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A Study on the Efficient Optimization of Controller for Magnetic
Bearings Supporting Oil-Free Turbo-Chiller Compressor
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Magnetic bearings are being actively adopted by the turbo-chiller industry because of their higher efficiency during partial
load, quieter operation, and smaller footprint than that which machines with ball bearings provide. Since magnetic bearings
are open-loop unstable, feedback control is necessary. In the industry, traditional PID-based control is preferred to model-
based control, because of its simplicity. When traditional control algorithms are used, significant resources are required to
obtain and tune control parameters, which is an impediment to the widespread use of magnetic bearing technology in the
industry. In this paper, we propose a mixed optimization method by combining genetic algorithm and sequential quadratic
programming. To obtain the initial guess to be used for the mixed optimization, a phase-margin maximization algorithm is
also proposed, based on the rigid-body model of the system. Mixed optimization results in suitable control parameters in
less than 2.8% of the time it takes a genetic algorithm only to find similar solutions. The proposed optimization also
ensures the robustness of the control parameters. The output sensitivity measured from a prototype compressor with
magnetic bearings confirms the validity of the control parameters.
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NOMENCLATURE K, = Proportional Gain
. K, = Integral Gain

G = Transfer Function : ]

. . 7, = Zero Time Constant of Lead Filter
§ = Output Sensitivity Function )
P — Laplace Variable 7, = Pole Time Constant of Lead Filter
m = Rotor Mass ¢, = Zero Damping of Lead Filter
K, = Actuator Constant - Pole Damping of Lead Filter

ac

K. = Open-Loop Stiffness Sz Zero Damping of Notch Filter
Npex = Number of Flexible Modes Sup Pole Damping of Notch Filter
A, = Modal Strength $py = Phase Margin
¢ = Modal Damping Omax = Maximum Normalized Standard Deviation
o, = Mode Frequency Enax = Maximum Normalized Parameter Difference
Kamp = Amplifier Gain P Optimizing Parameters
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Fig. 1 An example of a plant transfer function which includes the
dynamics of rotor, amplifier, and sensor
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Fig. 2 Block diagram of magnetic bearing control. The plant
consists of bearing actuator (Including amplifier), rotor and
sensor
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Table 1 Design result for rigid-body controller

Lead filter parameter Initial Optimized
Zero time constant ( 7, ) [ms] 1.768 1.276
Pole time constant ( 7, ) [ms] 0.589 0.284

Zero damping (&) 0.7 1.037
Pole damping (¢, ) 0.7 1.999
Output Sensitivity
4 ; T
Initial
— Optimized | ]
2
o
()]
5
:’é‘
g
=
0.5 . .
10" 10° 10° 10*

Frequency (Hz)

Fig. 3 Output sensitivity function of phase-margin optimized
control compared with initial control
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Fig. 4 Convergence time with respect to the size of population
(Red). Normalized standard deviation of solutions with
respect to the population size

Table 2 Robustness of local optima found by GA

Sol. No. GA Optim. Param. Var. SQP Optim.
1 2.01 0.467 18.5
2 2.06 0.093 2.58
3 1.82 0.442 6.00
4 1.95 0.081 2.06
5 1.98 0.333 3.63
6 2.04 0.276 6.76
7 1.91 0.238 3.63
8 2.00 0.164 3.05
9 1.93 0.511 16.1
10 1.94 0.084 2.28
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Fig. 6 Prototype compressor for 340 kW chiller. The cooling
capacity is S00RT

Table 3 Optimization result for flexible-mode control

Parameter Initial Optimized
Zero T.C. (7, ) [ms] 1.768 0.798
Lead Pole T.C. (7,) [ms] 0.589 0.080
filter Zero damp. (¢,) 0.7 1.414
Pole damp. (¢,) 0.7 0.623
Zero damp. 0.005 0.05
Notch 1 P-(Se1)
Pole damp. (£,,;) 0.5 0.148
Zero damp. 0.005 0.004
Notch 2 p (g 22 )
Pole damp. (£,,,) 0.5 0.391
Zero damp. 0.005 0.001
Notch 3 P- (Sre3)
Pole damp. (£, 3) 0.5 0.5
IX Sensitivity
3.5 T :
—— Sinesweep
3r Control 1
251 §
2
s Ll :
S
2
€151 .
©
=
1F ’; a
051 ]
0 . |
10" 10? 10° 10

Frequency (Hz)

Fig. 7 Output sensitivity measured from a prototype compressor test
rig using sinesweep tests. Manually tuned control (Blue) vs.
Optimized control (red)
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