSFER DESIGN

The motivation of this study comes from the con-
trol of flywheel energy storage systems. For the high
speed flywheel, the rotor is often flexible and the
dynamic equation of motion in the lateral direction
takes the following form

M,in + (Dy + WGy )iy + (Ky +wDi + %war +
Kz = £ (1)

where w is the rotation speed, z, contains the trans-
lational and rotational degrees of freedom in the
two lateral directions, M,, K, represent the rotor
mass, stiffness model, D, and D; represent structural
damping and internal damping in the rotor, the ma-
trix 3, contains the gyroscopic coeffiecients, and K,,
represents the centrifugal stiffening effect. Matrices
G, and D; are skew symmetric. The magnetic bear-
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ing dynamics is incorporated into f,(t). The vec-
tor f,(t) also contains the unbalance forces and disk
skew effects as well as the disturbance forces.

For flywheel systems operating over a wide speed
range, two dominant issues must be addressed in the
control design. One is the high robustness require-
ment and the other is the control of the speed depen-
dent dynamics such as the gyroscopic effects, internal
damping and centrifugal stiffening effects. Advanced
multi-variable robust optimal control, especially -
synthesis, provides a systematic tool to achieve the
robustness. To address the speed dependent dynam-
ics, currently, there are two important approaches.
One is the so-called piecewise u synthesis proposed
in [11]. The other is gain scheduled control, in partic-
ular, the linear parameter varying (LPV) approach
(14, 17]. In the LPV controller design, the stabil-
ity and performance requirement are characterized in
terms of linear matrix inequalities (LMIs), the gain-
scheduling problem is solved using the interior point
methods. High order LPV controllers are very dif-
ficult to implement with currently available compu-
tational resources. In the more practical piecewise
u synthesis method, the speed dependent dynamics
are treated as time varying uncertainties, and the
system is represented in linear fraction transforma-
tion (LFT) form. The operating speed range is di-
vided into several regions where the gyroscopic ef-
fects do not vary significantly. Several controllers are
then designed for each speed region. The overall con-
troller is implemented by switching between regional
controllers as the speed varies from one region to an-
other. During the switching of controllers, the sta-
bility is guaranteed. However, a transient vibration
of large amplitude may occur due to the unknown
controller initial conditions. Furthermore, if the vi-
‘bration amplitude is too high, robustness is always a
concern since the model for control synthesis is based
on small vibration amplitudes near the equilibrium
point. The AMB amplifiers may become saturated,
and the system may lose stability.

Traditionally, the bumpless transfer problem
refers to the instantaneous switching between man-
nal and automatic control of a process while retain-
ing a smooth control signal. Many different tech-
niques have been developed [4]. Most of these tech-
niques are presented in the context of anti-windup
design. In general, the bumpless transfer problem
can be treated as a tracking problem. Two of the
most well known techniques for bumpless transfer
design are conditioning techniques [5] and observer
based techniques [1]. The fundamental idea of the
conditioning technique is to manipulate the refer-
ence signal such that the off-line controller output
is in agreement with the on-line controller signal.
The observer based approach is to adjust the off-
line controller’s initial states in order to guarantee
the continuity of control output signal at the switch-

ing. A general framework that encompasses most
of the anti-windup and bumpless transfer schemes is
presented in [2, 9]. A comprehensive study of these
schemes can be found in [3].

Many of the bumpless transfer techniques are de-
veloped and applied for low order process controllers.
There are not many published implementation re-
sults for switching higher order controllers. To the
best of our knowledge, no switching techniques and
experimental results are published in the magnetic
bearing community especially for high speed appli-
cations. In this paper, a switching technique was
developed based on the observer concept to address
the AMB controller transient switching problem.

The objective of bumpless transfer is to obtain the
instantaneous switching between controllers while re-
taining a smooth rotor vibration. Generally, rotor-
AMB systems can be modeled as linear parameter
varying systems using state space realization. The
plant dynamics can be represented as

() Ap(w)g(t) + Byu(t), (2
2(t) Cpq(t),

where q(t) is the state variable, u(f) is the control
signal and z(¢) is the output signal. The LTI con-
trollers may take the following state space form

n(t) = Acn(t)'l'Bcz(t): . (3)
ut) = Confd).

Intuitively, according to the above plant dynamic
equations, to ensure the bumpless rotor transient
vibration during the controller switching, the con-
trol signal of the off-line controller must be “syn-
chronized” with the on-line controlier. Mathemat-
ically, this can be guaranteed by requiring the two
controllers output and their derivatives to be close
enough at the switching time ¢,, i.e.,

dFua(t d*u, (¢
ﬂ(-)L.N—%(—)Itzt., (1)

dtk
kE=1,2,....

Generally, it is difficult to know the off-line con-
troller states at the switching point because the off-
line controller is not controlling the system before
the switching occurs. For lower order systems, with
a band pass filter to approximate the derivatives, the
states of the off-line controller may be computed by
the above switching conditions. Since the sensor out-
put signal in magnetic bearing systems is noise sen-
sitive, and the robust controller order is generally
large, it is not possible to do the direct computa-
tion. In practice, the plant output z{t) and the on-
line controller output u(¢) can be accessed before the
switching. The idea is to cause the off-line controller
tracking the u(t) over a certain period of time before

ua(ts) = u1(t,),

‘the switching. Then at the switching point, the con-

trol signal u(t) is smooth. This can be achieved by
an observer.
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A suitable bumpless transfer scheme for high
speed rotor-AMB systems should have the following
properties. First, it must be robust. In a high speed
application, the rotor-AMB is always subjected to
many different sources of disturbance. The system
is parameter dependent, and acceleration and decel-
eration will change the system dynamics. Second, it
must be bidirectional. The rotor may speed up and
slow down during the operation. Third, it must han-
dle high acceleration or deceleration rates. The plant
dynamics are in the transient stages. The tracking
response should be fast enough. Finally, the com-
putation should not be too expensive. It should be
implemented for high order controllers with the avail-
able hardware. To meet the above requirement, a
practical bumpless transfer scheme is developed for
rotor-AMB system as shown in Fig. 1. As a general
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Figure 1: The bumpless transfer diagram.

tracking control problem, K and K can be designed
to track the on-line controller output u(f). The con-
troller transfer is bidirectional with K; and K,. If
the off-line controller is taken to be the same as the
on-line controller, the tracking scheme is exactly an
observer. The Kalman filter concept is employed in
our design to estimate the states of the off-line con-
troller due to its robust properties in the presence of
noise. When the rotor speed is approaching to the
switching speed, for example, reaching 95% of the
switching speed, the switches for off-line controller
and the observer gain are engaged. The observer
starts to track the controller output signal u(t) with
input z(z). At the switching point, the off-line con-
troller is switched into the line and observer gain X
is cut off. The off-line controller states obtain the
desired value for smooth transition.

Consider the controller as a stochastic LTI system

Acﬂ(t) + Bcz(t) + LE(tL (5)
Cen(t) +6(2),

7(t)
u(t) =

where £(t) and 6(t) are assumed to be white Gaussian
noise with zero mean, i.e.,

E{g(0E™ ()} = 28(t— ), B{6()8" (1)} = eé(t—(g)’

the observer gets the input 2(t), u(f), and generates
the optimal estimates %(t), 7(t) by the observer dy-
namic equation

O = Adi(t)+ Boslt) + KOu(t) — Cei®)]
a0 = Cealt) )

The Kalman filter gives the optimal estimation of
state in terms of mean square errors [8]. When the
rotor operates in transient acceleration, an optimal
Kalman gain is not constant. Since the rotor acceler-
ation rate is relatively low compared to the sampling
rate, a constant asymptotic value of the Kalman fil-
ter gain is utilized for implementation purposes. If
the rotor acceleration and deceleration rates are very
high in some applications, we may consider a gain
scheduling method, i.e., varying Kalman gain dur-
ing the observation. Since the rate of change of the
Kalman gains is slow compared to the sampling rate,
each value of Kalman gain may be used for a part of
observation time. In any case, the Kalman gain com-
putation can be performed off-line. This requires the
solution of the steady state algebraic Riccati equa-
tion,

1

A X+ BAT+ LELT -3CTO~IC.2=0, (8
and the Kalman gain is determined by
K =3xCre". (9)

For digital control implementation, the u(t) sig-
nal can be obtained accurately. In the case of ex-
act measurements, i.e., noise intensity © approaches
zero, the Kalman filter yields exact state estimates
for the minimum phase plant [10]. Since robust con-
trollers is not necessarily minimum phase, the state
estimation may not be perfect.

3 IMPLEMENTATION

The UVa AMB control test rig was built to sim-
ulate a future flywheel energy storage system and
serves as a platform for investigating different con-
trol schemes. The test rig consists of a rotor bearing
assembly, a supporting frame and electronic control
systems as illustrated in Fig. 2. The rotor is designed
to be flexible in order to simulate the flexible shaft
of the flywheel in very high speed applications. The
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rotor is suspended with two eight pole heteropolar ra-
dial magnetic bearings and one axial thrust magnetic
bearing. The double acting thrust magnetic bear-
ing, which supports the rotor vertically, is located at
the top. Mechanical ball bearings with a clearance
are employed as backup bearings. Differential eddy-
current displacement probes are used to measure ro-
tor’s displacement. The design also incorporates the
complete integration of the motor and rotor/shaf.
The rotor bearing assembly is supported by a sub-
structure frame. The frame is designed to be asym-
metrical and flexible in order to simulate the space
application environment. The system also includes
anti-alias filters, the digital control, and amplifiers in
its electronic loop as shown in Fig. 3, where V, 4, N
and M represent the control voltage, current, force
and displacement respectively.
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Figure 2: The schematic plot of the control test rig.
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Figure 3: The block diagram of the flywheel test rig.

A Kalman observer provides optimal estimates of
the controller states. However, the real-time compu-

tation for high order robust controllers is expensive.
For some applications, such as flywheels in space ap-
plications, the computational resources are limited.
The required real-time controller computation must
not exceed the hardware limits. In additior, as the
rotor runs at higher speed, a higher sampling rate
is required. The real-time computation of a high
order LTI controller and bumpless transfer scheme
becomes an important issue. The discrete equation
of the controller takes the form

ik +1) Aen(k) + Bez(k),
u(k) = Cfﬂ(k)7

For a four input and four output system, the state
update matrix calculation involves 2n2 + 8n flops,
and the output update requires another 8n flops,
where n is the order of the controller. Since the most
expensive computation is the A.(k)n(k), a certain
structure of realization of A.(k) may be chosen to re-
duce the arithmetic and storage. For example, with
the most desirable structure, i.e., real block diago-
nal structure, the computation of A.(k)n(k) reduces
from 2n? to 4n flops. For a 42th order controller, the
computation of the sparse matrix controller at each
sampling point reduces by a factor of 5 compared to
that of a full matrix controller. We note that the flop
counting is only a crude estimate of the actual com-
putation time since it ignores subscripting, memory
traffic and other overheads.

As we know, a matrix A, is diagonalizable if and
only if there is a set of n linearly independent eigen-
vectors. If A, is diagonalizable, the real block diag-
onal structure can be obtained by a real similarity
transformation. However, not all the real matrices
are diagonalizable. A more general efficient form is
the real Jordan canonical form. Each real matrix is
similar to a block diagonal real matrix of the form

(7

(10)

'Cnl(al,bﬂ f] 0 0
0 oo Caplap,by) 0 ... 0
0 0 Jng(Ag) ... 0
L 0 0 0 Jnr(Ar)
where
Cla,b) I 0
Colarb 0 C(a,b) ... I
k(aa )_ . . I ’
0 0 C(a,b)
and
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In addition, for a real matrix, there is always a
real non singular matrix T such that T1A.T is in
real Jordan form. The controller state vector be-
comes Ty, and the matrices B, C. are transformed
to T-1B, and C.T. Generally, computation of the
Jordan form is numerically stiff. Care must be taken
to check the numerical errors. We use the toolbox
[13] for numerical computation. The transformation
error is evaluated by ||Go ~ GJlleo, where G, and
G represents the transfer function matrices of the
original controller and its Jordan form. For our ex-
isting controllers, the transformation is numerically
stable.

Several other measures are taken to alleviate the
computation burden. First, from a scheduling point
of view, the priority of the observer computation is
lower than the on-line controller computation. The
state update of the observer can be performed at
a lower sampling rate in real-time implementation.
Second, a mini-vector set of instructions are im-
plemented. The Intel Pentium III processor con-
tains a new set of instructions called Streaming
SIMD (Single Instruction, Multiple Data) Exten-
sions (SSE). The SSE instructions enable us to use
instruction level paralielization which results in sig-
nificant speedup [16]. Finally, A/D and D/A conver-
sion sets another limitation for improving the com-
putation performance. It is noticed that ISA cards
are not suitable for high speed real-time control. We
replaced our ISA A/D and D/A cards with the lat-
est PCI card in order to obtain sufficiently fast con-
version. After implementing all these measures, the
sampling rate can reach 8000 Hz (125 ms) for 50th
order controller at a 733 MHz Intel Pentium III pro-
cessor while running one controller and one observer
at the same time.

Because of the strong gyroscopic effects and the
wide operational speed range, the piecewise u design
generates several controllers. Details of p-synthesis
controller design procedure are presented in [11, 15].
Each controller is effective in a range of speed. For
example, Controller 1 and Controller 2 are designed
based on the nominal speed at 10,000rpm and 15,000
rpm respectively, and each controller covers £20%
speed variation. The two controllers are designed to
switch at 12,000 rpm. u-synthesis design often re-
sults in large order-controllers. First, the controller
order must be reduced. Balanced model reduction is
employed to reduce the controllers order from about
100th to 40th-50th, depending on the reduction er-
ror. The controllers are designed based on a continu-
ous time model. For digital implementation, the re-
duced controllers are then discretized at chosen sam-
pling rate using the Tustin method. The controllers
are implemented on a 733MHz PC using RTic-Lab
based on Real Time Linux [6]. The transient behav-
ior during the switching is first tested. 8 KHz sam-
pling rate is reached with a 48th order controller. As

illustrated in Fig. 4, the rotor experienced 0.05mm
0 — P vibration during the controller switching. The
AMBs are nearly saturated. Fortunately, the con-
troller is very robust, the system remains stable dur-
ing switching,.

Figure 4: Controller transfer at 12,000 rpm without
bumpless technique.

To design an observer, first, we analyze the out-
put sensor signal 1o determine the noise covariance.
The observer design must be robust to the distur-
bance and the noise. Discrete Kalman filters are de-
signed for the switching controllers. The Kalman
gain is determined and the observer dynamics are
tested first. The test shows a good tracking prop-
erty of the designed observer. The tracking error
is within 10% as shown in a error percentage plot
(Fig. 5). The settling time is about 1.5 seconds. The
observer is engaged a few seconds before the switch-
ing. The switching scheme is first tested at lower
speeds. Low speed controllers are designed. The
switching is tested at 0 rpm, 4000 rpm, 6000 rpm,
7000 rpm, 8000 rpm. All the controller transfers are
very smooth. The observer scheme is robust to the
sensor noise and the disturbance. After the bumpless
switching is obtained at low speeds, the switching is
tested at 12,000 rpm above the first bending critical
speed, i.e., 9500 rpm. As shown in Fig. 6, the switch
is very smooth with bumpless transfer engaged at
ts = 2477s.

4 CONCLUSIONS

This paper presents an AMB controller switching
technique for high speed applications. The motiva-
tion of this study comes from the piecewise control
of a high speed rotor over a wide operating speed
range. A robust observer is employed to obtain
the off-line controller initial states. To reduce the
computational cost, several measures are proposed
and implemented. The switching scheme is success-
fully implemented on a high speed test rig. Smooth
switching is obtained above the first bending critical
speed. All the tests show that the proposed scheme
is robust.
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Figure 5: Observer tracking error.

a0

Swrlohing ut 12,000 guh (.Y}

oosaf -
Y7 o
o |

i L

-apazf

Figure 6: Controller transfer at 12,000 rpm with bump-
less technique.
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