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Abstract. Due to contactless ability and versatile excitation signals interface for identification purposes, Active Magnetic 

Bearings (AMBs) have become in the last 30 years an interesting tool for supporting and assessing heavy rotating 

machines, like turbochargers and generators. Pure harmonic signals for excitation are useful in identification because 

their energy is concentrated in the excited frequency, but nevertheless it demands a longer time than broadband signals. 

On the other hand, the limitation of the latter signals is the low Signal to Noise Ratio at high frequencies. The variables 

measured in AMBs are commonly the coil currents and shaft positions. In this paper, a comparison between experimental 

FRFs obtained using a Stepped sine and several Multisine input excitations in a small previously developed AMB test 

rig is made. 
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1. INTRODUCTION  

 
Active Magnetic Bearings are defined as mechatronic devices with a wide range of applications such as 

turbomachines, generators, food application pumps, underwater compressors, etc. The principle of levitating the shaft of 

a rotating machine is a very suitable solution when low maintenance, mechanical frictionless or uncontaminated 

environments are important requirements in a process (Schweitzer G. , 2002). Moreover, AMBs offer an online 

monitoring capacity that permits a reliable and safe operation. Besides the previous advantages, rotordynamic and seal 

parameters can be obtained by means of identification procedures.  

For identification purposes in rotating machines applications, several excitation ways like impulsive inputs using 

instrumented hammers or pseudorandom signals performed by hydraulic shakers were implemented on field and 

laboratory tests. A detailed background of those methods are described by Nordmann (Nordmann, 1994) and Lee (Lee, 

2006).  In the last 25 years, excitation using electromagnetic devices became an interesting area of research and 

development due to their contactless advantage. Practically, any input signal can be used as excitation on this type of 

devices. 

Most recent works (Hynynen, 2011) (Khader, 2015) conclude that if an adequate broadband excitation signal design 

is used, then an acceptable Signal to Noise Ratio (SNR) can be obtained reducing the time experiment consumption. This 

can be very essential when the time is a limitation in a specified test. Due to its worthy performance in presence of noise 

(Turkay & Usloy, 1988), identification is generally made in the frequency domain, that is, the use of frequency response 

function (FRF). Basically, this method consists in an excitation applied in a system while its inputs and outputs are 

measured by means of sensors or transductors. These measurements are treated and stored by a data acquisition system 

(DAQ) with a proper anti-alias filter, and then processed by an algorithm that computes their Discrete Fourier Transform, 

as shown in Figure 1. Finally, the ratio of the outputs and inputs are defined as the FRF. Nonlinear averaging methods 

using estimators also can be adopted in order to improve the SNR (Guillaume, 1988).  
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Figure 1. Block diagram for identification using FRF method  (Nordmann, 1994) 

The previous nonparametric method can be the basis of a parametric identification procedure, that involves fitting 

FRF’s system curves in an established model. Regarding Magnetic Bearings, Gähler and Herzog (Gälher & Herzog, 1995) 

proposed several methods to obtain the parameters of a transfer function frame that represents the behavior of an AMB’s 

plant. 

 

2. AMB AND EXCITATION FOR IDENTIFICATION PROCEDURE 

 
Basically, an AMB system can be split in four parts: A rotor shaft, that levitates due to a magnetic force exerted by 

an electromagnetic actuator, composed by set of bonded ferromagnetic sheets rolled up with coils in each leg with a 

controlled current provided by a set of power amplifiers. A controller with an implemented control algorithm decides the 

instantaneous current required in each coil in order to levitate the shaft, and a set of position sensors acts as the feedback 

control loop of the system (Schweitzer, Maslen, & Ma, 2009). A simplified block diagram is shown in Figure 2. 

As setpoint, generally the geometric bearing center is established. An excitation signal is added to the control signal 

making a perturbation in the system, and the measured signals are the coil currents 𝑢 and the shaft positions 𝑦. Those 

measurements are contaminated by noise, denoted as 𝑛𝑢 for the input and 𝑛𝑦 for the output. The experiments of this paper 

were made with the rotor levitating, and for this analysis no rotational speed was applied. The FRFs obtained are related 

to the electromagnetic plant, whose includes the electromagnetic actuator, the rotor shaft and the position sensors. 

 

 
 

Figure 2. AMB system block diagram 

In a coupled pair differential configuration, the coils of the pole pair in left-side and right-side carry the same current 

magnitude but in opposite way (i.e. i1 = −i2, i3 = −i4 , see Figure 3) in order to close the magnetic circuit loop. Coupling 

the legs in pairs also allows to reduce the number of amplifiers, and therefore the number of electrical components and 

the control complexity.  

A typical electromagnet configuration used in many test rigs is known as the differential configuration, since its 

control can be easily implemented (e.g. decoupled PID). One common example of the latter is the eight poles circular 

stator magnet, as shown in Figure 3, which can be set as a horizontal and a vertical differential configuration separately, 

if one assume that the magnetic flux coupling between those axes is negligible.  
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Figure 3. Eight poles circular electromagnet with coupled pairs configuration (modified) (Chiba, et al., 2005). 

If the rotor displacements are small with respect to the air gap in the previously mentioned configuration, a linearized 

current model can be proposed establishing a base current operation i0 (Chiba, et al., 2005). In this way, the current in the 

pole pair of each side depends of the base current and a perturbation current ip, as shown in Figure 4. The perturbation 

current is composed by a control current ix, defined by the controller (strongly necessary when the application includes 

an active magnetic bearing system) and a excitation current ie related to the excitation signal Se itself. Then, the current 

of the upper (i1) and the lower (i3) electromagnet can be expressed as:   

             

𝑖1 = 𝑖0 + 𝑖𝑝 = 𝑖0 + 𝑖𝑥 + 𝑖𝑒         (1) 

 

𝑖3 = 𝑖0 − 𝑖𝑝 = 𝑖0 − 𝑖𝑥 − 𝑖𝑒          (2) 

 

The currents 𝑖1 and 𝑖3 can be measured by a set of current sensors, and the considered current in the identification 

procedure is the perturbation current ip. Thereby, this perturbation current in one axis of an electromagnet using the 

linearized model can be obtained from the Equation (1) and (2), as follows: 

 

𝑖𝑝 =
𝑖1−𝑖3

2
            (3) 

 
Figure 4. Electromagnet with horseshoe differential configuration (modified) (Schweitzer, et al., 2009). 

2.1 Excitation signals 

 

The excitation signals are an important stage of identification procedures due to their influence in the experimental 

system signal to noise ratio measurements. The most common signal is the known stepped sine, which have a good SNR 

since the energy is stored in only the excited frequency (Ljung, 1987). When a real test rig parameter identification process 

is made, a range of frequencies is desired. Thus, a sweep sine with discrete frequencies is an option to achieve the 

objective. One of the most important disadvantages of the previous signal is the time required to do the whole experiment. 

Another solution is using a multisine signal, that is, an overlap of several sines with different frequencies at the same 

time, which can be expressed as: 
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𝑁𝑓

𝑖=1
         (4) 

 

where 𝑁𝑓 is the number of individual overlapped stepped sines,  𝐴𝑘, 𝑓𝑘 and  𝜙𝑘 are the amplitudes, frequencies and 

phases of 𝑘 − 𝑡ℎ harmonic respectively. As well as broadband signals, multisine signals split their energy into the excited 

frequencies, leading to a lower SNR, requiring techniques like averaging to increase it. Another complementary technique 

consists in manipulating the phases aiming to have a signal with low crest factor (Pintelon, et al., 2012). The crest factor 

of a discrete signal 𝑢, is defined as the ratio of the maximum absolute peak value 𝑢𝑝𝑘 and its respective discrete root mean 

square 𝑢𝑟𝑚𝑠𝑒, expressed as: 

 

𝐶𝑟(𝑢) ≡
𝑢𝑝𝑘

𝑢𝑟𝑚𝑠𝑒
=

𝑚𝑎𝑥|𝑢|

√
1

𝑁
∑ 𝑢𝑖

2𝑁
𝑖=1

         (5) 

 

For pure harmonic signals, the crest factor is 1.4. In Figure 5 can be observed three types of multisine signal 

overlapping 50 frequencies with a flat unitary amplitude. The first one is a signal with no phase, which has a crest factor 

above 8.5, being an inadequate choice in identification procedures. The second signal consist in random phases between 

0 and 2π with uniform distribution and a crest factor of approximately 2.3. This type of signal has better performance 

compared to the first signal, meaning less averages in order to increase the SNR. The phases of the last signal are obtained 

from the Scrhoeder’s paper (Schroeder, 1970), and seems similar to a sweep signal when it has few harmonics. Its crest 

factor is about 1.9, and leads into a good alternative when linearized models have to been excited for parameter 

identification techniques.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Excitation multisine signals 1 − 50 𝐻𝑧 with ∆𝑓 = 1𝐻𝑧 and flat amplitude 𝐴 = 1 𝑉 a) No phase, b) random 

phase and c) Schroeder phases. 

 

2.2 FRF and estimators  

 

The frequency response function (FRF) of a system for the frequency 𝜔𝑘 is defined as the ratio between the DFT of 

the output 𝒴(𝜔𝑘) and the input 𝒰(𝜔𝑘), as follows:  

 

𝒢̂(𝜔𝑘) = 𝒴(𝜔𝑘)𝒰−1(𝜔𝑘)         (6) 

 

Since measurements in an experiment are subjected to the presence of noise, a suitable estimator is necessary in order 

to obtain an appropriate frequency response function besides an adequate excitation signal. The use of an estimator implies 

more than one realization in order to average the FRFs. Several estimators for FRF applications are studied in detail by 

Guillaume (Guillaume, 1988) and Pintelon (Pintelon & Schoukens, 2012). For this paper, the error in variables 𝒢̂𝐸𝐼𝑉, 

arithmetic mean 𝒢̂𝐴𝑅𝐼 , logarithmic 𝒢̂𝐿𝑂𝐺, the autospectrum estimator  𝒢̂𝐻1 and  the cross-spectrum based estimator 𝒢̂𝐻2. 

The previous mentioned estimators can be expressed as: 
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𝒢̂𝐸𝐼𝑉(𝜔𝑘) = (
1

𝑁𝑏
∑ 𝒴(𝜔𝑘)(𝑙)𝑁𝑏

𝑙=1 ) (
1

𝑁𝑏
∑ 𝒰(𝜔𝑘)(𝑙)𝑁𝑏

𝑙=1 )
−1

      (7) 

 

𝒢̂𝐴𝑅𝐼(𝜔𝑘)
1

𝑁𝑏
∑ 𝒴(𝜔𝑘)(𝑙)𝒰−1(𝜔𝑘)(𝑙)𝑁𝑏

𝑙=1         (8) 

 

𝒢̂𝐿𝑂𝐺(𝜔𝑘) = 𝑒𝑥𝑝 (
1

𝑁𝑏
∑ 𝑙𝑜𝑔(𝒢̂(𝜔𝑘)(𝑙))

𝑁𝑏
𝑙=1 )       (9) 

 

𝒢̂𝐻1
(𝜔𝑘) = (

1

𝑁𝑏
∑ 𝒴(𝜔𝑘)(𝑙)𝑁𝑏

𝑙=1 𝒰∗(𝜔𝑘)(𝑙)) (
1

𝑁𝑏
∑ 𝒰(𝜔𝑘)(𝑙)𝒰∗(𝜔𝑘)(𝑙)𝑁𝑏

𝑙=1 )
−1

   (10) 

 

𝒢̂𝐻2
(𝜔𝑘) = (

1

𝑁𝑏
∑ 𝒴(𝜔𝑘)(𝑙)𝑁𝑏

𝑙=1 𝒴∗(𝜔𝑘)(𝑙)) (
1

𝑁𝑏
∑ 𝒰(𝜔𝑘)(𝑙)𝒴∗(𝜔𝑘)(𝑙)𝑁𝑏

𝑙=1 )
−1

   (11) 

 

where 𝒰∗(𝜔𝑘)(𝑙) and  𝒴∗(𝜔𝑘)(𝑙) are the DFT complex conjugate of the input and output respectively and the 

superscript 𝑙 denotes to the 𝑙 − 𝑡ℎ realization of the total number of realizations 𝑁𝑏. 

 

3. AMB SMALL TEST RIG 

 

A previous AMB small test rig was developed at the Acoustics and Vibrations Laboratory at the UFRJ by Siqueira 

(Siqueira, 2013) and then improved by Coelho (Coelho, 2016) (See Figure 6). In this test rig, the shaft is supported by an 

interaction between two eight heteropolar pole configuration stators and a decentralized PID algorithm implemented in a 

CPU controller with FPGA (cRio-9030). Four inductive sensors were installed in stator brackets in order to measure the 

shaft position and the control loop structure. Since the axial force is lower compared to the radial, the axial load is 

supported by a flexible coupling that also serves as torque transmission between a brushless motor and the shaft. The 

motor is controlled by an NI myRio 1900 development board. The most relevant features of the AMB system are 

summarized in Table 1. 

 

 
Figure 6. LAVI AMB small test rig: Conceptual design (left), prototype (right)  

Table 1 Parameters of the small AMB test rig 

Parameter Value Un. 

Rotor mass 1 𝐾𝑔 

Shaft length 400 𝑚𝑚 

Shaft diameter 14.28 𝑚𝑚 

Journal diameter 36.4 𝑚𝑚 

Bearing span between radial AMBs 315 𝑚𝑚 

Distance between sensors 305 𝑚𝑚 

Coil wire gauge 22 AWG 

Turns per coil pair 260  

Bias current 1.0 𝐴 
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Core thickness 0.5 𝑚𝑚 

Core magnetic flux density saturation 1.7 𝑇 

Nominal air gap 1.0 𝑚𝑚 

Pole area 235 𝑚𝑚2 

Negative position stiffness -2.11e4 𝑁𝑚−1 

Current stiffness 21.14 𝑁𝐴−1 

 

For the identification procedure, the algorithm of the previous AMB controller was modified to allow the excitation 

signal, adding as well a 16 bits 4- channel analog input module (NI 9223). A current sensor with a range of ±5A (ACS712) 

were installed in series of each current pair coil, in order to measure the currents trough each electromagnet pair. 

Therefore, using the linearized equations of the AMB model, the perturbation current of each axis has been computed.  

In addition, a chassis for data acquisition (cDAQ 9178) was used with a dedicated computer algorithm in order to 

create the excitation signal and the acquisition of the current and position sensors. In the chassis were coupled two analog 

inputs modules (NI 9234) for the currents and one analog input module (NI 9239) for the position, and an analog output 

module for the excitation signals (NI 9263). A sample rate of 5 Khz was established for the acquisition and the excitation 

generation.  The algorithm developed to acquire, compute the FFT and save those data was implemented in the Labview 

platform, and the post-processing part involving the estimator calculations was developed in a MATLAB script. The 

experiment diagram can be observed in Figure 7. 

 

 
Figure 7. Small AMB test rig configuration for excitation and identification 

4. EXPERIMENTAL RESULTS 

 

Identification using the different broadband excitation signals previously mentioned in this paper was developed in 

the small test rig. The input of the system were the perturbation currents of vertical axis of each magnetic actuator, and 

the output were the vertical positions of the rotor measured in each side, as shown in Figure 8. That yields to a FRF matrix 

𝒢̂ ∈ ℂ2𝑥2. Since the number of the outputs are equal to two for this case, two different experiments were carried out with 

the aim of avoiding the singularities in the estimator matrices. In order to satisfy the latter requirement, the signal 

excitation was the same in the first experiment for the two inputs (i.e.  𝑆𝑒[1 1]𝑇), and for the second experiment the 

second input was negated (i.e. 𝑆𝑒[1 −1]𝑇).  
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Figure 8. Identification sketch for vertical currents 𝐼𝑎𝑦 , 𝐼𝑏𝑦  and vertical positions 𝑃𝑎𝑦 , 𝑃𝑏𝑦 . Procedure diagram (left) and 

FRF scheme (right). 

An example of input and output recorded measurements can be observed in Figure 9. In this case, an excitation using 

a multisine flat signal (𝐴𝑘 = 100 𝑚𝑉) with random phases from 10 to 100 Hz increasing 1Hz was implemented. These 

measurements are related to the second experiment, where the second input signal is negated. It can be appreciated that 

the second input and output are not exactly the negative value of the first signal, since the AMB system has a feedback 

control and a coupled behavior, and in practice the stators are not strictly equal.  

 

 
Figure 9. Measured currents and positions for a multisine excitation signal with random phase and frequency range 10- 

100 Hz, ∆f=1Hz. 

For the first results, the 𝐻2estimator was used, since the current sensors (input) showed a higher measurement noise 

than position sensors (output). In Figure 10 the different FRF responses can be observed, using a stepped sine (“Refe”) 

as a reference, because it concentrates the maximum energy in each excited frequency. The other broadband signals are 

the no phase (“Fas0”), random phase (“frand”) and Schroeder phases (“Schr”) multisine. It can be observed that Schroeder 

phases and random phases present a best approach to the reference signal. Conversely, the no phase multisine presents 

the most divergent approach. The G11, G12, G21, and G22 curves are a simplified simulated discrete-model using the 

geometrical AMB parameters.  

Using as a flat multisine signal excitation with Schroeder phases from 10 to 100 Hz and increment of 1Hz, results 

have been obtained for the previous mentioned estimators, as shown in Figure 11, where one can observe that the closest 

approach curve to the reference (“Refe”)  is the 𝐻2. The most divergent curve is the logarithmic estimator (“LOG”). All 

estimators presents significant divergences above 60 Hz, especially in the coupled responses. 
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Figure 10. FRF of AMB system using different type of signal excitations using an estimator 𝐻2 and 40 realizations, with 

frequency range 10- 100 Hz. 

 
Figure 11. FRF of AMB system using different estimators and 40 realizations, a with frequency range 10- 100 Hz, 

∆f=1Hz. 

5. CONCLUSIONS 

 

Impulsive excitation signals like no-phase showed a lower approach since its energy is not well divided into the 

excited frequencies. Random phases showed a better performance and Schroeder phases had the best performance in the 

experimental results. 
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All coupled FRFs (YbUa and YaUb) presented divergences in all types of signal excitation, if compared with a direct 

FRFs (YaUa and YbUb). It is a topic to be studied in future works with more detail in order to have better responses, 

using different methods of excitation like optimized signals. 

The simplified simulated model does not consider the current amplificator and magnetic actuator transfer function, 

and this could yield the divergence values in the coupled response beyond 60 Hz. A more robust model is being developed 

and its respective calibration procedure.  

Regarding to the reference signal (“Refe”) that consist in a stepped sine, the time consumption is quite greater than 

multisine signals, since it requires to be made individually in each frequency of excitation, also taking care with the 

transient plant time. 
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