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Abstract

Most of the industial active magnetic bearings (AMBSs) are controlled I+@®ontrollers.
Usually a time-consuming iterately procedure is involed to design thoseCBidrollers. In this
contribution an optimization strategy is developed to design a complex Piiddller. Multi-
Objective Genetic Algorithms (MOGASs) are employed as the core of theplmnoptimization
procedure to be used. The results are studied. Core of this contributibe development of
the optimization strategy, especially the combination of frequency and timaidebased com-
ponents as well as the strategy for complex PID-Controller design. &mlation purposes, a
comparison between simulation and experimental results are presepid ihof the contribu-
tion .

1 Introduction

Due to their advantages in comparison of conventional bgayiactive magnetic bearings (AMB)
have been applied to various rotor systems. For an AMB systieeinherent negative stiffness
causes instability of the open loop of the system; thereifeedback control loop is employed to
stabilize the rotor system. So the controller design besoaneentral task for designing the AMB
system. Different control methods are successfully agpiecontrol magnetic bearing systems.
The classical PID-Control methods [PRYS] are widely used in AMB systems due to their structure
and transparent design. An optimal method (LQ control @00 SBO8] is used to obtain optimal
(high performance) solution concerning control energy eontrol error. A drawback of these
methods is that the robustness properties are not expliaken into account and that all states are
needed to be used for feedback (therefore, an observer lesamnessary). Robust control methods
(Hw-controller [Wo11], u-synthesis[[MLAI2]) are developed to cover up some drawbafkd Q
methods, focusing on both performance and robustness afotfieolled system. However those
methods result to high order controller which can causeempgintation problems due to hardware
limitations.

Most of industry AMB systems are controlled by PID-like caniers including also complex
low-pass filter. Nowadays, rotor systems become more and omonplex (because of higher energy
density, higher speed, more complex rotor structure,.edccjassic PID-Controller with only 3 pa-
rametersKp, Ti, andTy) is overwhelmed to achieve various requirement, theredarere complex
controller structure is neccessary, e.g. PID-Controlligh wotch filter, lag-lead filter, and low-pass
filter. This complicates the controller design and requarperience to tune controller parame-
ters. The design procedure is hence iteratively and tinmswming. Motivated by this situation,
an optimization procedure is developed and suggested inaheibution to design the controller
parameters automatically.

This paper is organized as follows: In Section 2 the modelbefotor system and the magnetic
bearing system are introduced. In Section 3 the controdisigth is focused. In Section 4 the detailed
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optimization strategy is presented, which is the core o dointribution. In Section 5, simulations
are performed and results are compared for two selectedoflentcandidates from pareto front.
Finally, a summary is given in Section 6. In part Il of the adnition, the experimental results are
presented for validation.

2 Modeling

An AMB-rotor system includes the rotor system to be contilis explained in part Il of the con-
tribution, sensors, analog-to-digital converters (ADwaerters), controllers, digital-to-analog con-
verters (DA-converters), amplifiers, and actuators. At fin@deling of the rotor system will be
discussed; secondly the model of the magnetic bearingrayistgiven. The sensors are taken as
proportional transfer elements of second order (PT2) witleigenfrequency out of the sampling
region of the system. Pulse-Width-Modulation (PWM) ampigfiare employed in the test-rig. Cur-
rent control configuration is chosen, so the amplifiers cambeeled as part of actuators and treated
by proportional behavior. The AD-converters and DA-cotaer are considered by constant gains,
denoted by ADG and DAG, respectively.

2.1 Rotor System

The discretized model of the rotor (Figlide 1) is modeled \@@modes and totally 116 DoFs (each
node possesses 4 DoFs, i.e. translation and rotation indky4datane). The equations of motion
result to

Mg+ (D+QG)q+Kqg =Fw,

1)
y=Caq,
with
M: Mass matrix, D: Damping matrix (proportional dampirig = yK),
G: Gyroscopic matrix, K: Stiffness matrix,
F:  Input matrix, C: Output matrix (corresponding to sensor nodes),
y:  Measured nodes q: Displacement vector,q = [d],q}, -, 3o
ai =[x, yi,0,B]"
Q: Rotational speed, andw: Input force.
The equatlons of motion are transformed into a state-sgresentation using the state vector
=[a".4"]" by
Xr = ArXr +BrUr,
_ 2
yr = CrXr,
where
0 I 0
Ar = | Mk —M‘HD—FQG)} B = [M—lF] :
C = [C 0], and yr = Y

with the system matriA, of order 232232, the input matri®, of order 2324, and the output
matrix C, of order 4x232.

The state-space model will be used for controller desigme digenmodes of the rotor are shown
in Figure[2. It is known that the eigenmodes and eigenfrecjesrof a rotor system are speed de-
pendent if gyroscopic effects are considered; the eigeesotithe system in Figuké 2 are displayed
for the rotor at rest, consisting of the first four bending esd

2
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Figure 1: Discretized rotor model
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Figure 2: Eigenmodes of the rotor system
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2.2 Magnetic Bearing Model

According to the available test-rig, the differential drigonfiguration as shown in Figure 3 is em-
ployed to linearize the force-current relation of the atdualn order to achieve current control,
an additional underlying current controller (P-Controllis used to feedback the measured current
of the magnet coils. The whole actuator systém [SM09] inclgdnagnets, amplifiers, and the
underlying current controllers, can be represented ie Saace form by

Xm = AmXm + BmUm,
Ym = CmXm,

with the displacement of the bearing nodes and the contnwkctias inputsun, of order 8<1,
magnetic forces as outpuys, of order 4x 1, the state vectoxy, of order 4x 1, system matriAp, of
order 4x4, input matrixBy, of order 4x8, and outputs matri,, of order 4x4.

®3)

Figure 3: Actuator geometry (differential drive configuoad

2.3 Complete Model

Combining the sensor, the rotor, and the magnetic bearindefeaesults to the complete plant
model

X = AX + BuU,

y=Cx, (4)

with the state vectax = [xI,xT,xT]T (x{: sensor state vector of order 8).

The resulting plant possesses 244 states with 4 inputs antpdts. The inputs of the plant are
control currents and outputs of the sensors are consideréieaoutputs of the plant. Numerical
parameters of the plant are given in TdDle 1.

In Figure[4 the bode diagram of the plant including sensarr magnetic bearings, AD-
converters, DA-converters, and transformation matriedsdh transform sensor coordinates to cen-
ter of gravity coordinates and then back to bearing cootd®adetailed in the next Section) is
shown. It can be seen that the parallel mode and tilting médseqplant are perfect separated due
to the symmetry of the rotor.
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| Value || | Value
Mass of the rotor [kg] 12.4 Length of the rotor [m] 0.46
Bearing stiffnes&s [N/m] -2.8e6 || Force/current factdg [N/A] | 250
Air gap sp [m] 4.2e-4 || Bias current [A] 5

Table 1: Numerical parameters of the system design
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Figure 4: Bode diagram of the plant

3 Controller Design

In this Section a so called 'Trans-Tilt’ (Translation andtifig mode) PID-Controller design for the
AMB-rotor system is briefly described. Since the rotor istegulastic, the first 4 bending modes
have to be considered by the controller design.

Firstly, the sensor-coordinates are transformed into #reer of gravity coordinates using a
transformation matrix, resulting in x-plane as

1
Xe = 50 +X), 5)
B=—x)/ls,
or
x] [z 2]
HE [ .1] Ml ©
Transformation
matrix
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The indexes |, r, and ¢ denote left sensor node, right sermsde,rand rotor midspan node,
respectively. The distance of two sensor nodes is denotkd as

The transformation allows the decoupling of 'parallel’ regdand 'tilting’ modes of the rotor.
An advantage obtained by this transformation is that thérobber design can be achieved separately
for parallel mode and the tilting mode.

For parallel and tilting mode control, the same controltencture is used. The PID-Controller
consisting of 2 parts (PDiTwith filters and an integrator) is introduced. The first pariifited to
be an order of 7 due to hardware requirement. The first pahsoPtD-Controller can be written as,

S S \2 S S \2 S S \2 S
Kop — Ko @‘Fl (@)24’2%1@ +1 (@)2"‘2%2@"‘1 (?)z‘f'zfns% +l7
ag T (52 + 28y, +1(55)° + 28a2g, 1 (55)° +28usgy; +1

()

——
PDTy filter 1 (Fp) filter 2 (F) filter 3 (F3)

It can be seen that the controller uses 15 paramet@; oo, W, thi, €n1, W1, Ed1, Wh2, €n2s
W2, €d2s Wh3, na, Wyz, andégs.

Furthermore, adding an integrator term to the contrddlgs gives the final PID-Controller struc-
ture to be used as

K K
K:KpD+§I=PDT1-F1F2F3+§'. (8)

For the parallel and tilting mode control, two PID-Conter$ with the same controller structure
as mentioned above are needed. The overall system comgjderand y-plane motions requires 4
PID-Controllers, i.e. two controllers (parallel and i mode) for each plane.

Finally, the control current (as controller output) has ® tbansformed back into bearing-
coordinates to be fed into the cooresponding actuators as,

o g ”

——
Transformation
matrix
The indexes p and t denote the parallel and tilting mode psly.
The parameters of two controllers (parallel and tilting modill be determined and optimized
in the next Section.

4 Optimization Strategy

As described in last Section, totally 30 parameters fronptrallel and tilting mode controller have
to be choosen. The hand-tuning procedure can be time-canguespecially if various (competing)
criteria has to be considered.

The solution idea of this contribution is to use the desigrapeeters (controller parameters)
of the design process (AMB-rotor system) as parameters toplimized and to evaluate the re-
sulting system behavior with given criteria, taking intaagnt the overall system requirements. It
is clear that this is a multi-objective optimization praile The optimization task will be solved
by using MOGAs. Different MOGAs and MOEAs (Multi-ObjectiMévolutionary Algorithms)
are available for solving such optimization problem. Ced@oe98/ Coel6] gives a survey about
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evolutionary-based optimization techniques. In pagecefl8/ Coe06] the most well-known MO-
GAs and MOEAs are introduced and related advantages andvdis@ages are analysed. Fleming
and Purshousé [FP02] summarize evolutionary algorithrtis thve focus on the application of con-
trol engineering. IN[Deb01] a detailed introduction offditnt evolutionary algorithms is given.

Among those optimization algorithms, NSGA-II (Nondomi@éSorting Genetic Algorithm I1),
which was introduced in the papér [DPAMO02] by Deb et al., lvees very popular due to its compu-
tational efficiency. The optimization results of this cdimtition are obtained by using the MOGAs
(a variant of NSGA-II) from the global optimization toolbax Matlab®.

4.1 Evaluation of Fithess Functions

Diverse criteria have to be formulated as objectives (atdled fitness functions). Some of these
criteria can be considered as constraints. This is a crpoial to use the MOGA. The optimiza-
tion problem can be solved quite efficient with well-defingddss functions, on the contrary the
optimization can be failed due to non-convengence.

An another challenge arising from the control problem is risguirement for stability of the
closed-loop. The stability requirements of the closeglobthe AMB-rotor system can be treated
either as a constraint during the optimization process @masbjective to maximize the stability
degred as

d=0-—maxO(A)}, i=12..n,

with O0(A;) denoting the real part of the i-th eigenvalue andenotes the number of the eigenvalue
of the linear system.

This contribution presents a strategy for a hierarchicaluation of the fitness functions for
MOEAs and MOGAs. With this strategy, the optimizer tries hiftsthe candidates to the stable
region of the closed-loop of the AMB-rotor system in the loegig period of the optimization
process. Once this step is successful, the other objediivelsding time and frequency domain
criteria/performance ratios) become available to be dpth There are two advantages following
this strategy:

1. The optimization process is accelerated, since moréiedstable) candidates will be found
(if possible) in the beginning period of the optimizatiomeess for further optimization.

2. The probability that the optimization process will corge increases.

It should be noted that a convergence can in principle notuzeamteed for those MOEAs and
MOGAs due to their randomized character (if the feasiblémgs isolated (too small) in the defined
search space). Certainly no global optimum even local aptins guaranteed in principle for each
objective.

In the following, the recommended evaluation strategy effttmess functions is given in detail.
Firstly, the fitness functions to be considered in the oation of controlling AMB-rotor system
are given. Totally five objectives are formulated as fithesgtions. The maximal singular value of
the sensitivity functioro (Sy) is treated as the first objective. It is defined as the largeradrthe
maximal singular value of parallel and tilting mode (seet®e¢3d) sensitivity funcion § andS),
ie.

Fi1=0(Sn) =maxo(S),0(S)}.

The damping ratio of the eigenvalue in the frequency regibr8p0] Hz and (300..1000] Hz
are considered separately as two objectives, which areteéresDo_30q and D(3p0-1009- The
first frequency region shall include the rigid body modes #ralfirst bending mode. Since the

7
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optimization goal is to minimize the fitness functions, thesirse damping ratio is defined as fithess
function by

_ 1
Dio-300

. 1
F3 = Dinv =
(300-1004 D(300-100g

= Dinv[0_30q = and

These three fitness functions mentioned above are relathd frequency domain performance.
For controlling AMB-rotor system, the time domain perfommoa also has to be considered. Hereby,
the overshoof\ys and the settling timeés; of the step response of the AMB-rotor system are taken
into account; So two fitness functions cooresponding toithe tomain performance,

Fs=Ass and
Fs =t

are used.

The 5 fitness functions are evaluated with the strategy meed above for each individual in
current population as follows:

Step I: The sensitivitys and complementary-sensitivify function matrix are calculated, as well
as their eigenvalues;. If the closed-loop is stable, the procedure continues wiép I,
otherwise

Fi..Fs = max{J(Ai)} 4+ constant A

is used to evaluate the fitness functions.

Step Il: The maximal singular value of the sensitivity fuons for the parallel and tilting mode (which
can be directly obtained froi§) are evaluated and the singular values of the sensitivitg-fu
tion o(Sy) is defined. The inverse damping ratio of the eigenvaluestésiaténed. Calculating
the step response of the closed-loop gives the overshgand the settling timés. If the
values ofa (Syt), Dinvig_sqg, DinV(300-1000, Aos @ndts; are not larger than a special suitable
choosen number, the procedure continues and goes to stefhBtwise

F1..Fs = max{T(A;)} + constant B

is used.

Step llI: If the conditions

0(Sy) <50, Dinvjg 309 <100, and Ags< 1000
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are fullfilled, the objective functions are defined as

F1=0(Sw),

DinV[0_30q if DinV[O_30q > 2,
F= o

2 if Dan[O_30q < 2,

F— Dinv(300-100q  if DiNV(300-1009 > 20,
20 if DinV<300_100q < 20, (10)

if >1
= Aos |_ Ags > 100, and
100 if Ays< 100,
Fo— tst i'f tst> 0.3,
0.3 iftg< 0.3,
otherwise
F1..Fs = max{O(Ai)} + constant C
is used.

It should be mentioned that “optimal” values are defined fier fitness functionss..Fs. If the
fithess function reaches the related “optimal” value, thes fitness function does not need to be
considered in the optimization process, therefore thexopér focuses only on the other objectives.
This again accelerates the optimization process. The aptiatlues of the fitness functions are given
in Table[2.

Objective parameter| “Optimal” value | Description
Dinvig_30q 2 (=50% Damping ratid | Inverse damping ratio
Dinv(300-100q 20 (=5% Damping ratip | Inverse damping ratio
Aos (%] 100 Overshoot

tst [sed 0.3 Settling time

Table 2: Defined optimal values of the fithess functions

The search space of the controller parameters are giverbla[3alt should be noticed that only
the part of the controlleipp is considered for optimization. The integrator gain is deiaed by

K = DCgair(KpD) -21-1

and the whole PID-Controller (Equati@h 8) is used to evalhe fitness functions. The test-rig
is designed to work with a maximal rotational speed of 1509, rthus the rotor model with the
rotational speed of 15000 rpm is employed for the contralksign and optimization.

4.2 Optimization Results

The optimization results are shown in Figlile 5. Each poinotnfthe Pareto front (see Figuré 5
respresents an optimal solution, which is not dominatewh fother candidates. The upper right and
lower left plots show that the fitness functiarn(S,;) is competing with overshodk.s as well as
inverse damping rati®inv(sgo_100g, i-e. Minimizing the max. singular valug(S,) can only be

9
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| Kp | ano | o | aha | &1 | @ | &an |
Parallel| Lower bound|| 9e3 | 50 100 | 100 | 0.05| 80 0.05
mode | Upper bound|| 3e4 150 | 2e3 | 1e3 | 1.00 | 1e3 | 1.00
Tilting | Lower bound|| 1.5e3| 60 100 | 100 | 0.05| 100 | 0.05
mode | Upper bound|| 4e3 180 | 2e3 | 1e3 | 1.00| 1e3 | 1.00

lone [ &2 | a2 | &ao [ wns [ &3 | aus | &as
Parallel| Lower bound|| 100 | 0.05| 100 | 0.05| 300 | 0.05| 300 | 0.05
mode | Upperbound|| 1e3 1.00| 1e3| 1.00| 1e3 | 1.00| 1e3 | 1.00

Tilting | Lower bound|| 150 | 0.05| 150 | 0.05| 300 | 0.05| 300 | 0.05
mode | Upper bound|| 1e3 1.00| 1e3 | 1.00| 1e3 | 1.00 | 1e3 | 1.00

Table 3: Search space of controller parameters

achieved with increasing the oversh@gt and decreasing the damping ratio of the eigenvalues in
the frequency region (300..1000] Hz. The settling tigaeeaches the defined optimal value (see the
lower right plot).
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Figure 5: Pareto front

Two candidates (A and B) from the pareto front with the snsaleax. singular value (Sy) are
selected for further simulation. The optimized objectiedues are given in Tablg 4. The resulting

10
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Objective | Candidate A| Candidate B
Sinuglar valueo (Sy) 3.23 3.32
Damping ratio [0..300] Hz 11% 21%
Damping ratio (300..1e3] Hz 0.85% 0.99%
Overshootdqg 277% 285%
Settling timetg; 0.3 0.3

Table 4: Objective value of selected candidates

maximal singluar values of candidates A and B are correspgrid zone B according to the ISO
Stardard 14839-3. All eigenmodes of the closed-loop withtradler candidate B in the frequency
region [0..300] Hz are well damped. In the next Section thiaitsl simulation results will be

presented.

It should be noted that the candidate has to be carefullctseldrom the pareto front. The
optimizer tries to present all nondominated solutions Basethe defined fithess functions, conse-
quently, some outlier points are also found by the optimiz@rder to form the whole pareto front.
However, those points are usually unacceptable for exadyseo known realization problems.

5 Simulation Results

In the last Section, two (example) candidates are seleotesirhulation and will be implemented.
In this Section the simulation results of the both candislare given and compared.

|Ke | ono | o | wha | & | wur | &ar |
Parallel| Cand. A || 1.84e4| 137 | 1.10e3| 412 | 0.40 | 486 | 0.56
mode | Cand. B || 1.25e4| 86 1.47e3| 182 | 0.48 | 178 | 0.65
Tilting | Cand. A|| 2.10e3| 119 | 808 787 | 0.35| 565 | 0.67
mode | Cand. B || 2.08e3| 115 | 683 343 | 0.71| 285 | 0.72

lTone [&2 [we [&2 [ ohs [ & [ wus [ &as
Parallel| Cand. A || 622 0.38 | 464 0.46 | 667 | 0.68 | 652 | 0.81
mode | Cand. B || 390 0.57 | 328 0.68| 935 | 0.63 | 639 | 0.40
Tilting | Cand. A || 828 0.75| 657 0.70| 718 | 0.51 | 768 | 0.56
mode | Cand. B || 586 0.68 | 452 0.59| 639 | 0.51| 548 | 0.39

Table 5: Parameters of selected controller candidates

The corresponding controller parameters of selected datei are summerized in Table 5. In
Figure[® the bode diagram of the controllers (including i@rand tilting mode controller) of both
candidates is shown. The Parallel mode controller of catdid has a larger P-paig) compared
with the one of candicate B. The tilting mode controllers sirailar at low frequencies but differ
from each other at high frequencies.

In Figure[T the pole-zero map of the closed-loop is shownathi lse seen that the eigenmodes
up to the first bending mode are well damped for both candiddtke first bending mode are even
damped with more than 30% damping ratio.

11
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Figure 6: Bode diagram of selected controller candidates
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Figure 7: Pole-zero map of the closed-loop with the rotohatrbtational speed of 15000 rpm
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Figure 8: Singular values of the closed-loop with the rotadel at the rotational speed of 15000
rpm

The singular values for parallel and tilting mode of bothdidates are illustrated in Figuié 8.
For the parallel mode large differences occur at low fregies=n The candidate A has a singular
value only about 30% of the one of candidate B in the frequeegion [2..30] Hz. For the tilting
mode there is no remarkable difference.

The step response behavior is presented in Fidure 9. Thisgbarade of candidate A is superior
over the one of candidate B with respect to the overshooteo$tbp response, however the result is
quite similar for tilting mode.

The results above are determined with the rotor model atatadional speed of 15000 rpm. In
oder to ensure the stability and performance for the systeemvhe rotor is at rest, simulations are
neccessarily to be carried out. The simulation resultdyding the results with the rotor at rest) are
summarized in Tablgl 6. The performance of the system hastimeable change due to rotation.

6 Summary

This paper presents an optimization approach by using fobjéctive genetic algorithms for fast
and optimal parameter design of a complex PID-Controlleéhwéspect to given requirements for-
muled in time and frequency domain. The challenges by usi@gMs/MOEAs are discussed and
a corresponding evaluation strategy is suggested. Thdatiomresults show that a PID-Controller
of complex structure can be obtained/optimized by using M@®ith the suggested evaluation
strategy considering various criteria, limitations, ardfprmance aspects.

For validation purpose, the obtained controllers are imgleted for experiments. Experimental
tests are performed and the results will be discussed inlpétied “ Improving PID-Control of
AMB-rotor System I1: Experimental Results’.

13



Improving PID-Control of AMB-Rotor System Design |: Optimtizn Strategy Wei and &fker

>

I I

Parallel mode: Cand.
Tilting mode: Cand. A
3.5 — Parallel mode: Cand. |
—Tilting mode: Cand. B

155}

Amplitude (um, rad)

0.5 il

O 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Time [sec]

Figure 9: Step response of the closed-loop with the rotorehaitthe rotational speed of 15000 rpm

Candidate A Candidate B
Orpm | 1.5e4 rpm| O rpm | 1.5e4 rpm
Parallel | Max. sinuglar value|| 3.08 3.23 3.05 3.32
mode OvershootA,s 138% | 132% 263% | 258%
Settling timetg; 0.28 0.28 0.15 0.15%
Tilting Max. sinuglar value|| 3.3 3.25 3.37 3.34
mode OvershootA,s 275% | 277% 283% | 285%
Settling timetg; 0.15 0.15 0.15 0.15%
Damping [0..300] Hz 13.2% | 10.9% 25.4% | 21.7%
ratio (300..1000] Hz 1.6% | 0.85% 2.2% | 0.99%

Table 6: Objective value of the selected candidates fotiostal speed of 0 and 15000 rpm
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