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ABSTRACT

In this pape-synthesis is applied to a flexible and gy-
roscopic AMB system. A design methodology is pre-
sented which covers the practical issues of robust
control like the selection of weighting functions, mod-
elling of uncertainties and controller reduction. The
modelling of the system is based on a analytical model

adjusted to measured frequency responses. Special at-

tention is paid to substructure modes. The focus of this
paper is the experimental evaluation of the perform-
ance. Sine sweeps were performed at rotational speed
and good agreement of the measured performance with
the predicted robust performance is reached. The test rig
finally was spun up past the first flexible critical speed.

INTRODUCTION

Robust control design methods, particularly theyn-
thesis, have great potential for AMB applications, but
have not found their way to application yet. Implemen-
tation results are only reported by Fujgaal (1992),
Nonami and Ito (1994), and Fittro and Knospe (1998) so
far. Fujita considers the non-rotating case only. Nona-
mi’s design is based on a rigid-body model. Only Fittro
gives experimental results in frequency domain. A sys-
tematic experimental evaluation of the robust perform-
ance was not performed yet. Related work on non-AMB
applications giving experimental results are Steinbuch
et al (1998) and Van den Braembussche (1998).

The AMB controls test rig at the University of Virginia
is designed to reflect the properties of energy storage
flywheels, namely the gyroscopics and the structural
flexibilities of the rotor and the frame, and to serve as a
platform for controller design investigations. The flexi-
ble rotor is equipped with a overhung gyroscopic disc
(Fig. 1) and aligned vertically. The substructure is de-
signed to be flexible as well, to simulate a satellite plat-
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form.

In order to operate the rotor in a range up to 12000 rpm,
a u-synthesis controller was designed and the experi-
mental results are presented in this paper. It is based on
the design procedure developed in Schénteiffal.
(2000). This procedure unifies the required design steps
for systems with structural flexibilities and aims a easy
transferability to different applications.
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FIGURE 1: Schematic of the rotor

MODELLING

The model of the plant was first derived analytically and
then fine tuned based on frequency response measure-
ments of the plant. Since the plant itself is unstable, the
system was stabilized by an initial PID controller and
the closed loop response was measured. The computa-
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tion of the plant model from the closed loop response is G, hy <~ hy
described in the section “implementation results”. ~ o

rotor'modes

FIGURE 2: Block diagram of the plant model with
black-box model of the substructure

-90

The plant model for the controller design covers theg

=

structural dynamics of the rotor and of the substructure *
the magnetic bearings, the amplifiers and the contro *°[———
computer (Fig. 2). The structural dynamics of the rotor _s ‘

was first modelled by finite element modelling and then frequency [Ha)

fine tuned based on experimental results. The rotor modelF|IGURE 4: Exemplary channebp ) (from higher

includes 4 rigid-body and 6 flexible modes. A model of pearingy-direction to higher sensgrdirection) of the
the gyroscopic effects was also obtained from finite ele- 4x 4 plant model at O rpm

ment analysis and validated at rotational speed. Fig. 4

shows the Campbell-diagram of the unrestrained rotor.

Since the substructure had a significant impact on th€ ONTROLLER DESIGN

system stability and performance, also a substructure

model was included. It was constructed solely based oRerformance specification

experimental data by curve-fitting of the measured fre-Specifying the performance requirements F-mini-
guency responses. 12 modes have been taken into consitization means bounding the transfer functions of the
eration. Since controller order reduction methods arelosed loop. This is a non trivial task, neither in terms of
utilized, no attempt was made to reduce the plant moddH,-performance nor in terms of reasonable time response

-180

in advance of the controller design. of the closed loop. To formulate the specifications, a
The magnetic bearing is described by a linearized disproper insight in the transfer functions of the closed loop
placement-force and current-force relatiore k x+ kii is required.

(Rockwell, 1996). These parameters were tuned to match

the measured frequency responses of the plant. Addition-

ally a negative stiffness of the motor had to be taken into

account.

No specific dynamic model for amplifier, the inductance
and further electronic com-

Figure 5: Closed control loop

350 ‘ ‘ ponents was set up. The
< phase lag of these compo- Fig. 5 depicts the control loop, wheyeare the displace-
a0} , , 1 nents including the phase ment measurementsthe reference commandsthe dis-
lag of the zero-order hold placement errors,u the current command to the
2501 1 of the D/A-converter and amplifiers, d a assumed disturbance andthe sensor
| the computation time of noise. Each of these variables consists of four compo-
200} , -~ the digital control compu- hents for each of the two axes per bearing. The transfer
ter were also determined function matrix

wo——————"—__ | from the measured fre-
J/ quency responses and  |Y(5) T(s) S(s5)G(s) =T(s) |[r(s)

natural frequency [Hz]

- 1 modelled by a total ime  |e(s) =| S(9) -S(9G(s) -S(s) |[|d(s) (D)
dplay of 0.625 ms. Th_e u@s) |C(9)S(s) -Ti(s) —C(s)S(s)||n(s)
S A ' 1 time delay was approxi- . . .
,/ mated by a 2nd order Pade gives the relation between the inputs and outputs of the
ol : : - - losed loop.
0 5000 10000 15000 ” flt t Th C H. H H H H H H
rotational speed [rpm] ?ilngiascs)rée?r p(;?rtlﬂgu plan? The minimization of the transfer functio®(jw)G(jw) is
FIGURE 3: Campbell- model is 52 the main objective. It can be viewed as the “compliance”

of the magnetic bearing. A constant bound is put on this

diagram of the unrestrained S ) : . .
function in order to achieve a low quasi-static compliance

rotor
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and to enforce proper damping of the first flexible modeYoung, 1995). Assume that the system maf#yiaf the ro-
of the rotor (Fig. 7). Levelling off the bound at low fre- tor and substructure subsystem of the plant model is
The actuator effort is described B(jw)S(jw). A bound A= TAT™, where
on this transfer function avoids actuator saturation.
(C(joo)S(joo))'l determines the robustness to additive un- - —~(w(1+ 5i))2 —28w (1+9,
certainties of the plant and is desired to be high. Second
cause lim S(jw) =1 . A low pass characteristic of @dw; is the natural frequency of this mode with the rel-
C(jw) réjedts sensor noise and is advantageous for cortive uncertaintyy, . The modal dampigg  is assumed
A second order low pass bound was chosen (Fig. 7). fluence on the czontrolzler design. Linearizing the term
Even though bounding @(w)G(jw) andC(jw)S(jw) is (@ (1+3))" to Wi +20y'8;, which is valid for the small
sensitivity function S(jw) and the inverse sensitivity 0 1
>V g - 2 + H 5 {—Zwiz —ZEin (4)
sonable controllers. A sensitivity functi@fjw) > 1 indi- - —2&;W, 1
cates that the controller is amplifying the disturbances,alnd the uncertainty can be represented in a LFT a single
tures, putting a strict bound d&(jw)S(jw) will cause the flexible modes is considered
resonances dB(jw) to appear irl (joo) with high peaks. a0 ncertainty in natural frequencies already covers the
Ti(w): the reference actipn,l the actuator response to disla'ffects. But more structured in the sensgiedfynthesis is
turbance and the transmission of sensor noise to the CORKe treatment of the gyroscopic effects as an uncertainty
segggchdnhofét al (2000) and Van den Braembusschependem on the rotational spe€gdlis considered as nom-
(1998). inal matrix plus a gyroscopic term linear if:
wandd and the outputg, e andu were chosen and aug- i, 5| FT with the number of repeated uncertainty as a the
mented with the corresponding weighting functlonsrank of A, €.9. by singular value decomposition A
number of flexible modes of the rotor plus the number of
WyTW, Wy SGWqy tilt rigid-body modes, here 62 = 8.
W,CSW, -W,T,W, rameters is a further crucial issue. The parameters depend
significantly on the operating point and vary with dis-
. _ _ e .
sired bounds, e.g5(CS) <o(W,W,) = . All weights aré \yejghting scheme, used in this design, already guaran-
chosen to have diagonal structure and equal diagonal elgeg rohust stability to large additive uncertainties by
) _ boundingT, the parameter variations were not taken into
Uncertainty modelling account explicitly as suggested in Namerikawa, Fujita
modelling errors is a requirement for practical control.;, loop have confirmed the robustness.
Here the controller has to cope with
* variation of the natural frequencies due to the gyro-ryq gitferent designs were performed: The first design
scopic effect and considers uncertainties in natural frequencies only. It was
Mo_delling errors in lightly (_jamped ﬂexible structures are optimize the design for passing the critical speed. The
typically due to small mismatches in the resonancesaugmented plant has 72 stated 2x 8 unstructured per-
spectively multiplicative errors, they are modelled as pary; 4| frequencies.

guencies yields integral action of the controller. transformed by T to a real modal representation
C(jw)S(jw) has further to be limited for two reasons: First A 0 1 3)
)

it determines the shape 6Yjw) at high frequencies, be- 1S the2x2 block for theth mode on the diagonal ok
troller order reduction and discrete time implementation {0 P& constant, since it turned out to have no relevant in-
sufficient to set up the optimization problem, limiting the Uncertainties assumed;  can be rewritten as
function T(jw) additionally is very useful to obtain rea- A=
entering the system. For lightly damped flexible StruC- o uncertaintys, . Here an uncertainty£8 % n all 18
This is undesired in all three meanings Dw) resp.  ariation of the natural frequencies due to the gyroscopic
trolled variable. For details on the weighting functionsitself Therefor the system matri(Q) of the plant, de-
To realize this SG-CS-S-T weighting scheme, the inputsA(Q) = A+ AgQ . This uncertainty can be represented
We.wr (Balaset al., 1995, 4-20). The rank d&g is equal to the

FI(P.C) = | W SW, -W SGW, - (2) " The robustness to variations in the magnetic bearing pa-
The weighting functions were designed to realize the depcement and bearing coil currents. Since the complex
ements. boundingCSand to large multiplicative uncertainties by
Robustness to parameter variations of the plant and g 9gg) Theoretical and experimental analysis of the con-
 uncertainty in the modelling of the flexible structure, L-Synthesis
* changes in the magnetic bearing parameters. designed for an operation point of 20000 rpm in order to
Since even small mismatches can cause large additive Isymance block and 18 real scalar uncertainties in the nat-
ametric uncertainties in natural frequencies (Balasq-he second design additionally includes the gyroscopics
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as uncertainty. The augmented plant increases by 8 addi order to reach the maximum degree of reduction, it is
tional real repeated uncertainties. straight forward to address the preservation of robust per-
The controller synthesis was carried out using the D-Kformance

Iteration (Balaset al,, 1995). To perform the D-K-Itera- . -

tion, several measures had to be taken to avoid numerical mén SCE'F(“A(F 1(P, ©)=Ha(F (P, C))) (5)

problems. Two othep-synthesis approaches, the (D,G)- directly, whereC is the original controller an€ s the

K- and theu-K iteration were investigated to take advan- reduced one. By replacingwith its upper bound and us-

tage Qf thereal and re_peat_ed structure of the unc_:ertalntlelsﬁg the D-scalings as in D-K-iteratiopy,(F (P,C))  be-
but did not converge in this case due to humerical prob- _ -1 S L

. . . . . comeso(D,F (P,C)D,”) and the minimization problem
lems. Details on the numerical issues are given in Schon-

can be formulated in terms of rational transfer functions

QEZ eftig[. ((fc?r?f)). (Rivera, Morari, 1992):
speed range [rpmBup(H(F (P, C))) . 4 A\

troller reached min HDIF ((P,C)D*=D/F (P, 0)D; Hm 6)
a p-value of 10000, fix 1.06 C
1.06. p-analy- 0 .. 14000 1.12 This can directly be tackled by the frequency weighted
sis for different 0 .. 30000 1.44 balanced reduction in closed loop configuration (Wortel-
rotational 0 .. 60000 2.02 boeret. al, 1999). A reduction from an order higher than
speeds  was 100 to 44 is reached here without significant loss in per-

performed  to TABLE 1: pvs. considered speed  formance (1%).
determine the range for gyroscopic treated as

stability and performance of this controller vs. rotational

speed (Fig. 6). The controller turned out to be stabilizin MPI_‘EMENTATION_ RESULTS ,

up to 25000 rpm. The-values of the second controller ' th|s section egperlmental _re_sultg for the first controller
treating the gyroscopics as an additional uncertainty arg_eSIgn considering uncertainties in the natL_JraI frequen-
given in Table 1 dependent on the considered range §fes only are presented. The controller was implemented

operation speeds. The order of the final controllers werd" @ PC using thRea_Itime Linu>based?eal_Time Con-
in both cases larger than 100. trols Laboratory (RTiC-Lab) software (Hiltonet al,

2000). It was executed at a sampling rate of 8 kHz.
18 : ‘ The test rig was successfully spun up to 12000 rpm and
three critical speeds, two rigid-body and one flexible
were passed. The flexible critical is at about 9500 rpm. It

16

1af | turned out that the controller provides high damping for
l v | all three modes and therefore the vibration is well within
] M ] the acceptable range (Fig. 9). The maximum of the actu-
i [ ] ator effort is approximately 0.6 A, where the actuators

become saturated at 2 A.

In order to evaluate the performance experimentally, sine
osh 1 sweeps were performed at two rotational speeds, 0 and at
6000 rpm. A sinusoidal excitatiod was superposed to
the control output and the displacemgntas measured.

performance

0.8

0.4r-

02 § Fig. 7 shows the maximum singular val@g€S G) com-
— designed for 10000 rpm
puted from the measured frequency response matax
0 L . .
0 %000 atonal speed from] 10 gt 6000 rpm. It is compared to the nominal transfer func-

tion from the model. Additionally the bounds given by
the weighting functions are shown. The remaining fre-
quency responses of the closed I€@§ S, T andT; ac-

cording to (1) were computed from the measured

In order to achieve high accuracy, the pant was mode"eHequency responsBGand the open-loop measured fre-
without respect to the model order. But as well as accyduency response of the controlf@according to the rela-
rate modelling is necessary for reliable application, a |0V\FODS 11- - (S(i)'ﬁ' Ti= C(ISG)(; S_: I('jl' (gS) :7CS and
order of the controller is a prerequisite for economic reaI-G__ S (hSG)' ey are as_oh re1p|cte n Ilg. d ld

isation. Because the controller is of the order of the aug-Slnce the comparison with the nomina’ modet does not
mented plant plus the order of the D-scales added by thanswer the question, if the predicted robust performance

D-K-iteration, this leads to a contradiction that can only:cS reached_, the maxim du]rcn 3|ng|LIJIar value Sf thz total petr- d
be solved by controller reduction methods. ormance IS processed from all measured and compute

frequency responses multiplied with the weighting func-

FIGURE 6: Robust performance vs. rot speed for the
first design

Controller order reduction
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FIGURE 7: Measured and nominal frequency responses
of the closed loop for the firgt-synthesis controller and their bounds at 6000 rpm

tions according to (2). This is shown in Fig. 8 for the pected robust performance obtainedibgnalysis at the
measurements at 0 and 6000 rpm and compared to the egarticular operation points. Note that both points of oper-
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FIGURE 8: Measured performance (maximum singular values of the augmented plant) and robust perfarofance
the closed loop for the firgt-synthesis controller at 0 and 6000 rpm
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