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Abstract 
Within the last years magnetic bearing technology has been pushed by a significant upturn in oil & gas 
industry as well as in machining applications. Nowadays, specific high speed spindles are equipped with 
industrially standardized active magnetic bearing systems (AMB) allowing for highly precise rotor positioning 
due to their contact-free and low-maintenance operation. However, compared to conventional ball bearings 
well-established AMB systems are limited by their relatively low stiffness. In order to improve dynamic 
performance flux based control algorithms are under investigation for the last decades already. The main 
challenge is how to integrate commercially available magnetic field sensors into typical AMB air gaps. Within 
this research ultra-thin and flexible Bismuth Hall sensors with a total thickness of less than 100 µm were 
developed and integrated into an actively controlled magnetic suspension system. For the first time an AMB 
control using the direct feedback of bendable Bismuth sensors was implemented and its operational capability 
for accurate rotor positioning was demonstrated successfully and investigated by frequency response analysis. 

Keywords : Direct Field Control, Flux Based AMB Control, Flux Feedback, Ultra-thin-Bismuth Hall Sensor, 
Integrable Magnetic Field Sensor  

 
1. Introduction 

 
To increase dynamic stiffness and to improve precise rotor positioning of Active Magnetic Bearings (AMB) flux 

based control algorithms were suggested [Abdelfatah and Emad, 1993]. Moreover flux feedback approaches offer 
promising possibilities for low cost AMB solutions operating without expensive position gauges [Zlatnik and Traxler, 
1990]. Realization of direct field control requires real-time data acquisition on the actual magnetic flux inside the 
AMBs narrow air gaps. Therefore, either flux observation [Jaatinen et al., 2013] or integrated magnetic field 
measurements [Bleuler et al., 1995] are the methods of choice. Nowadays the latter option strongly demands the 
elaborate design of integrable sensors including their manufacturing and assembly processes, which are supposed to be 
the key challenges. Typical air gaps are too small to fit there conventional magnetic sensors with thicknesses of more 
than 400 µm. Recently ultra-thin Bismuth (Bi) Hall sensors fabricated on a polymeric material (PCB) were presented 
[Koseva et al., 2010; Melzer et al., 2015; Mönch et al., 2015]. Integrated into different setups the down to 150 µm thin 
and flexible sensors provided a technology platform for flux monitoring up to 2.3 T [Mönch et al., 2014]. However, 
initial tests revealed that for successful realization of the intended flux control, a significant improvement of both the 
sensor sensitivity and its mechanical stability is essential. Here, the total sensor height is reduced and the performance 
of the bendable sensors was optimized by tuning the Bi film thickness and their structure. The new 100 µm ultra-thin 
Hall sensor reveals a sensitivity which is up to 10 times higher compared to previous Bi based solutions [Bahr et al, 
2012]. On a proof-of-concept level its performance is demonstrated by implementing a flux based AMB control. 
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which generate the control flux density BC. 
Within the first investigations a single Hall 
sensor was installed inside the AMB. As the 
bearing is biased by permanent magnets the 
measured air gap flux density Bδ is affected by 
the position depending bias magnetization Bbias. 
Basically the plant is to be stabilized by a PI type 
algorithm compensating for the main field time 
constant Th. In order to achieve proper reference 
response the controller needs to be parametrized 
for amplitude optimum (see Table III). For safe 
operation of the flux based control, the coil 
current is to be monitored online and to be 
limited if necessary since the closed flux density 
loop does not provide any innate over-current 
protection. Therefore, an additional safety 
function has to be implemented to provide a 
basic protection in case of thermal overload of 
control coils, permanent magnets as well as for 
power semiconductors of the power converter. 
This protection should be based on the internal 
current measurement in order to avoid any 
unexpected touchdown. The linear flux based 
control structure provides the base for the 
position loop and its controller design. The 
position plant is shown in Fig. 6. Here, the path 
includes the subordinated flux loop, linear force generation as well as the mechanical plant. The main advantage of the 
investigated magnetic bearings type based on differential principle concerns its linear characteristic of flux density and 
magnetic force when assuming a constant bias magnetization (centered rotor). For proper stabilization of the AMBs 
plant, a PD type controller is used to achieve the classical spring–damper characteristics with adjustable stiffness k and 
damping d. In particular a PIDT1 algorithm offers adequate reference accuracy and enables a tunable limitation of the 
controller´s derivative, which is essentially needed for damping of high-frequency noise induced by the installed 
capacitive position gauge. Based on the linear force characteristic the controller gain  as well as the lead 
time  have been chosen for a preset stiffness of 300 % above the AMBs natural stiffness ( ). Within 
this first study the damping ( ) was increased stepwise to a total damping factor D=0.9. Thus the 
suspension system is strongly damped but still oscillatory concerning its positioning characteristic. The controller 
design was executed by neglecting the comparatively faster operating subordinated flux density loop. Concrete data and 
controller parameters for all experiments carried out and presented in chapter 4 are given in Table III. For both 
controllers - flux density as well position - an anti-windup was active. After controller design the complete algorithm 
was implemented to a dSpace real-time control system (DS1103) operated with sampling and pulse frequencies of 
21.3 kHz. One bearing axis was controlled by the presented algorithms; the second axis worked with conventional 
current based PID control. Within this research both the fully stable initial rotor lift-off as well as the proper operation 
and accurate positioning were realized successfully by using the integrated Bismuth Hall sensor. 

 
 
 
 
 
 
 

  

Fig. 4:  Basic structure of cascaded position and flux density control. 

Fig. 5:  Closed loop control of air gap flux density. 

TABLE III:  CONTROLLER PARAMETERS 

 Parameter Value 
Flux density controller 

VRB Controller gain 150 V/T 
TIB Integral time constant 4.9 ms 

 Anti-windup active 
 Position controller  

VRx Controller gain 1950 T/m 
TD Derivative time constant 5 ms 

TDT1 DT1 time constant 0.16 ms 
TI Integral time constant 10 ms 

Anti-windup active

Fig. 6:  Closed position loop using PIDT1 controller for stabilization of AMB plant. 
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5. Conclusion 
 
In order to enable flux density measurement in narrow air gaps of magnetic bearings, the total thickness of flexible 

Bismuth Hall sensors is reduced down to less than 100 µm. The new technology based on Bi film deposited Silicon was 
developed and investigated intensely for Si dies thinned down to 50 µm. After fabrication and contacting to highly 
flexible copper cladded PI foils the sensors reveal impressive sensitivities up to 800 mV/AT. As needed for AMB 
applications the signal level is amplified to several V/T by using a low noise conditioning electronics. Sensors of latest 
development stage were integrated into a radial AMB. For the first time a flux based magnetic bearing control was 
implemented successfully. The novel Hall sensor platform enables real-time magnetic field measurement and features 
both the modification free integration into existing drive systems as well as local flux sensing inside the air gap: 
Operational capability was demonstrated in stable AMB operation and precise rotor positioning. Applied flux based 
controls were investigated experimentally by means of step response analysis and frequency response measurements. 
The industrial like AMB system equipped with an ultra-thin and flexible Hall sensor showed proper operation with 
positioning accuracies below 1 µm. Future investigations will continue studies of magnetically suspended systems with 
a full set of air gap integrated Bismuth Hall sensors for all 5 DOF. In parallel the presented sensor technology itself is 
under permanent development. Successive sensitivity boosting (to several V/AT) and reliability improvements 
(optimized stud bump size, redundant configurations) are upcoming steps within the interdisciplinary research project. 
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