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Robust Magnetic Bearing Control Using Stabilizing
Dynamical Compensators

Guang-Ren DuarSenior Member, IEEEZhan-Yuan Wu, Chris BinghapMember, IEEEand David Howe

Abstract—This paper considers the robust control of an active
radial magnetic bearing system, having a homopolar, external
rotor topology, which is used to support an annular fiber com- - |
posite flywheel rim. A first-order dynamical compensator, which =
uses only position feedback information, is used for control, its

]

; . X . . - O . - ]
design being based on a linearized one-dimensional second-order 4 L - y b
model which is treated as an interval system in order to cope 3 g
with parameter uncertainties. Through robust stability analysis, a -: ‘ —— 0

parameterization of all first-order robustly stabilizing dynamical f !
compensators for the interval system is initially obtained. Then, | |
by appropriate selection of the free parameters in the robust con-

troller, the H> norm of the disturbance-output transfer function Fleciremagner 2 Rodor Eleciromagnel
is made arbitrarily small over the system parameter intervals,

and the H ., norm of the input—output transfer function is made

arbitrarily close to a lower bound. Simulation and experimental ~Fig. 1. Basic magnetic bearing.

results demonstrate both stability and performance robustness of

the developed controller. the bearing is easier to control and, in many cases, the active
Index Terms—Disturbance attenuation, interval systems, mag- bearing can be modeled as a second-order system, but subject
netic bearing, robust stabilization. to both parameter uncertainties and disturbances. In theory,

classical proportional-derivative (PD) or proportional—inte-
gral—derivative (PID) controllers can provide stability, although
they require velocity feedback, either from direct sensor input
A CTIVE MAGNETIC bearings (AMBs) comprise a or differentiation of position data. However, this is often prob-
number of electromagnets which are actively controlledmatic due to system noise and the small rotor displacement
to support a ferromagnetic rotor using position feedback. Thf’%(nge.
have several advantages over conventional bearings. In partictpjg paper considers a basic AMB system comprising an
ular, their contactless nature facilitates very high-speed rOtatinéctromagnet on each side of a rigid rotor, as shown in Fig. 1.
and operation over wide temperature and pressure ranges. Thg¥ model on which the controller design is based is described
are, therefore, being employed in an ever-increasing rangepQfa second-order linear interval system with unknown distur-
applications. During the last two decades, numerous investigamces. The parameter uncertainty in the system is well de-
tions related to the control aspects of AMBs have been reportgdyiped by the given parameter intervals, while the unmodeled
eg., [1] and [2]. Regarding models of magnetic bearings, thegenamics may be included in the disturbance. To eliminate the
are essentially two basic forms: 1) voltage control, which igeeq for velocity feedback, a dynamical compensator is pro-
suitable for sensorless operation, and for which various contigjsed which uses only the rotor position signal. In designing
strategies based on observers have been reported [3], [4] & controller, three closed-loop specifications are addressed:
2) current-control, which is appropriate when position sensdigpyst stabilization, disturbance attenuation, and minimum con-
are employed. The order of the model is then lower and, henggy effort. By deriving stability conditions for the closed-loop
system, a characterization of all the robust stabilizing dynamical
Paper IPCSD 00-041, presented at the 1999 IEEE International Electric M@mpensators for the interval system is obtained. This charac-
chines and Drives Conference, Seattle, WA, May 9-12, and approved for pubirization is in terms of four design parameters representing the
cation in the IEEE RANSACTIONS ONINDUSTRY APPLICATIONSby the Industrial . . .
Drives Committee of the IEEE Industry Applications Society. Manuscript sutgegrees of freedom in the controller. Itis read'ly shown that the
mitted for review July 2, 1999 and released for publication July 24, 2000. THitisturbances in the AMB system cannot be decoupled from the
work was supported by the European Commission under the BRlTE'EURﬁggSition (output) signal. In order to attenuate the effect of dis-
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where
AN?I2 AN?Z]
w? = /“‘0730 o= _/“‘0—20_ (2b)
mqo mqo
q Due to inaccuracies in the measurement of some of the phys-

ical parameters and changing environmental conditions, the
system parameters ando are generally uncertain. However,
without loss of generality, it can be assumed that their values
lie within some known intervals

we€lw wi] o€[or o2]

wherew, ws, o1, andos are known scalars satisfying
Fig. 2. Diagram of the control system.
wy 2wy >0 o1 <02<0.

ntrol provi h van fr ing in ner nd, . . . .
co .to. pro dest gad antages o educ. g Input ene gy, & Olt is clear that, in order to stabilize the system (2), either a PD
minimizing the likelihood of control saturation. However, since

. . . ) . L or a PID controller is adequate. When such controllers are used,
practical magnetic bearing systems contain nonlinearities, an . . !

ST . . owever, the differential component has to be present in order to

the controller design is based only on a linearized model, the, . o . .

control system is guaranteed to be stable only if it operates c:Io‘F"sceh'eve closed-loop stability, since the open-loop system (2) is

y y unstable. In order to avoid the need for velocity feedback, while

to its equilibrium position. This means that the input and outpu the same time achieving satisfactory stabilitv. this paper ad-
variables of the system must be kept close to zero. By using fie 9 y Y bap

free parameter(s) in the set of controllers which robustly st]g\[esses the control of the system (2) using a dynamical position

bilize the interval system and meet the disturbance attenuatis dback compensator.

requirement, dynamical compensators are obtained which also ssuming that pnly the rotor displacement positjds mea-
. ._sured, and denoting
keep the control effort close to a minimum bound to an arbitrary

degree. g
=g =
Il. PROBLEM FORMULATION

A dynamical mathematical model for the AMB shown inthe system (2) can be converted into the following equivalent

Fig. 1, can be established as follows: state-space form:

T =Anx +bpu+dn(f+F)
2 2 2
4 g0 — ¢ g +q
with
where )
m mass of the rotor (kg); A, = 02 1}
q position displacement of the rotor (m); [w” 0
90 nominal air gap (m); b | 0}
Lo permeability of free space 47 x 10~7 H/m; "o
A total pole-face area of each electromagnet)im 4. — )
N number of turns on each electromagnet coil; o 1/m}
I, I, electromagnet coil currents (A); em=[1 0] (3b)
f an unknown disturbance (N);
F some known force acting on the rotor (N). where the parametessando satisfy
When (1) is linearized at the equilibrium point, ie.,
w>w>w >0 o <oc<o<0. (4)

L =1=1 =0 L , , .
' 2 0 1 Thus, the system (3) is still an interval system, but is now in

and augmented with the control structure shown in Fig. 2, tfjpte-space form. A general first-order output dynamical com-

linearized model is obtained as the following second-ordeansator for the system (3) can be written in the following form
system: o

{ z= /{}222 + k'21y (5)

1
. 2
q_wQ_au—i_a(f—i_F) (23) u:k11y+k122+kfF
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wherek;;, ¢, 7 = 1, 2, are four scalar controller coefficients, tothe contribution of the disturbandeto the output is given, in
be designed, and the term £ is introduced to compensate forthe frequency domain, by
the effect of the forcé”, the coefficient:; being given by
y(S) = crnc(s-[ - Arnc)_ldrncf(s)- (9)
1 %
mo woAN2I, In order to attenuate the effect of the disturbance, it is appro-
priate to minimize
Denotingé? = [z 2], and applying the dynamical compen-
sator (5) to the system (3), results in the closed-loop state-space N = Hcmc(sf — Ape) e
description

ky=—

. (10)

) This can be realized directly if the system parameters are ac-

E=Anl+dmef (6a) curately known. However, since the system (3) is an interval

Y= ok system, the inde®’ in (10) is not unique. To overcome this dif-
ficulty, instead of minimizing the inde¥, the following may

with be minimized:
A,rnc _ |:A'rn + b'rnkllc'rn b'rnk12:| N/ = sup chlc(sl — A’nlc)_ld’nchz (11)
ka1cm, ka2 w € [wy wa)
0 1 0 0 € [o1 09]
= 0/%'11 + w2 0 O'I%‘lg (Gb) . .
Kyt 0 koo where the indexV’ accounts for the worst case obtained from
. the parameter interval ranges. Thus, the disturbance attenuation
Cme=[1 0 0] : - .
- 1 problem can be described as finding the dynamical compen-
Ae = [0 - 0} (6¢) sators in the form of (5), which robustly stabilize the interval
_ system (3) and, simultaneously, guarantee fraK «,, where
where the parametetsando satisfy (4). g0 is an arbitrarily small positive scalar.

This paper considers the design of a dynamical compensatowhen the robustly stabilizing dynamical compensator given

of the form (5) to meet three requirements: robust stabilizgy (7) is applied to the interval system (8) is given by
tion, disturbance attenuation, and minimum control effort, for

the closed-loop system (6). N’ = 1 p 12
20037 + 2027(1 —7)° (12)

lll. CONTROLLER DESIGN The robust stabilizing dynamical compensator for the interval

A. Robust Stabilization system (3) given by (7)

Through direct analysis of the stability of the matriy,. in 1) guarantees the disturbance attentuation specification in
(6b), all the robust stabilizing compensators in the form of (5)  (11) if
for the system (3) can be characterized by the following:

, L+ /14808 T
ki1 = W+ o — -7 1
. ( ) “ deofBT (13)
k12 = Y o . )
@) 2) and minimizesV’ with respect tq3, if
by = —f3
k-21 = % o= % + 92
\ a7y Y EOT2(1 — 7')
14
whereq, /3, v andr are real scalars satisfying 1-+\2%/3 (14)
f= ( ) L)
a>0 B>0 y#£0, O0<7<l ) cor

3) and minimizesV’ with respect to botl8 andr, if «, 3

. . andr are taken as
B. Disturbance Attenuation

When the system (3) is robustly stabilized with the dynam- ( o=3 < 1 + 92)2
ical compensator (5), the closed-loop system (6) maintains sta- 2e
bility over the whole parameter interval range. However, due to 1 ) (15)
the effect of the unknown disturbang¢ethe performance of the p= 26 +0
closed-loop system may be poor. To overcome this, it is prefer- 9
able to have the effect of the disturbanteompletely decou- (T=3

pled from the system output through control. However, this can
easily be shown to be unfeasible for this AMB system. Notethat  whereé is an arbitrary real scalar.
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C. Minimum Control Effort Pormanent .
. . . . Flywheel ri M: tic rot
The controller given in (5) can be written, in the frequenc ywheetrim agneic rotor_/
domain, as Permanent
' magnet rotor
u(s) = Guy(s)y(s 16a
( ) uy( )y( ) ( ) Passive axial ; WI’ o fn i )'I”
. magnetic gk :
with bearing v_ ] ﬁ;
k12k21 /
Guy(s) = < + ki1 ) (16b) ,
$— k22 Brushless permanent

Active radial magnetic be;ring Back-up bearing  magnet motor/generator
In order to facilitate small control effort, the following index
is proposed for minimization:
Fig. 3.  Schematic of flywheel energy storage unit.
k12k21

p—— a7)

+ k1

[

which can be shown to have the greatest lower bound

2

w
Jop = —2.
7 |oa]

(18)

Therefore, the control effort specification can be written,
more specifically, as follows:
2 2
Y2 _ ~ %< 9

+ k11

T oo

wherez,, is an arbitrarily given positive scalar.

The robust dynamical stabilizing compensator given by (7)
for the interval system (3) guarantees the disturbance attenua
tion specification in (11) and I

1) meets the control effort restriction (19)ifis taken as in Fig. 4. Demonstrator flywheel rim and controllable force actuator.

(13) and
B B2 + |oale (20) netic bearings, and contained within an evacuated enclosure,
= 32 + |oalew (1 + 2|02|Be0en) as shown scher_natl_ca_lly in Fig. 3. A_pe_rmanent-magnet (PM)
) - brushless machine is incorporated within the flywheel to trans-
where/ is a nonzero positive scalar ~ formkinetic energy to electrical energy, and vice-versa. The fly-
2) meets the control effort restriction (19), and minimizeghee| is designed to rotate at a maximum speed of 60 000 r/min,
the index/V" with respect to7, if and provides a recoverable energy of 350 Wh in slowing down
( 3 to half speed, the peak power capability being 40 kW. The mag-
o 1+ e04/(eulo2]) netic bearing system has been designed to cope with the dom-
on/m inant dlsturba_lnces which rgsult from gyroscopic effects arising
B= \/m 21) from the motion of the ve_h|cle, and the high-frequency forces
" due to unbalance of the rim.
1 The rim of the flywheel unit, together with a short-stroke ac-
T= 3 tuator by which a controlled disturbance force can be applied,
{ 1+ e0y/(euloz]) is shown in Fig. 4.

The active radial bearings have a homopolar magnetic circuit
topology and a soft magnetic composite rotor, in order to mini-
mize hysteresis and eddy-current losses in the rotor. The active

This section deals with the application of the preceding robyssle-face area of the electromagnets on the vertical axes is twice
stabilizing controller design procedure to the active magnetigat of the electromagnets on the horizontal axes, the respective

IV. SIMULATION AND EXPERIMENTAL RESULTS

bearings of a flywheel energy storage system. peak force capabilities being 1600 and 800 N, respectively.
) An eddy-current rotor displacement sensor, with a resolution
A. Flywheel Energy Stage Unit of 1 um, a linearity of 1% of full scale, and a frequency band-

The active magnetic bearings are integral components ofvath of 5 kHz, is used on each axis for closed-loop control. The
flywheel energy storage system which is being developed eail of each electromagnet is supplied from a current-controlled
a peak power buffer for urban electric vehicles [6]. The flyswitched-mode power amplifier, with appropriate features to re-
wheel is a carbon—fiber composite rim, which is supported lduce noise. The total mass of the rim is 12 kg. The nominal pa-
two active radial magnetic bearings and two passive axial magmeters for the bearings are given in Table I.
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TABLE |

BEARING PARAMETERS
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TABLE I
CONTROLLER COEFFICIENTS

Parameter Vertical axis Horizontal axis CoeffTicients Vertical Horizontal
m 6ke 6ke k, 256x10° 5392x10°,
A —4 2 —4 2
4x26%x10™ m 4x13%x107" m' k, 10° 10°
N 40 40
ky -111x10° 250x10°
I, 5A 5A
k,, -5x10° -5x10°
q, 0.4 mm 0.4 mm
k; 0.0161 0.0161
TABLE 1l
PARAMETERSw AND o, AND THEIR LOWER AND UPPERBOUNDS
0.01 0.01
Parameter Vertical Horizontal 3 ~3) I3
E © E 0 /
® 3596 2543 § 001 8 .0.01
8 3
a .0.02 o .0.02
o -10.35 -5.17
0 0.01 0.02 0.03 0 0.01 0.02 0.03
240 170 1
, ;
2 g0
o, 390 280 5 5
32 32
o, 22 -10
3 -3
0 0.01 0.02 0.03 0 0.0t 0.02 0.03
o, -4.5 2 Time {s) Time (s)
(a) Vertical axis (b) Horizontal axis
Since i Ip=54; ~~: [g= 6A; ...utly = 84
I;L:Io—l—u, IQII()—U,
Fig. 5. Initial excitation of single bearing (£, = 5 A;—- —: Iy = 6 A;
- Iy = 8 A).

the coil currents must be controlled to ensjure< 1.

B. Nonlinear Simulation

those of the interval boundaries; ando;, i = 1, 2, for both

When the dynamical compensator (5) is applied to the oritpe vertical and horizontal axes, are given in Table 1l. Choosing
inal nonlinear system (1), with a consideration of current satags = 107°, &, = 1, # = 5 x 10%, andy = 10%, the coeffi-
ration as in Fig. 2, the closed-loop system is

cients of the dynamical compensators are obtained as shown in
Table III.

(i=4¢ In the nonlinear closed-loop simulation, the active fof¢e
., MAN? | (Iy—u 2 w1 was assumed to bex6 9.8 N for the vertical axis of each of the
~ T im <q0_q> - <q0+q> +E(F+fd) bearings, and zero for the horizontal axis. The responses of the
. x andy axes when one of the bearings is initially excited, with a
z = ka1q + kazz bias currentl, = 5 A, with the controller coefficients specified
Io, if kiiy+khiez+ke F > Io in Table 11, is shown in Fig. 5. A change @§ results in changes
w= < kuy+kz+kF, it |kuytkoz+kiF| < I to the parameters ando and, hence, affects the performance,
7 if Tev vtz ik < —1 and may even compromise the stability of the control system. In
o YTz Thy 0 order to illustrate the robustness of the designed control system

‘Y= with respect to parameter perturbations, simulation responses

In order to simulate the system, the parameteeds and with I; = 6 A and 8 A, are also included in Fig. 5. While the
their upper and lower bounds are determined from (2b), basgthnge of ; has clearly affected the transient characteristics, the
on the parameter values in Table I. In order that the designexbults demonstrate that a degree of stability (and performance)
controller can tolerate sufficient parameter uncertainties, larggbustness has been imparted to the system under the influence
intervals forw ando were chosen. The values ©fando, and  of parameter variations.



DUAN et al. ROBUST MAGNETIC BEARING CONTROL

E 3
£ 02 E o2
¥ 0 2 o
502 502
% 04 'z 04
&0 01 02 03 04 §,\ 0o o1 02 03 04
<5 <5
x =
=] =
£ 0 z0
35 35
©°®0 01 02 03 04 °°0 01 02 03 o04
i Time (s
Time (s) @ I,=5A (s)
E £
E o2 E o2
¥ 0 2 o ,
é 0.2 ,é 02t J
204 2 -0.4
§A 0 o1 02 03 04 & 0 01 02 03 04
<5 <5
» ==
= =
g 0 = 0 ]
Ee S
%0 01 o0z 03 04 °70 01 o0z o3 o4
Time (s) ) I, =6A Time (s)
0=
€ E
E o2 E 02
% 0 g o
502 S 02 /
2 04 g .04
§A 0 01 02 03 04 d_ 0 01 02 03 04
<5 <5
] z
=
g0 WW 50 /W““*“‘*'W""‘*
E E
3 5 3 -5
©® 0 o1 02 03 04 °0 01 02 03 04
Time (s) () I, =8A Time (s)

Fig. 6.

Initial excitation of single bearing.

Fig. 7.

C. Experimental Results

Digital implementation of the control structure (with
) was carried out using a
TMS320C40/DSPACE hardware development
The sampling rate for controller implementation was 10 kHz.

parameters as

in Table

3 €
E 02 E 02
= OM N o—\..*—_—‘
c =
g 02 S 02
2 04 8 .0.4
2 "o 0.2 04 2 0 0.2 0.4
€ T
E 02 1 E o2
% 0 S0 -
c c
S 02 g-02
= =
0.4 804
&% 0.2 04 % 0 0.2 0.4
Time (s) Time (s)

Initial excitation of bearing systeniy(= 5 A).

platform.
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6 demonstrate the usefulness of the interval system approach
to control system design, since, although the nonlinear model
used for the simulation studies has not encompassed all the dy-
namic modes of the flywheel, as exemplified by the relatively
underdamped characteristics of the actual transient response,
the interval method for robust controller design has addressed
the problem of model uncertainty, and demonstrated satisfac-
tory stability and performance attributes.

As a consequence of manufacturing tolerances, the dynamic
characteristics of the magnetic bearings at the two ends of the
flywheel will differ. However, the interval approach to controller
design is sufficiently robust that the same control structure can
be applied to each bearing. Fig. 7 shows the transient response
following initial excitation of all bearings. As predicted, the
system exhibits satisfactory dynamic characteristics, the max-
imum overshoot being:0.04 mm.

In addition to the controller designs given in Table Ill, others
have been simulated and experimentally assessed. For example,
different controllers have been employed for the vertical and
horizontal axes electromagnets at each end of the flywheel, to
account for variations in their performance parameters, and
this has yielded improved performance. However, in order to
demonstrate the robustness issues pertinent to interval systems,
this paper has only considered the performance when the same
controller is used for both axes.

V. CONCLUSIONS

This paper has addressed the robust stabilization of AMBSs to
support a high-speed energy storage flywheel. It has considered
the design of dynamical compensators to provide robust stabi-
lization, disturbance attenuation, and minimum control effort.
Throughout, it has assumed that an accurate model of the AMB,
encompassing all the dominant dynamic modes, is unavailable
for controller design. Interval system analysis has been used to
design appropriate controllers, and thereby overcome the detri-
mental effects of modeling uncertainty. Simulation studies have
illustrated the predicted stability and performance robustness
properties, whilst, the digital implementation has enabled the
practical attributes of dynamic compensator design without the
need for direct velocity feedback, to be assessed.
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