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Modeling and evaluation of uncertainties constitute indeed one of the key points when ma-
king any decision. For this, designers have to compare the measured or calculated value with
a range of permissible values in order to obtain a guaranteed design process. Thus, in this
work, simulation of the dynamic behavior of an electromagnetic spindle was done based on
the interval computation technique. Indeed, the use of this technique makes it possible to ob-
tain a set of values for different design parameters of the spindle and, consequently, to avoid
making several simulations which could make the system useless, expensive or ineffective.
The proposed model is based on the combination of Matlab with ModelCenter. Matlab was
used to model and simulate the system and ModelCenter to perform parametric studies to
verify the influences of uncertainty on the dynamic behavior of the electromagnetic spindle
and to determine the optimal design parameters.
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1. Introduction

The preliminary design is upstream of the designing process of a mechatronic system. From
the set of requirements, it consists in determining a set of possible solutions in a very large
research space, and structured by partial and uncertain knowledge of the future system and its
environment. Mechatronic systems (Guizani et al., 2017) face different physical constraints such
as vibration and shocks (Makowski and Zalewski, 2015) that are directly related to reliability
of the system. Thus, a good preliminary design (Colton and Ouellette, 1994) of such a system
is required to minimize harmful vibrations. Conventional design methodologies based on a loop
“design-simulate-back at the initial stage in case of failure” (Teorey et al., 1986) appear to be
increasingly obsolete. During the past years, many studies have been conducted to optimize
design (He and McPhee, 2005; Affi et al., 2007), more precisely at the pre-sizing step (Amendola
et al., 2017). This step is often expensive and requires higher computation times in order to
obtain the optimal values of design parameters. In this work, we propose using interval compu-
tation (Alefeld and Mayer, 2000; Hansen and Walster, 2003; Trabelsi et al., 2015) to simulate
the dynamic behavior of an electromagnetic spindle (Hentati et al., 2013; Bouaziz et al., 2016).
It provides rigorous evaluation that allows designing a mechatronic system while minimizing the
number of simulations and, consequently, the calculation time. So, theoretically and using the
interval computation, we can obtain the system response by intervals and frame the solution
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space. However, the current problem is that the evaluation of this method coupled with New-
mark and Newton Raphson (Faroughi and Lee, 2015) and (Go$ciniak and Gdawiec, 2019) to
determine the dynamic response has not yet been tested on a scalable example. Therefore, the
main objective of this work is to evaluate the effectiveness of the interval simulation method to
simulate the dynamic behavior of an electromagnetic spindle by intervals. Then, to determine
the optimal design parameters of the spindle. With the uncertainties introduced to some designs
parameters, the designer can make a good idea of the variation effects of these variables on the
dynamic behavior of the electromagnetic spindle. Furthermore, simulation with intervals can
help one to make a good decision about the best values of design parameters.

The paper is organized as follows: after Introduction, Section 2 details the dynamic model of
the electromagnetic spindle. Section 3 is dedicated to presentation of the dynamic behavior by
intervals as a guaranteed method that can encompass all the solutions. In Section 4, a parametric
study is done to some parameters to show that the uncertainty influences the dynamic behavior
of the electromagnetic spindle. Section 5 of this paper is devoted to the optimization of the
spindle concept. Finally, conclusions are drawn in Section 6. So, in the next parts of this paper,
the dynamic behavior of the electromagnetic spindle is studied using the interval computation
method. The goal is to obtain a set of solutions for various design variables of the spindle in
order to achieve a guaranteed design process. The proposed study is based on the combination
of Matlab with ModelCenter. Matlab is used to model and simulate the dynamic behavior of
the spindle, and ModelCenter to verify the influences of the uncertainty and to determine the
optimal design solutions.

2. Dynamic behavior of an electromagnetic spindle

In high speed machining, the spindle is considered as the main element of the machining system.
In fact, it ensures rotation of the tool/tool holder at high rotation speeds and guarantees the
compatibility between the torque and the metal cutting. During recent years, the spindles sup-
ported by electromagnetic bearings have become the most commonly used. Indeed, those last
are supposed the most efficient to ensure the best performance of the spindle supported without
any mechanical contact.

The electromagnetic bearings advantages are: absence of lubrication, high rotational speed,
high rigidity, and low vibration. Compared with rolling bearings, Knospe (2007), Kimman et
al. (2010) and Gourc et al. (2011) deduced that the electromagnetic bearings have a long life, a
high robustness to shock caused by accidental forces, and a high rotational speed with minimum
energy dissipation.

This study is based on the dynamic model of an electromagnetic spindle system (Bouaziz et
al., 2016) shown in Fig. 1. The electromagnetic spindle studied is considered as a mechatronic
system that consists of a spindle body (shaft or rotor), two electromagnetic bearings placed at
the bottom and at the top, and an axial stop. The global equation of motion is formulated by
applying Lagrange’s formalism to the kinetic and potential energy expressions of the shaft. It is
written as follows (Hentati et al., 2013; Bouaziz et al., 2016)

The displacement vector containing the degrees of freedom of elastic movement and those of
rigid motion is expressed by

Q = [U1) Vla Wl) 91‘15 Hyla ‘9z1a cety Uia ‘/i) Wia Hxi’ Gyi) ezia XA) YA’ ZA) aCE) ay’ aZ]T (22)

where M is the mass matrix, G is the gyroscopic matrix, and K is the dynamic stiffness matrix.
D is the modal damping matrix, K;(t) and Cy(¢) are variable matrices containing the coeffi-
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Fig. 1. Electromagnetic spindle

cients of stiffness of the electromagnetic bearings. The variables of the electromagnetic spindle
previously mentioned are defined as follows
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In addition, Cp is the centrifugal force, I’ and R, respectively, designate the two flexible and
rigid movements

D = oM + K (2.4)
where a and 3 are the damping coefficients (Bouaziz et al., 2016)
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Shaft modeling approach
. L
E, = 5pA / (X2 4 V24 22) 4 (U2 + V24 W2) 2 20V4 + VZ4)] do

0
1 L
+ 50T /[(ai + G2+ 02) + (02 + 62 + 02) + 402(Gya) + 40(6,0.)
0
+ 4020, — ¢.0,) + 2(c b, + @.6,) + 207 dz
l l
1 . . . 1 . . .
Ey=» /EI(Ub2 + V2 W) d+ 5 /KGA(USQ L2 W) de
0 0

with {U,V,W,0,,60,,60.} and {U VW, 6y, éy, 02} are, respectively, the displacements
and velocities corresponding to the elastic movements, {Xa,Ya,Z4, 00,0y, 0.} and
{X A, YA, Za, b, Gy, ¢} are the displacements and velocities relative to the rigid movements;
Fi(2,,2)(t, Q) is the vector of the next cutting effort z, y and 2.

The displacements {U, V, W} are composed of the displacements {Uy, V3, W} due to the effect
of bending and displacements {Us, Vs, W}, which result from the shear effect of the element.

FE and [ represent, respectively, Young’s modulus and the moment of inertia, K and G,
respectively, show the shear coefficient and the shear modulus, A is the section of the element.
K and G, respectively, are the shear coefficient and the shear modulus.

Modeling of electromagnetic bearings

n n
Fop = Z F, cos ¢y, F,y = Z F sin gy, (2.7)
k=1 k=1

The components of the force exerted by the electromagnetic bearings in the z- and y-directions,
for a bearing with four electromagnets, can be rewritten as in the following

[ kpug kgt 2 kptg kgt 2
AP ety retiutie )l R sty st
px 1 — Yz 14 Yo

€0 €0

- . L2 . L2 (2.8)
u u u u
Fpys = a i (}Oy — S T (}Oy
u u
11— L+ 2
where eq is the nominal airgap
k, and kg present the proportional gain and the derivative gain, successively
ky = ko + k1 cos wt + ko cos 2wt (2.10)
ko and ko are constants relative to the controller, and w is the angular velocity
Fhpa _K U= +C Ux
Fpy Uy Uy
(2.11)

K, K

yr vy
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Axial thrust force

The axial magnetic abutment is

Fevrust = K1, + K u, (2.12)
Predictive model of the cutting force in peripheral milling

The expressions of these three components are as follows

F = Ktaph(dsj(t)) F, = K, Fy F, = K.F} (2.13)
@;(t) is the angle of rotation of the j-th tooth

D;(t) = wt + jP, j=0,1,....Z7-1 (2.14)

w and &, are, respectively, the angular velocity and the angle between two successive edges.
ap, K¢, K, and K, are, respectively, the axial cutting depth and the specific cutting coefficients

h(®;(t)) = hs(®;(t)) + ha(P;(t)) hs(®5(t)) = f.sin®;(t)

ha(®;(t)) = [ug(t) — ug(t — 7)) sin@;(t) — [uy(t) — uy(t — 7)] cos @;(t) (2.15)
60

"T oz

U, (t) and U, (t) present the deflections of the tool along the directions x and y at the present
time. U, (t — 7) and Uy(t — 7) are the deflections along the directions = and y at the previous
time, @ is the period of tooth passage. The values of the different parameters used in the analysis
of the studied model are given in Tables 1 and 2.

Table 1. Characteristics of the electro-spindle

‘ Variables ‘ Nomenclature ‘ Values ‘ Units ‘
Q Rotation speed of the spindle 20000 tr/min
L Length of the shaft 651.95 mm
I, Moment of inertia 0.11 kg-m?
m Spindle mass 16.03 kg
E Young’s modulus 2.11 - 10! Pa
p Density 7.85 g/cm3

The stiffness coefficients and the damping coefficients K;; and Cj; for all (i, ) € (x,y) depend
on time, so their measured values are determined during simulation in Matlab.

3. Simulation by interval of the dynamic behavior of the electromagnetic spindle

In this Section, the evaluation of the dynamic behavior of the electromagnetic spindle system
is studied with uncertainties. The uncertainties are applied to the values of the design para-
meters that define the dynamic model of the system. The evaluation of Newmark’s method
with the Newton Raphson (Faroughi and Lee, 2015) and (Gosciniak and Gdawiec, 2019) with
uncertainties in real cases provided disappointing results, often divergent. However, the choice
of parameters represented by intervals acts on the divergence of the model (Alefeld and Mayer,
2000) and (Trabelsi et al., 2015). The main advantage is to obtain convergent results, which
reflect the efficiency of this method. So, the system of differential equations is solved with the
interval simulation method. The uncertainty was introduced in the reference values of the forces
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Table 2. Parameters of electromagnetic bearings

‘ Variables ‘ Nomenclature ‘ Values ‘ Units ‘

140 Vacuum permeability 471077 | Wh/Am
€0 Nominal air gap 0.8 mm
S Section of the electromagnet 1.2 mm?
Ne Number of windings 300 -
0 Electromagnetic recomposition angle 22.5 deg
Iy Polarization current 5 A
« Coefficient proportional to mass 1-107° -
I] Coefficient proportional to stiffness 1-1073 -

Kor, Ky | Stiffness

Ky, Kyi/ coefficients B N/m

Cou, Cyp Damping

Cyy: Cyz coefficients B Ns/m

of the bearings to determine the behavior of the system by intervals. In this study, the following
uncertainties are considered:

5% on the derivative gain kg

2% on the constant relative to the controller kg

5% on the distance between the axial stop and the center of gravity d
2% on the diameter of element 1

2% on the length of element 1

Table 3. Design Parameters with uncertainty

De@gn Average | Uncertainty Interval Units
variables | value [%]
kq 42.4 5 [40.09, 44.31] -
ko 4520 2 [4429.6, 4610.4] -
dp 0.309 5 [0.2935, 0.3245] mm
Ly 38.1 2 [37.338,38.862] - 1072 | mm
Dy 12.7 2 [12.446,12.954] - 1072 | mm

The calculation has been done in Matlab with the IntLab library. The temporal responses
of the spindle are illustrated in Figs. 2 and 3. Therefore, with the Interval Based Simulation,
we determined an envelope which includes a set of performance for the displacement Z of the
elastic part, as shown in Fig. 2. The movement of the tool is periodic with a period equal to the
period of rotation.

The curve obtained in Fig. 3 represents the rotational movement 6, of the elastic part of
the electromagnetic spindle. According to those two figures, we obtained a similar result to that
with fixed values. The obtained solutions are convergent and have the same appearance as the
curve calculated with fixed values. Therefore, the good designs of the electromagnetic spindle
have an influence on its response in order to minimize vibrations. Therefore, a simulation with
uncertainty is necessary to make good sizing of the system. So, relying on this simulation, the
designer can determine the solution that can fulfill the constraints imposed in the specifications
document, which makes the sizing of the electromagnetic spindle system easier.
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Fig. 3. Variation of rotational movement 6,

4. Parametric studies and optimization of design variables
4.1. Parametric studies

The objective of this part is to have a complete idea about the variation ranges of different
design parameters that affect the dynamic behavior of the spindle.

This study is very useful for limiting the search space of variables that do not have a great
influence on the behavior of the system. The curves shown in Fig. 5 represent the maximum
displacements (Z and 6,) of the spindle according to the design parameters (kq, ko, dp, L1
and D). These curves are obtained thanks to the coupling between the model developed in
Matlab and the ModelCenter multi-physics simulation tool (Vu et al., 2016).
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Fig. 4. Variation of displacements Z and 6,

Each curve represents the variation of Z and 6, as a function of two parameters
[(dy, ko), (ko, ka), (D1, L1)]. So, according to Fig. 4, it is noticeable that the displacement Z
is maximum when (dp, ko) are maximum, however, it is minimum when (kg, k) and (Dq, L) are
maximum.

For rotational movement 6., it is maximum when d, is between 0.42mm and 0.53 mm,
ko is between 4550 and 4850 and kg4 is between 0.3 and 0.32. It is minimum when (Dy, L) are
maximuim.

4.2. Optimization of design variables

In the following, an optimization study is performed according to the parameters kg, ko, dp,
L1 and Dq. The objective of this study is to determine the optimum values in which Z and 6,
displacements are minimum. The optimization is carried out using algorithms available in Mo-
delCenter libraries, especially a Non-dominated Sorting Genetic Algorithm — NSGA II (Deb
et al., 2002). NSGA II algorithm is adapted for multi-objective nonlinear optimizing problems.
Instead of finding the best design, NSGA tries to find a set of best designs (e.g., Pareto set).
A design is said to be dominated if there is another design that is superior to the design in all
objectives. According to Fig. 5, we obtained eight optimal solutions. Each point of the Pareto-
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-Front is characterized by the input vector (design parameters to optimize) and the output vec-

tor (objective functions to be achieved). After the generation of the Pareto front, the best design

solutions are summarized in Table 4.
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Fig. 5. Pareto-Front of the electromagnetic spindle
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The values presented in the Pareto-Front of Fig. 5 show that the variation between the
different solutions obtained is low, which is due to the fact:
e That the percentages of uncertainties chosen (which reflect the values domain of the design
variables kq, ko, dp, L1 and Dy) are low, which are between 2% and 5%.

e In addition, to get proper functioning of the electromagnetic spindle, the displacements Z
and 6, should be small, since our objective is to minimize the vibrations according to the
design parameters mentioned before.

Table 4. Optimal design parameters of the spindle

Design | Zmaz - 1070 | O41mae - 1076
variables [m] [rad] dy Ko K = Dy
1 9.0919 22.2955 0.301 | 4463.17 | 44.014 | 38.827 | 12.876
2 9.0926 22.2847 0.296 | 4565.59 | 40.520 | 38.624 | 12.904
3 9.0939 22.2627 0.318 | 4509.77 | 42.788 | 38.304 | 12.950
4 9.0953 22.2549 0.317 | 4562.48 | 43.522 | 38.142 | 12.902
) 9.0972 22.2264 0.315 | 4551.81 | 41.646 | 37.685 | 12.949
6 9.0985 22.2117 0.322 | 4439.63 | 42.768 | 37.440 | 12.951
7 9.0993 22.2085 0.311 | 4540.33 | 44.281 | 37.428 | 12.881
8 9.1005 22.2061 0.313 | 4467.43 | 40.897 | 37.385 | 12.787

To choose the best design from the set of found solutions, it suffices to favor certain criteria
compared to others. For example, if the priority is given to minimize the displacement Z, the
characteristics of the best design are given by dy = 0.301 mm, kg = 4463.17, kg =

44.014,
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L1 = 38.827mm and D; = 12.876 mm. However, if the priority is given to minimize the rotational
movement 6., the optimal solution in this case is: d, = 0.313 mm, kg = 4467.43, k; = 40.897,
Ly = 37.385mm and Dy = 12.787 mm.

In order to prove the choice of the optimal values of the design parameters of the electro-
magnetic spindle for the two selected configuration, we present in Figs. 5 and 6 a comparison of
the displacement Z and the rotational movement 6, obtained with the optimal values and that
with initial values indicated in Table 3. So, according to these two figures, the displacement Z
and the rotational movement 6, are minimum compared to that plotted with the preliminary
values of the parameters dy, ko, kq, L1 and D;.
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5. Conclusion

From the previous study of the electromagnetic spindle system, the validity of interval based
simulation to simulate the dynamic behavior with uncertainties has been proved. However, this
type of calculation is orientated to solve a linear ordinary system to make dynamic simulations
to a time gain which, in particular, influences on the good progress of the preliminary design
phase.

The Interval Based Simulation method provides not only a single evaluation of the system
behavior but also a set of performance bounds. The simulation results demonstrate that these
performance bounds give a better description of the dynamic behavior of electromagnetic spindle
system with uncertain parameters.
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