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Abstract 

Industrial applications of active magnetic bearings (AMBs) technology have been continuing to grow for 

over 4 decades. However, the volume and cost reduction for consumer products are still lower than industrial 

potential. Particularly, bearing design to match the application, control design, commissioning, control tuning, 

electronics design and scaling of VA rating to match the bearings make the significant contribution to overall 

cost of new AMBs. This paper describes how to design and implement an industrial 5 degrees of freedom AMB 

suspension and model-based control for rotating systems quickly and efficiently. The presented solution 

leverages the existing commercialized drives and automation components for making the AMB products. With 

the automated analytical design of AMB actuators and control in respect to design constrains the design & 

engineering of the product are completed. This leads to easier scalability, standardization, lead-time reduction, 

and broadening the application area. 

Keywords: Standard drive hardware, Digital control design, System identification, Active magnetic bearing, 

High-speed motor, Induction motor, Magnetic levitation 

 

1. Introduction 

 

The classical active magnetic bearing (AMB) technology has long matured with advances of solid-state electronics 

and digital control technology e.g. (Habermann and Liard, 1979), (Schweitzer, 1976). However, high cost of customized 

hardware and control software has limited the application growth and wider industrialization. Typically, established AMB 

suppliers develop their own distinct solutions for electronics (Swann, 2014), (Kumar and Jayawant, 2014), which leads 

to challenges in standardization, scalability and cost reduction for newcomers. 

Yet the AMB system building blocks are very similar to standard motor components making the technology 

potentially widely applicable and very affordable. Recently, many teams have tried to increase AMB system reliability 

and decrease cost and time to market by replacing custom electronics with the more standard components (Yim, et al., 

2008), (Ahn, 2011), (Denk, et al., 2012), (Denk, et al., 2013). Still, hardware design, control software commissioning, 

identification and design tuning are not available for customers who would like to use the AMBs in their applications but 

who are lacking the technology in-depth knowhow. In order to gain customer confidence various application specific 

requirements of AMB control (Swanson, et al., 2014) have to be fulfilled. In order to extend the application area and gain 

the market share further an over-all system cost and lead time have to be decreased. 

AMB supported motor and generator applications are usually series products with little product variations. 

Developing of such products allows limited designing costs. The AMB design flow is a complex task comprising of 

mechanical load calculus, rotor dynamics calculus, electromagnet design of actuators, plant modelling, control design, 

and driver selection. Plant modeling, controller design and testing are iterative tasks that have to account for uncertainties. 

Closed-loop commissioning and identification require stable initial AMB control under the presence of disturbance forces 

from a machine axle, unbalance, drive disturbances, motor pull, sensor runouts, signal noise and biasing. A few 

manufacturers already offer AMB actuators as catalog products. Our focus is on developing design and commissioning 

chain that would help in dimensioning and implementation of such products. 
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The paper summarizes a decade of AMB technical development at Lappeenranta University of Technology (LUT) 

from the preparation for industrialization perspective. First, we introduce automated engineering tools. The AMB design 

flow tools comprise an electromagnet design, control design and driver selection. The initial controller is automatically 

synthetized based on a rigid rotor model, generated AMB models and selected performance. Second, we present case 

study prototype followed by an overall control system layout comprising standard drive and automation hardware. 

Different options for the proximity sensors selection including a custom low-cost integrated LUT designed sensors are 

presented. Third, we reveal the controller implementation in standard automation PC/PLC-based platform. Finally, an 

industrial 350 kW 15000 r/min induction motor is equipped with designed proof of concept AMBs. We present laboratory 

measurements that show the prototype operation. The final model-based controller includes the bending modes of the 

AMB rotor system as state variables. The final controller tuning uses results of complementing commissioning and 

identification tools. 

 

2. Automated engineering tools and design flow 

 

The design tool chain (Fig. 1) provides the analytical dimensioning of the AMB system based on requirements of 

application. The requirements include motor power, motor rotational speed, mass distribution to bearings, space, material 

and thermal constraints, and expected disturbance forces and their acting planes in respect to the rotor. 

 

Fig. 1 Design tool chain. 

 

In the first analytical calculation phase, radial and axial force estimation is made. All the expected forces from mass 

distribution, external forces, e.g. compressor wheel pull and unbalanced pull of rotor are summed up and averaged and 

maximum bearing forces as well as slew rate of forces that bearings should be able to produce are determined. The 

geometric and electrical properties of bearings can be refined iteratively using a reluctance network method and a thermal 

network model (Pöllänen et al., 2006). Coil area arrangement is optimized for selected AMB geometry. Initial values for 

current stiffness and position stiffness are obtained. The geometric properties of bearings may or may not require changes 

in initial mechanical dimensioning of the machine. In this phase, if bearings do not fit to original mechanical design, the 

mass of rotor as well as locations of bearings may change and the first calculation phase is repeated. Suitable power 

sources are selected. 

In the second phase, initial FEM rotor dynamic calculations and initial controller synthesis are performed. If only 

the mass, length and locations of actuators and sensors are available the rigid body model is used. Otherwise a detailed 
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rotor dynamics calculation is computed resulting in information of probable mode shapes and corresponding critical 

frequencies. In this phase, in the case of over-critical rotor, the locations of bearings and sensors are changed. The rigid 

body model-based multi-input multi-output (MIMO) control is tuned with multi-objective optimization. Alternatively, a 

decentralized controller where every bearing axis has own independent control is applicable (Jastrzebski and Pöllänen, 

2009b). Jastrzebski and Pöllänen, (2009b) describe the benefits of model based MIMO control over classical 

decentralized control approaches. For gyroscopic systems, the gain scheduling (Jastrzebski, et al., 2010a) or linear 

parameter-varying approaches (Smirnov et al., 2010) can be applied. A nonlinear plant model comprising AMB models 

and rotor model is constructed, The controller performance and robustness during initial lift up, disturbance force 

reference, unbalance, and noise conditions are tested in nonlinear simulations. The iterations with the first phase can 

take place if the satisfactory performance cannot be achieved. As a result, a control system can be built and the controller 

can be implemented. 

In the commissioning phase, a system identification procedure is used for correction of initial calculated models. 

First, the sensors are auto-calibrated and amplifiers are pre-tested (Smirnov, 2012). Second, the frequency domain 

identification, such as stepped sine, broadband (Hynynen, 2011) or pseudorandom binary sequence (PRBS) methods can 

be applied. The PRBS methods yield the fastest identification times and are most robust, while stepped sine methods can 

provide the best signal to noise ratio at higher frequencies. The FEM flexible rotor model and the actuator dynamical 

models are updated. The final model-based MIMO controller that includes identified bending rotor modes is synthesized. 

In the final testing phase, the updated controller is verified with the customer machine. 

 

2.1 Dimensioning of magnetic bearings based on the required supporting forces 

 

The geometry of radial bearings is defined by the maximum and average force constraints. Based on the maximum 

force and selected maximum flux density in the airgap it is possible to estimate the necessary surface area of the poles. 

In the symmetrical case, which is beneficial in most industrial products, the maximum force should be applied in all 

possible directions. For force capacity, a reduction coefficient σ is introduced to take into account the selected actuator 

geometry (Fig. 2) and current control. From the geometrical dimensions the effective pole area is defined as  

𝐴𝐴 = 2(𝑟𝑟𝑗𝑗 + 𝑔𝑔0)𝑙𝑙𝑗𝑗sin(
𝜋𝜋𝑓𝑓𝑖𝑖
𝑛𝑛 ), (1) 

where rj is the radius of the bearing journal, n is the number of poles, g0 is the airgap width, lj is length of the journal fi is 

iron ratio that denotes the relation between total circumferential length and length occupied by the poles. The necessary 

pole area to provide the maximum force fmax is defined as follows 

𝐴𝐴 = 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚𝜇𝜇0
𝐵𝐵𝑠𝑠𝑚𝑚𝑠𝑠2 𝜎𝜎 , (2) 

where Bsat is saturation flux density selected based on material properties, μ0 is permeability of vacuum. For bearing 

design a journal radius or rotor radius is specified. The necessary journal width is defined as equal to the width of the 

pole 𝑤𝑤𝑗𝑗 = 𝑤𝑤 = 𝐴𝐴 𝑙𝑙𝑗𝑗⁄  and thus the rotor radius rr and journal radius rj are related 𝑟𝑟𝑗𝑗 = 𝑟𝑟𝑟𝑟 + 𝑤𝑤𝑗𝑗 . Combining equations (1)-

(2) and substituting journal or rotor radius the basic geometry of bearing is established. 

Next step is estimation of bearing stator geometry. Width of the pole is assumed equal to the journal width and the 

stator yoke. The length of pole is defined by the space necessary for windings. The surface area of winding is defined by 

the thermal stability of the system so that coils are not overheated when system supplies average force 

𝑁𝑁𝑖𝑖𝑅𝑅𝑅𝑅𝑅𝑅 ≤ 𝐽𝐽𝑅𝑅𝑅𝑅𝑅𝑅𝐴𝐴𝑐𝑐𝑓𝑓𝑐𝑐, 
   

(3) 

where N stands for the number of coil turns, iRMS is average current, Ac denotes the coil area, JRMS is average current 

density and fc is copper packaging factor. With air cooling the current density is 5 A/mm2. The coil packaging factor 

depends on manufacturing processes and its value is about 0.5. The poles insulation and space reduction can be taken 

into account in packaging factor. For removable coils the available area is estimated as follows 

𝐴𝐴𝑐𝑐 = ((𝑟𝑟𝑗𝑗 + 𝑔𝑔0) tan
𝜋𝜋
𝑛𝑛 −

𝑤𝑤
2) (𝑟𝑟𝑦𝑦 − 𝑟𝑟𝑗𝑗 − 𝑔𝑔0), (4) 

where ry is the inner radius of stator yoke. 

With the presented equations and workflow the geometry of radial heteropolar bearing without flux splitting is 

estimated. The equations do not take into account flux leakages, flux fringing in the airgap and magnetomotive force for 
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the iron parts. For geometry fine-tuning, a reluctance network method is utilized which provides accuracy close to the 

accuracy of FEM with much shorter calculation time (Romanenko et al., 2014). 

r rr j

g 0

r s

ry w

ζ 

ls

 

Fig. 2 Radial bearing cross section and its main dimensions. E-core structure provides the flux splitting in the journal and 

in the yoke. The main benefit is reduced journal dimension, more even flux distribution and reduced losses. 

 

The E-core geometry can be calculated with the same workflow presented above under assumption that number of 

poles is eight. It is valid when width of the small pole is half of the big pole and journal width is half of the middle pole 

width. The side poles locations are defined by the angle ζ. Therefore, the area of small coil is defined as 

   𝐴𝐴𝑐𝑐,𝑠𝑠 = ((𝑟𝑟𝑗𝑗 + 𝑔𝑔0) tan 𝜁𝜁 −
𝑤𝑤𝑗𝑗
2 ) (𝑟𝑟𝑦𝑦 − 𝑟𝑟𝑗𝑗 − 𝑔𝑔0). (5) 

Simultaneous optimization of equations (4) and (5) to achieve the necessary flux and satisfy the geometry constraints 

leads to the final solution. 

 

2.2 Designing of model-based multi-input multi-output robust control 

 

We assume general AMB rotor system comprising two radial AMBs, one axial AMB, and single motor in between 

the radial bearings. This plant can be modeled as a linear and time-invariant system. For the linear controller synthesis, 

the tools construct three plant models. The first model is used for the construction of the estimator and linear feedback. 

For the initial controller it only comprises the rigid body model and basic actuator dynamics; while for the final controller 

it is typically sufficient to include the first bending mode (for subcritical rotor). The second, higher order, model features 

flexible FEM based rotor model and optionally uncertainties (Jastrzebski et al., 2010a); and it is meant for the control 

synthesis verification in the single- (multi) objective tuning procedure. The third, the most detailed, model comprises 

nonlinear actuator models, sensor and transportation delays and disturbances. The third model is used in the final stage 

of the controller verification in Matlab/Simulink® simulations. For the plants with a decoupled radial and axial 

suspension, the open-loop transfer function of the (radial) plant in the Laplace domain is 

𝒚𝒚 = 𝑮𝑮(𝑠𝑠)𝒖𝒖 = 𝑪𝑪(𝑠𝑠𝑰𝑰 − 𝑨𝑨)−1𝑩𝑩𝒖𝒖, 
(6)     

 

For the current controlled AMBs u and y are the vectors of the input control currents and the output measured 

displacements, respectively. G(s) is a 4×4 transfer function matrix of the plant, where A, B and C are the state matrix, the 

output matrix and the input matrix, respectively. 

With the control plant models, different MIMO type controllers for AMBs including LQG and H∞ types can be 

applied (Jastrzebski and Pöllänen, 2008), (Jastrzebski, 2009a), (Smirnov and Jastrzebski, 2009) and (Jastrzebski, et al., 

2010a, 2011). The robust controllers require casting the problem into a general control configuration and solving γ-

iterations. For the LQG controllers the weighting functions are scalar matrices. For the H∞ controllers the first and second 

order weighing functions are sufficient in most cases. The control tuning is performed either by selecting the weighting 

functions manually (or using predefined weighting functions) or using multi-objective tuning, e.g. a differential evolution 
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approach and a predefined cost function. Based on the plant model characteristics the suitable cost function parameters 

are selected which are desired bandwidth, maximum input and output sensitivity peaks and sensitivity to the selected 

disturbances as well as time responses to reference inputs and disturbances. For example, in the case of a single objective 

genetic algorithm optimization all sub- cost functions (e.g. different sensitivity peaks and maximum amplitudes of 

responses) can be combined into a single cost function as a weighted sum. In the multi-objective case, a solution from a 

Pareto optimum front is selected (Smirnov and Jastrzebski, 2009). 

Based on the synthetized controller the tools propose to the user the specific standard ABB drives required for the 

AMB current source realization for the levitation support of the case study customer machine. 

 

3. Case study AMB design example for high-speed drive  

 

The electrical machine under discussion is a solid rotor induction machine. Induction machines have robust and 

reliable structure. The solid rotor allows reaching high surface speeds without adding flexibility. This alleviates rotor 

dynamics issues when flexible modes are close to the operation region. Induction machines are usually characterized by 

low power factor that requires oversized inverter for operation and as a result increased price of the unit. To increase the 

power factor the rotor is slitted. This directs the flux deeper into the rotor medium and in addition decreases the 

conductivity of the rotor surface, which increases not only the power factor but also the efficiency. The other measure to 

improve efficiency is an attachment of end-rings to the active rotor parts. The end-rings are made from high conducting 

material also decreasing conductivity of the rotor active surface. Figure 3 presents the case study machine that has 350 

kW power at nominal point of 15000 rpm with power factor more than 0.7. Figure 4 shows the rotor cross section, as in 

FEM used in the control verification, and the first four rotor bending modes. 

(a)                                    (b) 

Fig. 3 (a) Proof of concept high-speed 350 kW 15000 r/min electrical machine. (b) Designed AMBs 

 

Fig. 4 Finite element model of the rotor and shape of two free-free modes 
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4. Industrial components for AMB system 

 

The position control layer is implemented using Beckhoff TwinCAT environment running in a Beckhoff Industrial 

PC (Fig. 5). With the EtherCAT fieldbus connection provided by the platform, the position control layer can connect to 

any industrial EtherCAT-enabled automation system using standard fieldbus communication with cycle times as short as 

50 µs and I/O response times from 85 µs. The communication delays and measurement noise in the system can be 

minimized by elimination of analog signal paths. The analog input signals can be oversampled to the fieldbus with higher 

rate than the cycle time, with sampling rates up to 100 kHz using commercial EtherCAT based analog input modules. 

(Beckhoff Automation, 2007). 

The position control layer was constructed using model-based design methodology within the MATLAB/Simulink 

allowing rapid development, simulation, system verification and automatic code generation. The tuned controllers can 

be loaded to predefined framework. The Beckhoff TwinCAT runtime environment running on the industrial PC hardware 

allows real-time control algorithms implemented using an international electrotechnical commission (IEC) 61131 

standard programming languages, C-routines as well as Simulink generated modules. If required, the control algorithms 

and structure can be easily changed. For example, nonlinearity compensation can be added for systems with a low bias 

(Jastrzebski, et al., 2014b). 

The standard industrial drive modules driving the magnetic bearing coils were equipped with a custom modulator 

and current controller connected to the EtherCAT fieldbus. The modern standard industrial frequency converter hardware 

fulfills the needs of the magnetic bearing control system as a current source. With small software modifications in the 

modulator part the drive is able to use the three phase bridge to drive two winding load consisting of a one control axis 

of the AMB system (Holmes and Kotsopoulos, 1993), (Yim, et al., 2002). 

 

 

 

Fig. 5 Industrial PC and EtherCAT based control system of the proof of concept AMB solution. Various sensors including 

standard eddy current proximity sensors with an analog input, low-cost integrated eddy-current sensors (Jastrzebski 

et al., 2010b) or the low-cost/high bandwidth sensors with integrated ADCs and EtherCAT outputs (Jastrzebski, et 

al., 2014a) can be connected. 

 

5. Measurements and commissioning with proof of concept induction motor prototype 

 

The industrial electrical machine has been retrofitted with the designed AMBs. Magnetic center calibration of the 

rotor was implemented and performed using Beckhoff PLC and Simulink® models. The magnetic center point is assumed 

to correspond to the plant linearization point, where the force availability is maximized in all radial directions. This makes 

the magnetic center an ideal operating point of the system. Magnetic center calibration was repeated 5 times and the 

average value of these repetitions was used as a reference operation point. The magnetic center of the rotor is located 

approximately at (70.7, 10.49, 148.66, -20.65) μm from the geometric center (detected as a results of the clearance test). 
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Figure 6a shows the result of the magnetic center calibration. Dots in the figure indicate a separate repetition and X shows 

the average value (magnetic center location). 

The frequency domain identification with step-sine excitation and adaptive amplitude selection was implemented 

and performed using Beckhoff PLC and Simulink® models. Amplitude limit was 2.5 A and the frequency range was 

from 1 Hz to 750 Hz in 3.01 Hz steps. Results of the step-sine identification on Ax-axis are shown in Fig. 6b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions 

 

Design and implementation of AMB solution for industrial drives require feasible design procedure and cost 

competitive implementation using standard industrial components. The design procedure can take advantage of modern 

computer tools, where rotor dynamics, actuator electromagnetic dimensioning and AMB control synthesis can be 

analyzed and developed by following systematic design rules. The same design environment can be used to analyze the 

system dynamics and fine-tune the controller. System unidealities, like measurement noise, control loop delays, rotor 

unbalance, motor magnetic pull, AMB actuator magnetic saturation and force nonlinearity can be taken into account by 

careful system modelling and simulations. By using standard industrial components, like PLC technology for control 

algorithms and industrial drive modules as current amplifiers, a cost competitive implementation is achievable. 

Additional benefit of PLCs is a standard programming environment also for other control, monitoring and communication 

purposes. AMB tailored position measurement system has potential to reduce further the system costs. Effective design 

procedure combined with system solution based on standard industrial components and feasible position measurement 

makes AMB technology affordable for wider scale of industrial applications. 
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