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SENSORY ANALYSIS FOR A NEW DYNAMIC BALANCING 
SYSTEM BASED ON MAGNETIC INTERACTION 

Cristinel ILIE1, Daniel COMEAGA2, Octavian DONTU3 

The paper presents an analysis of the sensory subsystem as a part of a novel 
dynamic balancing system based on magnetic interaction, without using active 
magnetic bearings. Solutions to improve the measuring linearity are proposed and 
discussed. The described technical solution is based on a patent of the principal 
author. 
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1. Introduction 

In this article it is proposed a new dynamic balancing system, based on a 
patent of the principal author, which uses a new principle, where the motion 
transmission and bearings for the balancing part are made using magnetic 
interaction, without mechanical contact. These are not active magnetic bearings; 
the lifting and motion transmission using magnetic field are achieved with 
permanent magnets [1]. 

The usual approach used for correction of a rotor unbalance is to mount it 
on the elastic bearings of a balancing machine and put it into a uniform rotating 
motion; the reactions due to mechanical unbalance will produce forced vibrations 
of bearings, which will be measured using a suitable sensory subassembly (for 
classical solutions, with accelerometers or electrodinamichal transducers) and 
resulting an electrical signal; this electrical signal will provide information 
regarding the unbalance [2].  

The motion transmission from the driving motor to the balanced rotor is 
always accompanied by undesired vibrations that affect the main vibration due to 
the rotor unbalance. 

The errors may be caused by a variety of reasons, including eccentricity 
and axial run-out in drive element, misalignment of bearings, lack of concentricity 
of journal and bearing surfaces, errors due to stripping and reassembling, etc. 
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Considering these undesired problems, a lot of work was performed before 
solve them by using new technical approach, in order to reduce damaging 
influences of external factors. These approaches have tried to improve the 
functioning of existing machines. As an example, an improved solution, 
developed by T. Dragomir and I. Silea [3], and also by S. Zhou, J. Shi [4] was an 
active balance of the rotors using active magnetic bearings. Although with many 
technical advantages, the active bearings have a few drawbacks, regarding the 
bearing loading, the price and the complexity of the active control system [5].  

Much simpler and cheaper is the solutions presented in this article where 
the bearings and the couplings have been achieved with permanent magnets. 

In this case, the sensory subassembly uses a displacement transducer. 
 
2. Technical solution 
 
The basically sketch of the chosen technical solution is presented in Fig. 1 

 
Fig. 1 The basically sketch of the dynamic balancing system 

 
The main part of the design is a special structure with permanent magnets 

in radial arrangement on the surface of three concentric disks. Each disk has the 
same number of permanent magnets in a hetero-polar arrangement on the 
circumference. The magnets will be set one in front of the other, so that axial gaps 
occur. The middle disk (2) is fixed on the interior spindle (the driven spindle) (4). 
This middle disk is placed between the static disks (1) and (3), which are fixed on 
the driving spindle (11). All three disks are building an axial magnetic coupling. 
By fixing together the external disks (1) and (3), the axial attraction forces 
between the three disks are balanced.  
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An important advantage of the structure is self-centering by using 
magnetic interaction for the disks 1-2-3, which are equipped with permanent 
magnets. 

This mentioned advantage leads to the fact that this kind of coupling acts 
also as a radial lifting system (radial bearing) without mechanical contact at the 
exit end of the internal spindle. The stiffness (the variation of the radial force 
versus the forced radial displacement) has relative high values. For this reason the 
recommended permanent magnets must have a stiff characteristic of the 
magnetization, as those of rare earth magnets [6]. NdFeB permanent magnets 
have been used. The permanent magnets have a cylindrical shape. 

The sensory subassembly consist of a displacement transducer (8) and a 
transducer disk (9). 

 
3. Working principle 
 
The balancing part (10) is concentric mounted on the spindle (4), like in 

Fig. 1. The external spindle (11) is put into a uniform rotating motion, using 
mostly a transmission belt (not shown in figure 1). 

Due to the existing magnetic coupling, the disks (1) and (3) bring into 
motion the disk (2), by magnetically interaction and also the tested part (10) and 
the transducer disk (9). 

The chosen option removes the active magnetic bearing-system and 
replaces it with a simple spherical bearing-system, composed by the spherical part 
(5) and the lining (6), which provides the relative position of the disk (2) against 
the disks (1) and (3) 

The central spindle (4) executes together with the balancing part (10) and 
with the transducer disk (9) a precession motion. It can be approximated as first 
step in modeling, that they execute a precession motion with a constant angular 
velocity, the nutation angle is constant and without oscillation movement relative 
to the mobile shaft axis. 

Due to the dynamic equilibrium of the forces and moments from magnetic 
coupling with the forces and moments produced by centrifugal force unbalances, 
it result result a linear relationship between the value of dynamic unbalance of the 
balanced part and the precession angle, θ [7]. 

It has been demonstrated both by analytical calculation, assuming a plane-
parallel displacement of the disc (9), and by numerical simulation method, that 
between the magnetic interaction radial force FM (which is in opposition with the 
centrifugal force Fc) and radial displacement ΔX of the transducer disk (9) there is 
a linear proportionality [8]. 

By analysis of the force-system it can be seen that the unbalance of the 
part is proportional to its displacement angle θ, for low values of the angle. 
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Disk (9), fixed on spindle (4), will have a radial displacement, whose 
component in the perpendicular plane to the rotation axis  is Δx, will be measured 
by the sensory subassembly consisting of a transducer disk (9) and a displacement 
transducer (8). After numerical processing of the data, one can determine the level 
of the unbalance, depending on the Δx displacement. 

Further, it will be studies several measurement principles for radial 
displacement of the balanced part ΔX, depending on the transducer type. 

 
4. Sensory system modeling 
 
The dependence between the angle θ and the radial displacement x, which 

is measured with a displacement sensor (8) is analyzed. 
In order to do this, one uses the notations from Fig. 2: 

 R=swivel radius of the disc (9) measured from the center of 
rotation of ball bearing; 

 r= transducer disk (9) radius;  
 θ = angular displacement of the shaft (4). 

 
Fig. 2 Equivalent model to determine the relation x=f(θ) 

 
In three cases the dependence between the displacement x versus the θ 

angle is analyzed that differ by the type of the transducer measuring principle.  
The displacements for the three cases are noted with X1, X2 and X3. 

Case 1. The X1 displacement is determined in case of using a displacement 
transducer, which is not influenced by tilting or disc (9) thickness (for example an 
inductive transducer). 

This is the case when the diameter of the transducer is much higher than 
the height of the mobile disk transducer (9) (Fig.3a). If the diameter of the 
transducer is much lower than the height of the mobile disk transducer, one 
measures the displacement X2, analyzed in the case 2 (Fig. 3b). 
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b b 

Fig. 3 Equivalent model to measuring the displacement using a inductive displacement 
transducer (a) and using a laser displacement transducer (b) 

 
After projection of the geometric elements on X-axis, it follows: 

 
)cos1(sinsincos11 θθθθθ −−=−+= rRrRrx    (1) 

For large values of the angle θ, the equation (1) shows a nonlinearity of the 
measurement principle. 

For very small values of the angle θ, sinθ = θ and cosθ = 1, and equation 
(1) becomes: 

θθθ RrRx ≅−−= )11(1       (2) 
From equation (2) a linear dependence between the transducer signal 

versus the angle θ results. 
Case 2. The X2 displacement is determined in case of using a proximity 

transducer with a very thin „beam” as a laser one, whose incident measuring beam 
is - in the equilibrium position, at the distance h from disc(9) lower surface and at 
the distance h' when the shaft (4) is tilted with the angle θ. In this case, the 
measurement is influenced by tilting and disc (9) thickness.  

After projection of the geometric elements on X and Y axes, it follows: 
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For large values of the angle θ, the equation (3) shows a higher 
nonlinearity of the measurement principle than in the previous case. 

For very small values of the angle θ, sinθ = θ and cosθ = 1 and the 
equation (3) becomes: 

θθ )(2 hRx +=         (4) 
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From equation (4) a linear dependence between the transducer signal 
versus the θ angle results. 

Case 3. The X3 displacement is determined in the case of using a 
mechanical proximity transducer, with a spherical testing spike (P) with radius a, 
whose incident measure point is - in the equilibrium position, at the distance h 
from disc (9) lower surface and at the distance h*' when the shaft (4) is tilted by 
the angle θ. In this case also, the measurement is influenced by the tilting and the 
thickness of the disk (9) (Fig. 2). 

After projection of the geometric elements on X and Y axes, it follows: 
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For large values of the angle θ, the equation (5) shows a high nonlinearity 
of the measurement principle. 

For very small values of the angle θ, sinθ = θ and cosθ = 1, equation (5) 
becomes: 

θθ )(3 hRx +≅         (6) 
From equation (6) a linear dependence between the transducer signal 

versus the θ angle results. 
Observations 
According to the basic sketch of the calculation model, shown in Fig. 3, 

the proximity transducer measures the displacement of the disk (9) when it has an 
angular clockwise displacement (+ θ) to the vertical position of equilibrium (it 
gets closer to the transducer). If calculations are performed to measure the disc (9) 
displacement on the x-axis, when it is at an angular symmetrical position to the 
vertical position of equilibrium, (-θ), it is found that this displacement is different 
from the initial position measured value. For case 1, this is shown in Fig. 4. 

 
Fig. 4. X displacement versus (-θ)angle  
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Case 1. After projection of the geometric elements on X-axis, it results the 
equation (7), obtained from the equation (1), where the angle θ has been replaced 
with the angle (-θ). 

)]cos1(sin[11 θθθ −+−=− rRx      (7) 
Case 2. For a negative displacement it is obtained the relation (8), is 

obtained from equation (3), where the angle θ has been replaced with the angle         
(-θ). 
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Case 3. For a negative displacement it is obtained the relation (9), is 
obtained from equation (5), where the angle θ has been replaced with the angle (-
θ). 
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For all three cases, it can be seen that the value of the measured signal for 
a negative displacement angle (-θ) is different from the signal measured for a 
positive angle θ, antipodal measured.  

This is a source of errors that will have a negative impact on the accuracy 
of the unbalance measurement. 

However, carefully analyzing the pairs of equations (1-7), (3-8) and (5-9), 
it is observed that errors introduced by disc (9) diameter, can be removed, if the 
equations for xθ and x-θ are added, term by term. The influence of the disk radius, 
and possibly of the touch ball diameter are removed. In this case, two transducers 
placed diametrically opposed are used. 

It result: 
 

Case 1  θθθ sin2111112 Rxxx =−= −     (10) 
Case 2  θθθ tghRxxx )(2212122 +=−= −     (11) 
Case 3  θθθ tghRxxx )(2313132 +=−= −     (12) 

 
It is seen from equations (10), (11) and (12) that the useful signal value 

will be twice as large and some of the terms that introduce measurement 
nonlinearity will be removed; this will allow to obtain an increased sensitivity for 
the unbalance system determination. 

Another conclusion, that can be used to reduce the errors, results from an 
analysis of the equations (1), (3) and (5), and consists in minimizing the r radius.  

The effect is similar to the use of two transducers. The influence of the 
disk (9) radius is removed but not remove the influence of the ball touch radius is 
not cancelled. In this case the sensitivity is twice lower compared to the case 
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shown above. The advantage is however a simpler construction (a single-
transducer, a single data acquisition channel, etc.) 

 
If r ≈ 0 , it results: 

Case 1  θsin13 Rx =       (13) 
Case 2  θtghRx )(23 +=      (14) 
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Basically, this is obtained by mounting the proximity transducer closer to 
the rotation axis of the shaft (4). 

The nonlinearity errors for case 1, when the measurement is done with a 
single inductive transducer 11xΔ , or using two transducers in opposite positions 

12xΔ , or by neglecting the r radius of the disk (9) 13xΔ , are: 
 

θθθ RrRx −−−=Δ )cos1(sin11      (16) 
θθ RRx 2sin212 −=Δ       (17) 

θθ RRx −=Δ sin13        (18) 
Similar equations are obtained for case 2, using a laser transducer: 
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And for case 3, using a mechanical contact transducer: 
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In Fig. 5, the equations giving the nonlinearity errors of the signal, in case 
1 are plotted. 
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Fig. 5 The nonlinearity signal for case 1 

 
In Fig. 6 the equations giving the nonlinearity errors of the signal in case 2 

are plotted. 

 
Fig. 6 The nonlinearity  signal for case 2 

 
Design data for the charts, following the notations from Fig. 2, is: 

 Swivel radius of the disc (9) from the center of rotation of ball 
bearing R=141 mm 

 Disk radius (9), r= 60mm 
 Distance between the direction of incident laser beam and lower 

disc surface (9), h=3mm 
 Radius of the spherical testing spike(P), a=2mm 

In Fig. 7 the equations giving the nonlinearity errors of the signal are 
plotted in case 3. 
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Fig. 7 The nonlinearity signal for case 3 

 
The results shown in the Figs. 5, 6 and 7, have been achieved using the 

software MathLab2009.  
The field with the best linearity results from the analysis of the numerical 

data provided by the MathLab program. 
Thus, for a relative error, ijij xxΔ , lower than 1‰, it results: 

For case 1- when a inductive displacement transducer is used 
0

13
0

12
0

11 79,879,892,2 ±=±=±= θθθ     (25) 
For case 2- when a laser displacement transducer is used 

0
23

0
22

0
21 97,697,692,2 ±=±=±= θθθ    (26) 

For case 3- when a mechanical contact displacement transducer is used 
0

33
0

32
0

31 73,719,992,2 ±=±=±= θθθ     (27) 
where 3311...θθ  have been determined in accordance with the signal values 3311..xx  
and with the nonlinearity errors of the signal 3311... xx ΔΔ . 

In practice a supplementary error appear due to the tilting of the disk. The 
measurements shown in Fig. 2 should be computed again considering not only the 
beveling of the disk having the rotation axis in the plane created by the transducer 
axis and the axis of the shaft (11) but also the movement of the disk (9) out of this 
plane. This additional movement creates other nonlinear terms in the previous 
equations, difficult to remove even by signal processing. The proposed solution 
was to use two opposite transducer on the same diameter of the stator (the shaft 
11) whose signals are measured continuously and saved in the memory only when 
the values are maximum and respectively minimum. In this situation, the axes of 
shafts 11, 4 and the axes of transducers are in the same plane, as it is represented 
in Fig. 2. The saved values are processed according with the algorithm described 
above. 
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5. Conclusion 
 
In this paper, nine possibilities to measure the useful signal were 

presented. 
Three of them use an inductive displacement transducer, three of them use 

a laser displacement transducer, and three use a mechanical displacement 
transducer. 

For each of these three cases, the useful signal measurement can be done 
in three different ways: 1) using a single transducer which measures the 
movement of a transducer disk, that moves together with the balanced part; 2) 
using two transducers placed diametrically opposed, each of them measures the 
movement of a transducer disk, that moves together with the balanced part; 3) 
using a single transducer which measures the movement of the balanced part, by 
mounting the transducer closer to the rotation axis of the part (the useful signal is 
not influenced by the transducers disk radius). 

From the analysis of the numerical values showing in (25-27) it follows 
that the best situation is to use a sensory subsystem that used two transducers 
placed diametrically opposed. In these situations, the tilting angles θ are the 
largest (θ12, θ22, θ32). 

It can be noticed that good values are obtained also in the case of using a 
mechanical contact displacement transducer, in accordance with θ23 from (27). 
However, it is not recommended to use this type of transducer due to 
shortcomings of the transducers with mechanical contact. 

From the point of view of practical design of the dynamic balancing 
system, the best type of transducers is an inductive displacement transducer, that 
allows the largest inclination for the mobile shaft, θ12 (and therefore the highest 
useful signal). 

Also, good results are obtained when a single transducer which is mounted 
closer to the rotation axis of the parts, (θ13, θ23, θ33) is used. 

We mention that this situation could be applied rarely, due to the 
construction configuration of the system. 

As it has been shown above, the new balancing system is feasible - there is 
linearity between unbalance of the rotor and the signal of the proximity 
transducer. 
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