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Abstract—This article presents active magnetic bearing as a
force measurement system. Identification of the dynamic
behavior of the rotating machinery have been studied. The main
technique was to excite the system under consideration in a time,
frequency domain using MATLAB program which runs on a
personal computer. Experimental results of the free-free rotor
model for the first three elastic mode shapes is presented. The
rotor was excited with stepped sine excitation from 20 to 800Hz,
with the sinusoidal excitation exciting the rotor at each bearing
ends. The frequency response function at AMB1 which
demonstrated the growth of gyroscopic effect was measured at
four different speeds (0, 2000, 4000, 6000 1/min). The
gyroscopic split was obvious at a speed of 53.2Hz for the first
Eigen frequency at a speed of 60001/min. Calculated eigen
frequencies values which was measured
showed small
difference between them which goes to confirm the suitability of
AMBs as a force measurement system.

The use of Rotor dynamic methods for performing
simulations in high speed rotating components using finite
element analysis are readily available in recent times [1], [2].
High speed industrial rotating machine parts such as the
flywheel rotor, turbines, propeller shafts, magnetic bearings
are very important when studying the behaviors of
gyroscopic effects, damping, moment of inertia, unbalance,
fluid structure and its interrelated forces [3], [4].
Rotor dynamic system has the capabilities of identifying
modal parameters such as damped and undamped values,
vibration frequency and modes shapes [5], [6]. Most often
than not these powerful tools are able to work without
encountering any difficulties, usually the only consideration
factor is to ensure that the correct input data is fed into the
system [7], [8].
Identification techniques and procedures have been used in
many application to determine modal parameters of rotor
system with and without rotation involving rotor dynamic
coefficients, damping, stiffness and inertia as in seals and
bearings [9].
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where µo is the permeability coefficient and A the pole
surface area.
However the main disadvantage associated with this
method is the hall sensors inserted in the magnetic circuit
which measures the magnetic flux. In this method the hall
sensor can either be fixed at the north pole or in some cases
all the poles, compared to the later in which a network
computing is required in order to determine the unmeasured
fluxes present at the south poles. The direct force
measurement needs no further approximation or assumptions
and is a very accurate method in that the method is not
influenced by non-linear effects such as amplifier saturation.
The installation of hardware components, ampere windings
ensures and justifies a good quality measurement results.
The second technique requires coil current and the rotor
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where [D] = displacements vector for a problem of n degree
of freedom donated by [Di], i =1, 2... n.; [F] = external forces
vector; [M] = mass matrix; [C] = damping matrix; and [K] is
the stiffness matrix. Eq. 1 represents the governing equation
of a transient structural simulation. The right hand side of the
equation is the external force [F] and the first item of the left
hand side of the equation, is inertia force, is damping force,
and is the elastic force.
When analyzing the free vibration of a body there is no
involvement of the external force [F]. So, Eq.1 becomes

This process of measurement is to excite the rotor dynamic
system by artificial or kinematic excitation, this ensures that
the input and output signals are measured, and the process
function are then used during parameters estimation which is
refer to us Identification.
On the other hand when the dynamic model is known and
the parameters are not identified, this process is refer as
identification of parameters [10], [11]. The dynamic
characteristic can be calculated by means of known input and
output relation using time or frequency domain functions.
In principle force measurements in AMBs consists
basically of two methods [9]-[11]. In order to be obtain good
measurement results, the procedure of force measurement
needs to be very accurate as much as possible. The first
method which is more accurate is based on the direct
measurement of the magnetic flux density, in this instance the
flux measurement method of the pole is calculated by,
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equation
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III. FORCE MEASUREMENT TECHNIQUE

Index Terms—Force measurement, natural frequency, rotor,
identification.

Generally,
considering
the
multiple-degrees-of-freedom systems.

[M]{𝐷̈ } + [C]{𝐷̇ } + [K]{D} = 𝐹
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displacement which is often described as the i-s-method, the
advantage of this method is that it requires no additional hard
ware, but has the disadvantage that the relation gets
significantly nonlinear in the range of maximum force,
another disadvantage associated with this method is that
saturation, hysteresis and eddy current effects cannot be
taken into account with this method.

IV. MATERIAL AND METHODS
At first, the model structure for the system which is under
investigation was established in these case the flywheel rotor
with its linear model described by differential equation with
constant parameters which is based on the input-output
functions as well as impulse response functions (time domain)
or frequency response function.
The test rig in Fig. 2 describe the system layout of a rotor
setup. The rotor is located between two active magnetic
bearings levitating the rotor. In addition are two mechanical
seals which seals the upper part of the system. The fault free
rotor dynamic system which is being modeled is inserted into
the main setup, as shown in Fig. 2 with all the active magnetic
bearing and its related components in place, the system is
made to go through a series of cycle rotation and operation
whiles using measured compliance frequency response
function techniques, corresponding measured values are

taken. These values are carefully observed for the full length
operation of the rotor system. The compliance functions
changes of the rotor are noticed, studied and compared with
theoretical values and any changes noticed are attributed to
the wear which has occurred in the system. In this technique
the measured compliance function is a feature of the fault
diagnosis and the change of that feature represents a
symptom of the fault in the system.
Lastly in the process of parameter estimation the functions
of the model are fitted to the corresponding measured
functions by varying the modal or physical parameters within
the model using signal processors and the corresponding
values measured and compared with existing theoretical data
for comparison, analysis and conclusions to be drawn

V. MODAL ANALYSIS
Modal testing methods for non-rotating structures are well
developed for the analysis of dynamic behavior for rotating
machinery. To verify the capability of the AMB as a force
measurement system for modal analysis, a test rig was built
which allows investigation of several rotor dynamic effects to
be studied. In Fig. 2, an experimental setup is shown, at the
center is a flexible rotor structure with shaft (S) including the
AMB-bushes (BS) and the disk (D).

Fig. 2. Experimental setup of a test rig.

Shaft
Length

TABLE I: ROTOR SPECIFICATIONS
Parameters
1250 [ mm]

Diameter
Young’s modulus

47 [ mm]
1.96 1011 [N/m2]
7850 kg/m3

Density
Disk
Rigid Disk
Flexible Disk

mass [kg]
25.57[kg]
25.14[kg]

Polar inertia [kg m2]
0.59 [kg m2]
0.57[kg m2]

The rotor which is driven by a 2KW AC servo motor
through couple C with its physical parameters and
specifications are shown in Table I. The main membrane
coupling which works like a cardiac joint allows the shaft
ends to move in a radial displacement directions with defined
low stiffness.
The AMBs (AMB1, AMB2) with their Position Sensors
(PS) and Hall Effect Sensors are linked to the main PC and
controlled by MATLAB. In addition the movable

Diametrical inertia [kg m2]
0.342[kgm2]
0.343[kgm2]

displacement sensors along the main shaft allows detection of
the mode shapes of the structure to be done.
VI. EXPERIMENTAL RESULTS AND DISCUSSIONS
The experimental results of the free-free rotor model is
presented. The first three elastic mode shape of the rotor
shows that each shape has a node closer to the disk position,
the first two mode indicated good observability of the AMB
210
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sensor position. The third mode was not controllable by
AMB 2, which was due to the node at the middle of AMB 2
which has to be taken into account when exciting the rotor
structure, as such in this experiment there was no need to
excite this mode through AMB 2. The calculated results were
obtained for the rotor dynamic behavior using Finite Element
Program which has been especially adapted for the rotor
dynamic system. The shaft was divided into several beam
elements involving additional disk element.

The frequency response function of the rotor was
measured, the rotor was excited with stepped sine excitation
from 20 to 800 Hz.
The sinusoidal excitation excites the rotor at each bearing,
one after the other in a horizontal and vertical direction. At
each individual test, all forces acting on the rotor were
measured. The gyroscopic split is obvious at higher speeds
which is 53.2Hz for the first Eigen frequency at 6000 1/min
as shown in Fig. 4.
Lastly in the process of parameter estimation of the model
are measured functions by varying the modal and the physical
parameters within the model. The iterative procedure for
improving the system is therefore interrupted when the
correlation for the model and the measurement results were
acceptable as indicated in Table II.

Fig. 3. Three dimensional plot of frequency response for test rig.

In Fig. 3 the frequency response function H11 at AMB 1 in
the vertical direction is shown. To demonstrate the growth of
the gyroscopic effects, the frequency response function was
measured at four different speeds (0, 2000, 4000, 6000
1/min).

Fig. 4. Campbell diagram of the Test rig.

TABLE II: COMPARISON OF MEASURED AND CALCULATED EIGEN FREQUENCIES
Frequency
0 [1/min]
3000 [1/min]
Measured Calculated
Measured
Calculated
1F (Hz)
57.4
57.1
68.1
67.9
1B (Hz)
57.4
57.1
41.3
41.1
2F (Hz)
132.0
131.7
163.1
163.3
2B (Hz)
132.0
131.7
115.6
115.4
3F (Hz)
323.4
325.2
335.1
336.5
3B (Hz)
323.4
325.2
316.1
317.5

VII. CONCLUSION
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confirms that active magnetic bearing (AMB) can be used as
a force measurement system for the operation of high speed
energy storage rotors without encountering any systematic
and operational difficulties.
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