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Abstract: This article is dedicated to investigating the nonlinear dynamical behaviors of the 8-pole
rotor active magnetic bearing system. The rub and impact forces between the rotating disc and
the pole-legs are included in the studied model for the first time. A new control scheme based
on modifying the 8-pole positions has been introduced. The proposed control methodology is
designed such that four poles only are located in the horizontal and vertical directions (i.e., in
+X,+Y, —X, =Y directions), while the other four poles are inserted in a way such that each pole
makes 45° with two of the axes +X, +Y, —X, —Y. The control currents in the horizontal and vertical
poles are suggested to be proportional to both the velocity and displacement of the rotor in the
horizontal and vertical directions, respectively, while the control currents in the inclined poles are
proposed to be dependent on the combination of both the displacement and velocity of the rotor
in the horizontal and vertical directions. Accordingly, the whole-system mathematical model is
derived. The derived discontinuous dynamical system is analyzed employing perturbation methods,
Poincare maps, bifurcation diagrams, whirling orbits, and frequency spectrum. The obtained results
demonstrated that the controller proportional control gain can play a significant role in changing
the vibratory behaviors of the system, where the proposed control method can behave either as a
cartesian control strategy or as a radial control one depending on the magnitude of the proportional
gain. In addition, it is found that the rotor system can vibrate with periodic, periodic-n, quasiperiodic,
or chaotic motion when the rub and/or impact forces occur. Moreover, it is reported for the first time
that the rotor-AMB can oscillate symmetrically in X and Y directions either in full annular rub mode
or quasiperiodic partial rub mode depending on the impact stiffness coefficient and the dynamic
friction coefficient.

Keywords: rotor-AMBS; stability; rub-impact force; periodic, quasiperiodic and chaotic vibration;
frequency spectrum; Poincare map; bifurcation diagram; full annular rub mode; quasiperiodic partial
rub mode

1. Introduction

Nowadays, high-speed rotating machines are widely used in many industries such
as aerospace engines, military industries, machine tools, the automotive industry, and
autonomous power engineering. The design of this type of machine requires a highly
efficient bearings, sealing, and lubrication system. One of the effective bearings systems
that are widely used with high-speed rotors is the rotor Active Magnetic Bearing system
(AMBS). AMBS is an active control system that applies a controlled electromagnetic force
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to support the rotating shafts in their hovering positions without physical contact. The
absence of friction and the controllability of the applied electromagnetic force make the
AMBS one of the important rotor bearings systems to support high-speed rotors. Rotor-
AMBS is inherently a nonlinear dynamical system because the electromagnetic force is
inversely proportional to the air-gap size and proportional to the square of the control
current. Accordingly, many scientific articles have been introduced to explore the rich
dynamical characteristics of the rotor-AMBS. Ji et al. [1] studied the nonlinear oscillations
of a horizontally suspended 4-pole rotor system. They utilized the normal-form method to
explore the system oscillations on the center manifold close to the double-zero degenerate
point. The authors concluded that the system has asymmetric vibratory behaviors in both
the vertical and horizontal directions due to the disc weight. In addition, saddle-node and
Hopf bifurcation are reported in the vertical direction in the case of local analysis. Moreover,
saddle-connection bifurcation is found in the case of global analysis. Saeed et al. [2] and
Ji and Hansen [3] utilized a proportional-derivative current-based control to mitigate the
horizontal and vertical vibrations of the 8-pole rotor system. The control current in each
pole has been proposed to be proportional to both the cartesian velocity and displacement
of the rotation disc in the horizontal and vertical directions. The authors derived the
system equations of motion depending on the proposed control methodology. According
to the introduced analysis, they reported that the rotor system may lose its stability via
Hopf or saddle-node bifurcations. Moreover, it is found that the system can exhibit many
nonlinear phenomena such as the coexistence of multiple solutions and the sensitivity
to the initial position. Ji and Leung [4] explored the nonlinear oscillations of the 8-pole
rotor system that was studied in Refs. [2,3] at super-harmonic resonance. The obtained
analysis showed that the rotor system may have tri-stable solutions simultaneously at
super-harmonic resonance. Yang et al. [5] explored the orbital motion of an 8-pole rotor
AMBS controlled via the proportional-derivative controller. The authors applied the
energy ratio and phase-difference technique with the multiple-scales method to investigate
the nature of the system motion. They concluded that the rotor AMBS has elliptic and
quasiperiodic motion only. Zhang et al. [6-8] studied the oscillatory behaviors of an 8-pole
time-varied stiffness rotor system. The authors reported that the time-varied stiffness rotor
AMBS may exhibit periodic-3, periodic-4, periodic-6, periodic-7, periodic-8, quasiperiodic,
and chaotic motions. Saeed et al. [9,10] introduced new control schemes to improve the
oscillatory characteristics of the 8-pole rotor system. They integrated both the nonlinear
saturation controller (NSC) and the positive position feedback controller (PPFC) along with
the PD-controller to suppress the system vibrations. The authors found that both the NSC
and PPFC can suppress the rotor AMBS nonlinear vibrations.

On the other hand, the nonlinear dynamics of the 16-pole rotor AMBS have been
studied extensively [11-16]. Zhang and his coworker [11-14] introduced detailed studies
for the time-varied stiffness 16-pole rotor AMBS. In addition, Saeed et al. [15,16] introduced
different control algorithms to control the nonlinear vibrations of the 16-pole-rotor AMBS
with constant stiffness coefficients. The authors explored the performance of both the radial
and cartesian control schemes for suppressing the system oscillations. The obtained results
confirmed that the cartesian controller is highly efficient, compared to the radial one, in
suppressing the rotor AMBS vibrations. However, the radial controller is the optimum in
stabilizing the system instability. Recently, Saeed et al. [17,18] explored the vibration control
of the 6-pole rotor AMB system. They introduced a detailed analysis for both the cartesian
control configuration [17] and the radial control technique [18]. The obtained analyses
illustrated that the cartesian controller is the efficient one in reducing the system vibrations.
In addition, they concluded that the radial controller is the optimum in stabilizing the
system instability. Active magnetic bearing systems can apply a controllable magnetic
force on the rotating shafts without any physical contact. Therefore, many papers have
discussed vibration mitigation in the rotating machinery via employing the active magnetic
bearings as active actuators. Ishida and Inoue [19] implemented a linear vibration absorber
using four electromagnetic poles to reduce the lateral vibrations of a nonlinear rotating
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shaft system. Saeed et al. [20-24] introduced different controllers to mitigate the nonlinear
vibrations of the rotors utilizing the active magnetic bearings as an actuator.

Within this article, a new control scheme for the vibration mitigation of the 8-pole rotor
AMBS is introduced. The introduced control method is designed in such a way that the
electrical currents (i.e., control currents) in the horizontal and vertical poles are proportional
to the cartesian velocity and displacement of the rotating disc in the horizontal and vertical
directions, respectively, while the control currents in the other four inclined poles are
proposed to be proportional to the combinations of the displacements and velocities of
the disc in the horizontal and vertical directions. Accordingly, the system equations of
motion are derived, and the corresponding slow-flow autonomous equations are obtained
applying asymptotic analysis. In addition, the rub and impact forces between the rotating
disc and the poles legs are included in the derived mathematical model. The influence of
the different parameters such as the disc eccentricity, the proportional control gain, the
impact stiffness coefficient, and the dynamic friction on the system’s dynamical behaviors
is explored. The obtained results showed that the introduced control scheme can behave
either as a cartesian controller or as a radial one depending on the proportional gain value.
In addition, the occurrence of rub and/or impact between the rotor and stator may result
in periodic-1, periodic-n, quasiperiodic, or chaotic motion for the rotor system. Moreover,
the plotted bifurcation diagrams confirmed that the rotating disc can oscillate either in full
annular rub mode or in quasiperiodic partial rub mode depending on the magnitude of
both the impact stiffness coefficient and the dynamic friction coefficient. Finally, it is worth
mentioning that this is the first article that explored the effect of the rub-impact force on
the oscillatory behaviors of the rotor-AMBS.

By comparing the current work with previously published work [1-18], in all previ-
ously published work, the rotor-AMBS has been investigated as a continuous dynamical
system, neglecting the occurrence of the rub-impact force between the rotor and stator. In
addition, all introduced control methods are independently based on either the cartesian
control strategy (see Refs. [1-4]) or on the radial control technique (see Refs. [13,17]). Within
the current work, the rub and impact forces between the rotating disc and the pole-legs
are included in the studied system for the first time. In addition, a new design for the
eight poles positions is introduced, which causes the rotor-AMBS to behave either as radial
control or cartesian control depending on the magnitude of the proportional gain. Accord-
ingly, the new design incorporates the advantage of both the radial and cartesian control
methods. Moreover, the introduced analysis demonstrated that the considered system may
exhibit different nonlinear phenomena, such as the oscillations in full annular rub mode or
quasiperiodic partial rub mode depending on the impact stiffness and the dynamic friction
coefficient.

2. Mathematical Formulation

The 8-poles AMBS is depicted in Figure 1a. The system has been modeled as a rigid-
body, two-degree-of-freedom system with mass m, disc eccentricity e, and rotates with the
spinning speed w. The system is supported through 8 electromagnetic poles to cause the
disc to rotate in its hovering position via generating the controllable magnetic restoring
forces Fpx and Fysy in X and Y directions. Accordingly, the equations of motion for the
system under consideration are [25]:

2

mx(t) = mew* cos(wt + a) + Fpx + Fex, ¢y

2

my(t) = mew* sin(wt + ) + Fyry + Fecy. ()

where x(t), x(t), x(t) are the instantaneous position, velocity, and acceleration of disc
in the X—direction, while y(t), y(t), y(¢) are the instantaneous position, velocity, and
acceleration of the disc in the Y —direction. mew? cos(wt + a) and mew? sin(wt + &) are the
centrifugal force components in X and Y directions, respectively. When the magnetic forces

Fyx and Fyyy fail to support the rotating shaft in its hovering position due to centrifugal
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force (mew?), the rotor may touch the stator housing as shown in Figure 1b, which results
in the appearance of rub and impact forces (i.e., Fr and Fy) on the rotor—stator interface.
The rub-impact force components in X and Y directions are denoted as Fcx and Fcy as
given in Equations (1) and (2).

w

f
t

he----H------

7

(a) (b)

Figure 1. (a) 8-pole rotor active magnetic bearing system in its nominal position; (b) 8-pole rotor active magnetic bearing
system with rub and impact forces between the rotor and stator.

2.1. Electromagnetic Restoring Forces Fyrx and Fary

The attractive electromagnetic force f; between each pole and the rotating disc can be
expressed according to the electromagnetic theory as follows [26]:
272

uAn
= Lcos(h), j=1,2,...,8. 3)

= 2
4Hj

where y is the magnetic permeability, A is the cross-sectional area of each electromagnetic
pole, n is the windings number of the electric coil of each pole, I; is the electric current
applied on each pole, H; is the actual air gap between the rotating disc and each pole, and
0 is the half-angle of the radial electromagnetic circuit as shown in Figure 1a. It is worth
mentioning that the eight poles are considered to be symmetric. Depending on Figure 1a,
for small deviations x and y of the rotating disc, the actual air gap H; among the jth pole
and the rotating disc can be written as follows:

Hj =5y Fx, j=15,
H;j = sp F xcos(B) Fycos(B), j=26, @
H; = sg + xcos(B) Fycos(B), j=4,8,
Hj=s0Fy, j=37

where sy is the air-gap size between the rotor and stator when the rotating disc is in its
nominal position, and B = 45° is the angle between every two consecutive poles as depicted
in Figure 1a. Depending on the geometry of the considered system, the electric current in
the eight poles is suggested as follows:
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I =1y — iy, IzZIo—ix—iy, I3:Io—iy, 14:Io+ix—iy, )
Is = Iy + iy, 16:10+ix+iyr 17210+iy, Igzlo—ix+iy.

where [j is a constant bias current, i, and i, are the control currents that depend on the
displacements and velocities of the rotating disc in X and Y directions, respectively. The
control currents are proposed such that:

ix(t) = Fax(£) +kox(t),  iy(t) = kay(t) + kay(t) (6)

where kj and k, are two constants represent the proportional and derivative gains, respec-
tively. Inserting Equations (4)—(6) into Equation (3), we have

= A (9)£ ~ LA () I —ix)’ -
fi= s cos H% = 1H cos s x
f= 1 nzAcos(G)ﬁ _1 n2A cos(0) Ip—ix — 1y 2 ®
2= 4;1 H% a 4‘u so — x cos(B) — ycos(B)
= 1w I§ _1 5 Ip — iy 2
f3= Eﬂn AcoS(G)ﬁ% = Z}m Acos(0) ﬂ ©)
_1 n2A (g)i_l n%A cos(6) Iy +ix — iy 2 .
fa= gHmAcos H; g A cos so + xcos(B) —ycos(B)
_ 1 2 I% _ 1 2 IO+ix 2
fs = Zlm Acos(@)ﬁ% = ﬂtn Acos(0) x (11)
fo = g ACOS(G)H72 = gmn Acos(0) T rcosB) Ty 0P 12)
_ 1 2 I% . 1 5 IO+ly 2
fr= Mk Acos(G)E% = g Acos(0) —— (13)
B 14
fs sk cos(9)H§ ik cos(6) so — xcos(B) +ycos(B) (14)

Depending on the geometry of Figure 1a, the resultant restoring forces Fy;x and Fay
as in Equations (1) and (2) can be represented as follows:

Fyx = fi— fs + (fa+ fs — fa — fe) cos(B) (15)

Fvy = fa— f7+ (f2+ fa — fo — fs) cos(B) (16)

By expanding the nonlinear forces f; (i = 1, 2, ..., 8) in Equations (7)—-(14) using
a third-order maclurin series in terms of x,y, ix, iy, and then substituting the resulting
equations into Equations (15) and (16), we have

Fyx = ﬁynzA cos(6)[(8cos?(B)s313 — 8cos(B)sglokt — 4s3Iok
+4s313)x — (4s31oka + 8cos(B)sdloks)x + (4s3k3 + 813
+16 cos*(B) I3 + 8 cos?(B)sZkd — 24 cos®(B)soloks —12s0Ipky ) x>
+ (24 cos?(B)sgks — 72 cos®(B)soloky +48 cos*(B)I3) x> '
+(—24cos®(B)soloks + 16 cos?(B)s3kiky — 12s0Ioky +8s3k1ks ) x*x
+ (4533 + 8 cos?(B)s2k2) xx” + (32 cos?(B)s2kik,
— 48 cos®(B)solokz) xyy + 8 cos?(B)s3k3xy’
+16 cos?(B)s3k3xyy + (16 cos?(B)s3kiky —24 cos®(B)soloka ) xy/?]

(17)
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Fuy = ﬁ‘unzA cos(0) [ (8 cos?(B)s3I3 — 8cos(B)s3loks — 4s3Iok
+4s313)y — (4s3Ioks + 8cos(B)sgloka)y + (4s3ks + 813
+16 cos*(B) I3 + 8 cos?(B)sgks — 24 cos®(B)soloks —12s0Ioks )y?
+ (24 cos?(B)sgk? — 72 cos(B)soloky + 48 cos*(B)13)yx> (18)

+ (—24 cos> (B)soloka + 16 cos? (ﬁ)s%klkz — 12s¢Ipko +85%k1k2)y2y
+(452k2 + 8 cos?(B)s2k2)yy” + (32 cos?(B)s2kik,

— 48 cos’(B)soloka ) yxx + 8 cos? (‘B)s%k%yjcz + 16 cos?(B)s3k3yxx
+ (16 cos?(B)sgkiky — 24 cos®(B)solokz) yx?]

2.2. Rub and Impact Forces Fcx and Fcy

The rotor AMBS disc is constrained within the electromagnetic poles” housing. There-
fore, if the rotating disc oscillates with instantaneous radial displacement R(f) =

x(£)? + y(t) that is larger than the nominal air gap s (i.e., when R(t) > sp) as illustrated
in Figure 1b, contact between the rotating disc and the pole leg should occur. The occur-
rence of this contact results in both impact force (Fy) and rub force (Fr) on the rotor—stator
interface. Accordingly, the rub and impact forces can be expressed as follows [27-30]:

Fn(t) = k(R —so) H(R — s9), (19)

Fr = pgEN = psk(R — 50)H(R = sp). (20)

where k is the impact stiffness coefficient between the rotor and the pole leg, if is the
dynamic friction coefficient between the rotating disc and poles, and H is the Heaviside
function. Based on the geometry of Figure 1b, the resultant components of the rub and
impact forces in X and Y directions can be written as follows:

Fex = —Frsin(wt) — Fy cos(wt) = %(R —50) (yfy - x) H(R —sp) (21)

k
Fey = —Frcos(vt) — Fysin(vt) = _E(R —sp) (yfx + y) H(R —sp). (22)
where cos(wt) = %, sin(wt) = % as itis clear from Figure 1b.

2.3. The Rotor System Equations of Motion

Substituting Equations (17), (18), (21) and (22) into Equations (1) and (2), with
the introduction of the dimensionless quantities u = X, v = £, r = Vu2 +02 =

s0” 50’
2 2 . . . .
x Y)Yy _ R — ;] — _X = _Y o X 5y — Y — S0 —
(SO) +(SO) o SU’Tiwnt’ui WSy’ v= wnsp” u= w%so’ 0= w%SO’(sl - Iokll 52*
2.2
SoWn Kk _ e _ w . plgn?Acos(6) . .
. ko, A = —mw%,E = 5 Q= o and w, = T the following normalized

equations of motion can be obtained:

2 2
Pt is B+ B+ 4 poue® + 4 g (3) "+ o
2
+'76M(%) + iyyv(%) (g—g) + 50?9t = EQ? cos(QT +a) (23)
—0—%(1’ -1) (yfv — u)H(r -1),

) 2
3712’ + P‘S% + wgv + 17103 + 17271142 + 173025—3 + 1740(5—3) + 77501/1%
2
+1760(%> +177u(§—¥) (g—g) + nguzg—z = EQ?sin(Q1 + «) (24)
~4(r—=1) (mpu+0) Hr—1).

where the system parameters ps, w?, nj, (j=12,...,8) are given in Appendix A. It is
important to notice that the introduced normalized coordinates u = ;- and v = % are the
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ratio of the instantaneous displacements x(t) and y(t) to the air-gap size sg. Accordingly, if
lu(t)| < 1and |o(7)| < 1, the rotating disc vibrated without rub and/or impact between
the disc and the pole legs. However, if |u(7)| > 1 and/or |v(7)| > 1, the rub-impact force
appears on the rotor—stator interface. So, the derived equations of motion (i.e., Equations
(23) and (24)) are analyzed in two stages. Firstly, the rotor AMBS is investigated as a
continuous dynamical system when omitting the rub and impact forces via setting the

impact stiffness coefficient A = ﬁ = 0in order to determine the conditions at which the

rub and/or the impact occurs. Secondly, utilizing the Poincare map, bifurcation diagram,
and frequency spectrum, the entire system is numerically explored to investigate system
oscillations when the rub and/or impact forces are assured.

3. Periodic Solution and Amplitude-Phase Modulating Equations of the
Continuous System

Utilizing the multiple time scales method, the periodic solution of the considered
system when the rub-impact force is omitted (i.e., A = 0) can be proposed as follows [31]:

u(t) = 1 (To, Ty) + eua(To, Ty) +O(&) (25)
o(7) = v1(To, Th) + €v2(To, Th) +O<€2) (26)
In terms of Ty = 7 and T; = €7, the time derivatives are transformed to:
4 _ Do +¢Dy, Ll = D} +2¢DyDy, D; = i, j=0,1 (27)
dt dr2 ] oT;
Accordingly, the system parameters can be scaled as follows:
us =efis, E=¢E, nyj=ehj, j=12,...,8 (28)

Substituting Equations (25)—(28) into Equations (23) and (24) while comparing the
coefficients of €0 and ¢!, we have
(@) (80) :
(Dg + wf) Uy =0 (29)

(Dg + w?)vl =0 (30)
O(e!) :

(D(z] + wg)uz = —2D0D1M12— fisDoup — ﬁlui’ — 7721110% - 17321/[%([)0111)
—nati1 (Dotr)” — 151101 (Dov1) — fleu1 (Do) (31)
—177(D0u1)7)1<D001) — ﬁg(Doul)U% + EQZ COS(QT + 0()
(D% + ws)vz = —2D¢D1v1 — fisDovg — ﬁlv% — 172?)11/[% — ﬂgU%(D(ﬂ)l)

—11401(Dov1)? — 5011 (Douy ) — ﬁ§U1(Dou1)2 (32)
—117(Dov1)u1 (Doutr ) — s (Dov1 )ui + EQ? sin(Q +a)

The solutions of Equations (29) and (30) can be written in the following form:
Ml(T(), Tl) = Al(Tl)EinTO +A71(T1)€7iwsTO (33)

01(To, T1) = Ap(Ty)e™sTo + Ay (Ty)eiwsTo (34)

where the coefficients A;(T1) {j = 1, 2} are two unknown functions of T up to this stage

of the analysis, while A;(T}) are the complex conjugate of A;(T;). Substituting Equations
(33) and (34) into Equations (31) and (32), we can conclude the primary resonance case
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() = ws) with 1:1 internal resonance. We introduce the detuning parameter ¢ to describe
the closeness of the disc spinning-speed (2 to the system natural frequency ws as follows:

O =ws+0=ws+ebd,? (35)

Inserting Equations (33), (34), and (35) into Equations (31) and (32), we get the solv-
ability conditions of Equations (31) and (32) as follows:

—2iws = A1 (Th) — iftsws A1 (Th) — 31 A (Ty) Ay (Th)

=21 A1(T)A2(Th) A2(Th) — ’72A1( ) %(Tl) i’73ws 1(Th)A1(Th)
—ﬁ4w§§%(T)A1(T1) ”75wsA1(T1) A3(T) — 21j6w3 Al(Tl)Az(Tl) 2(Th) (36)
+iews A1 (T1) A3 (Th) — fzw? A1 (T1) A5(Th) *ZlﬂswsAl(Tl)Az(Tl) 2(Th)
+ifisws A1 (T1) A3(Ty) + 2FQ?e/0Ti+0) =

—2iws%A2(T1) — iﬁswsAz(Tl) — 317A1A%(T1)A2(T1) — 2}72A2(T)A1(T1)A1(T1)
—i2 A (Ty) AY(T ) in3ws A3 (T1) Az (Tr) — flawi A5(T) Az(Th)

—inswsAy(T1) AF(T) — 2n6w? A2 (T1) Ar(T1) Ay (Th) + flew? Aa(T1) AT (Th) (37)
*17760 AZ(Tl)AZ( 1) — 2insws Aa(T1) Ay (Th) Ay (Ty) + ifgws Ay (T1) A (Th)

o IFQZ (0T1+1x) 0.

By replacing the functions A;(T;) = %eigf {j =1, 2} into Equations (36) and (37)
while restoring the system parameters to their original form (i.e., T} = €T, fls = %, E= E,

i = %, i=12,..., 8) , we can obtain the following amplitude-phase modulating equa-

tions:
Loy = Fi(a1,a,71,72) = —Spsar + gopmadsin(2y1 — 272) — s1p3a3
— &715a183 c0s (271 — 272) — §1jewsara3 sin(2yy — 2777) (38)
+%I77wsa21a§ sin(2y; —272) — %ﬂgﬂﬂl% + %Ugala% cos(2y1 — 272)
— 2.5, EQ sin(1)
Loy = FB(ay,a2,71,72) = —3Hsn — 8175772&2&% sin(2y; — 272) — &30
%175{12511 cos(2y1 —272) + %iy?wsaga% sinl(Z')q —272) (39)
— 377wsa2a3 sin(2y1 — 272) — 1784207 + 13203 cos(2y1 — 272)
—2%)515()2 cos(72)
%’Yl = F3(ﬂ1/112, 71,’72) -0+ Sw mat + 817517211% cos(2y1 — 272)
+4w 772112 8174(415{11 8775112 s1n(2fyl 272) (40)
116w5a% cos(2y1 —2v2) + 4176wsa2 S17wsa3 cos(271 — 272)
118a2 sin(2y1 —2y72) — 2w o EQ? cos(71)
%72 = F4(ﬂ1,ﬂ2, ’Yl,’Yz) =0+ 8w ma3 + g%,sﬂzﬂf cos (291 —272)
+4%s’72‘11 §714ws3 — 8’75‘11 Sm(z’h 272) (41)
2

— 16wsa? cos(271 — 272) + 1l6wsa? + gyywsaZ cos(2y1 — 272)
+%178a% sin(2y1 — 272) + Zwl—s@EQ2 sin(72)
where v; = 61 — 0T —«a, 72 = 0 — 0T — a. Substituting Equations (33) and (34) into
Equations (25) and (26) with replacing A;(T;) = %ele/ {j =1, 2}, we can obtain the
following periodic solution of the system’s original equations (i.e., Equations (23) and (24))

when A = 0 as follows:
u(t) = a1(7) cos(QT +71) (42)

v(T) = a2(t) cos(QT + 72) (43)

According to Equations (42) and (43), the functions a1 (T), a,(7) represent the vibration
amplitudes of the rotor AMBS system when A = 0 in X and Y directions, respectively,
and 71 (7), 72(7) denote the phase-angles of the system motion. These functions a;(7),
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a3(t), 71(7), and 72(7) are governed by the nonlinear autonomous dynamical system
given by Equations (38)—(41). Accordingly, setting %1 = %2 = ‘%1 = % = 0 into

Equations (38)—(41), we get the following nonlinear system of algebraic equations:

—Lusay + ghmpara3 sin(2y1 — 272) — dn3as — 513 cos(2y1 — 272)
—%ﬂéwsﬂ]ﬂ% sin(2y1 — 272) + %mwsaw% sin(2y; — 272) — %ngamg (44)
+%1’]311111% cos(2y1 —272) — ﬁEQ2 sin(y1) =0

—psar — 512003 SIN(2y1 — 2772) — 17303 — 175203 cos(2y1 — 272)
+%176w5a2a% sin(2y; —2y2) — %177(0501261% sin(2y; — 27y7) — %ﬂgﬂzd% (45)

+Ln18a202 cos (271 — 272) — 2%,SEQ2 cos(72) =0

—0+ Si%ma% + 8%,517251% cos(291 — 272) + 4%15772“% + Lawsa?

+3175a3 sin(2y1 — 272) — §176wsa3 cos(2y1 — 272) + Fewsa3

) 46
+%177wsa% cos(2y1 —272) — %;7851% sin(2y1 — 277) (46)
—2w15ﬂ] EQ? cos(y1) =0
—0 + g5 + g 11283 €08(271 — 272) + g 11267 + §74wsa3
_%17511% sin(2y; — 272) — %Uéwsa% cos(2y1 —272) + %néwsa% 47)

+%ry7wsa% cos(2y1 —272) + %77811% sin(2y1 — 277)
4,2 —EQ%sin(y;) =0

2wsay

By solving Equations (44)—(47) in terms of the system and control parameters (i.e.,
o, E, 61, 62), we can obtain the different response curves as illustrated in Section 4. Further-
more, the stability of the solution of Equations (44)—(47) can be explored via investigating
the Jacobian matrix eigenvalues of the right-hand side of Equations (38)—(41). Let the
steady-state solution of Equations (44)—(47) be (a10, 420, Y10, Y20), while (a11, 421, Y11, ¥21)
is a small perturbation about that steady-state solution. Accordingly, we can assume

day _ dap day __ day dyr _ dyn dy, _ dyy (48)

ay =ay+a11, az =ax +4a, Y1 = Yo+ Y11, Y2 = Y20+ Y21
:>dT7dT’ dt = dt’ dr — dt 7’ dr — dt

Substituting Equation (48) into Equations (38)—(41), we can obtain the following
linearized model about the equilibrium point (a19, 420, Y10, Y¥20) as:

dllll aP] aFl BFl aF]
F aan aﬂzl a')/11 a’)/21 all
(29 aan aan aaFZ aai a
T | — aj dar 9y 9y 2
£ FI O #)
T da;y  dap1 Iy 921
dyy J0F, oF oFy oF Y21
dt da;;  Oddry  dy11 9721

where the coefficients of the above Jacobian matrix are given in the Appendix B. Accord-
ingly, the steady-state solutions of the autonomous system (Equations (38)—(41)) can be
given via solving the nonlinear algebraic equations (Equations (44)—(47)). Additionally, the
stability of that solution can be investigated via exploring the eigenvalues of the Jacobian
matrix.

4. Oscillatory Behaviors of the Rotor System with and without Rub-Impact Force

According to the periodic solutions given by Equations (42) and (43), it is easy to
show that the rotor system can oscillate without rub-impact force occurrence if |u(7)| =
|a1(T) cos(QT + 1) < 1Tand |v(7)| = |a2(T) cos(QT + 72)| < 1. This implies that as long
a1 < 1and a; < 1, there is no rub-impact force between the rotor and the stator, otherwise
(i.e.,if a7 > 1 and/or ap > 1) the rub-impact force between the rotor and stator occurs.
Accordingly, the steady-state oscillations of the considered system can be investigated via
solving the nonlinear algebraic system given by Equations (44)-(47) numerically in terms
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of the system parameters 0, E, 61, and J; as long as a1 < 1 and a; < 1. In addition, the
solution stability of Equations (44)-(47) can be explored via examining the eigenvalues
of the linearized system given by Equation (49). However, if 47 > 1 and/or a; > 1,
this means there is the occurrence of the rub and/or impact forces, which necessitates
the investigation of the whole discontinuous system given by Equations (23) and (24)
numerically when A # 0. The different response curves and bifurcation diagrams are
obtained via adopting the actual and the corresponding dimensionless parameters given in
Table 1 (See Refs. [21,27]). By solving Equations (44)—(47) using MATLAB software, one
can obtain the different response curves as in Figure 2 where the stable solution is shown
by the solid line, while the unstable solution is represented by the dotted line. To confirm
the accuracy of the obtained response curves, Equations (23) and (24) (when A = 0) has
been integrated numerically using the ODE45 MATLAB function. The obtained numerical
results are illustrated as small circles (when sweeping the bifurcation parameters forward)
and as big dots (wWhen sweeping the bifurcation parameters backward).

0.5 0.5

8,=0,9 8,=0;9
0.4 0.4
0.3 0.3

0.2

0.1

0.1
~."-.-_ o
-—“’-.._..—." -—‘)...y."
%2 015 01 005 0 005 01 015 02 %2 w015 04 005 0 005 01 015 02
(o) ()
(a) (b)
0.5 0.5
81=09 5,=0;9
0.4 ) 0.4 —
E=0.035 “-..5 E=0.035 S% :
0.3 c 0.3 5

© < /
0.2 / 0.2

TS T .
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(e} (o]

(c) (d)

Figure 2. Spinning-speed response curves (i.e., () = ws + ) of the rotor AMBS at §; = 0.9 when E = 0.015, 0.025, and 0.035:
(a,c) oscillation amplitude in X direction, (b,d) oscillation amplitude in Y direction.
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Table 1. Rotor AMBS parameters.

Physical Parameters Dimensionless Parameters
Rotor radius R=015m E 0.025
Rotor thickness d=0.015m o 0.0
Rotor mass m = 8 kg A 5.0
Rotor eccentricity e=125x10"*m My 0.2
The angle between the poles (8) p = 45° Q ws +0
Air-gap size so=5x10"3m 61 0.9
Effective cross-sectional area of Acosd — 744 x 10~4 m2 5 0.008
the pole
turn-numbers of each coil n = 1000
Bias current Ihy=2A
Magnetic permeability p=4m x1077 NA~2
Impact stiffness coefficient k = 3.7397 x 10* N-m~!
Proportional gain k1 =360 A/m
Velocity gain ky = 0.105 A-S/m

The constant wy, wy = /ﬂf(?”ZACgS(B) — 3058
4msg :

4.1. The Rotor System Response Curves at Small Proportional Gain (61 = 0.9)

Figure 2 shows the considered system oscillation amplitudes a; and a; against the
detuning parameter ¢ via solving Equations (44)—(47) at 5y = 0.9, E = 0.015, 0.025, and
0.035. It is clear from the figure that the system responds as a linear system for the small
disc eccentricities (i.e., E = 0.015), while the nonlinearities dominate the system response
as the disc eccentricity increases (i.e., E = 0.025, 0.035). The figure also shows that at
E = 0.025, 0.035, the system has a bistable solution close to ¢ = 0, indicating that the rotor
system can oscillate harmonically with one of two stable amplitudes depending on the
initial conditions. Furthermore, the maximum oscillation amplitude either in the horizontal
or the vertical directions is lower than unity (i.e., 47 < 1and 4, < 1) along the ¢ axis, which
causes the lateral oscillations for the rotor system without rub and/or impact between the
rotor and stator.

Figure 3 shows numerical simulations for the system equations of motion (i.e., Equa-
tions (23) and (24)) corresponding to Figure 2c,d when o = 0.0. The figure shows the system
temporal oscillations u(7) and v(7) (i.e., Figure 3a,b) and the corresponding whirling orbits
(i-e., Figure 3c) when E = 0.035,07 = 0.9, d, = 0.008 0 =0, A = 5.0 and py = 0.2 at the two
initial conditions #(0) = v(0) = u(0) = v(0) = 0.0 and u(0) = v(0) = #(0) = v(0) = 0.5.
The system’s sensitivity to the initial conditions is shown in Figure 3, where the system
performs one of two spinning motions depending on the initial conditions. By examining
Figure 3, we can conclude that the rotor system can oscillate by the oscillation amplitudes
a1 =042 & ap = 0.2 or 4y = 0.2 & ap = 0.42 depending on the initial conditions, which
agree with Figure 2¢,d at ¢ = 0.0. Accordingly, it is worth mentioning that the obtained
nonlinear algebraic system (i.e., Equations (44)—(47)) describes with excellent accuracy the
steady-state oscillation amplitude of the studied system (i.e., Equations (23) and (24)) when
A =00.

To investigate the oscillatory behaviors of the rotating disc when the rub-impact force
occurs (i.e., whena; > 1and ap > 1), the eccentricity response curve and the corresponding
bifurcation diagrams are plotted as shown in Figure 4 when ¢ = 0.0. Utilizing Equations
(44)—(47), the system eccentricity response curves are obtained as in Figure 4a,b when
o = 0.0, 5y = 0.9. Figure 4a,b shows that the rotor system can vibrate with oscillation
amplitudes lower than unity (i.e., 17 < 1 and a; < 1) if the disc eccentricity E < 0.1176,
which means that the rotating disc can oscillate harmonically without rub and/or impact
forces as long as E < 0.1176. However, when increasing the disc eccentricity to become
0.1176 < E < 0.4, the rotor system will perform at an oscillation amplitude higher than
unity either in the horizontal or the vertical direction depending on the initial conditions
(i.e.,, a1 > 1 oray > 1), resulting in rub and/or impact forces between the rotating disc and
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the pole legs. Moreover, Figure 4a,b illustrates that increasing the disc eccentricity beyond
0.4 (i.e., E > 0.4) results in losing the stability of the rotor system.
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Figure 3. (a,b) The steady-state temporal oscillations, and (c) the corresponding whirling motion of the rotor AMBS
according to Figure 2 when o = 0 (i.e., when Q) = w;) at the two initial conditions #(0) = v(0) = u(0) = v(0) = 0.0 and
1(0) = v(0) = u(0) = v(0) = 0.5.

According to Figure 4a,b, the bifurcation diagram of the system is obtained as
shown in Figure 4c utilizing the disc eccentricity as the bifurcation parameter when
601 =09, 0 =0, A =50, u = 0.2. Figure 4c is obtained by plotting the Poincare

map of the instantaneous radial displacement r(7t) = /u2(7) + v2(7) versus the disc
eccentricity via solving of the system original equations (i.e., Equations (23) and (24))
numerically. It is clear from Figure 4c that the rotor system exhibits a periodic solution
regardless of the disc eccentricity magnitudes. However, Figure 4a,b show that the sys-
tem’s stability may be lost when E > 0.4. Accordingly, we can deduce that the existence
of rub and/or impact forces may result in stabilizing the system’s unstable motions. The
instantaneous radial displacement 7(7) and the corresponding whirling orbit, Poincare
map, and frequency spectrum of the rotor system are shown in Figures 5 and 6 according to
the obtained results in Figure 4. The radial oscillation r(7) and the corresponding whirling
motion of the rotor system are simulated in Figure 5 at E = 0.2 and ys = 0.2 when the
impact stiffness coefficient A = 0.0, 5.0. Figure 5a—c shows the system temporal oscillation
when A = 0 (i.e,, when the rub-impact force is zero), while Figure 5d—f illustrates the
system temporal oscillation when A = 5.0. Generally, Figure 5 confirms that the rotor
AMBS system can execute periodic-1 motion either when A = 0.0or A = 5.0 at E = 0.2.
However, the existence of the rub-impact force (i.e., A = 5.0) between the rotor and stator
can play an important role in mitigating the system oscillations (i.e., compare Figure 5b,e).

Figure 6 is a repetition for Figure 5 when the disc eccentricity E = 0.45. Figure 6a—c
shows the system temporal oscillations, whirling motion, and frequency spectrum when
A = 0.0, while Figure 6d—f illustrates the system temporal oscillations, whirling motion,
and frequency spectrum when A = 5.0. It is clear from Figure 6¢ that the rotor system
can perform chaotic oscillations at E = 0.45 when A = 0.0, which agrees with Figure 4a,b.
However, Figure 6f shows that the existence of rub-impact forces between the rotor and
stator (i.e., A = 5.0) can force the chaotic oscillation to become a periodic-1, which agrees
with the bifurcation diagram given in Figure 4c.
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Figure 4. (a,b) The eccentricity response curves of the rotor AMBS when é; = 0.9, 0 = 0.0, and (c) the corresponding

bifurcation diagram when A = 5 and pif = 0.2.

The eccentricity response curve when ¢ = 0.1 and ; = 0.9 and the corresponding
bifurcation diagram are depicted in Figure 7. The steady-state oscillation amplitudes (2; and
ay) are plotted versus the disc eccentricity E via solving Equations (44)—(47) numerically in
terms of E as shown in Figure 7a,b, while the bifurcation diagram in Figure 7c is obtained via
solving Equations (23) and (24) numerically and plotting the corresponding Poincare map
versus the disc eccentricity E when ¢ = 0.1,6; = 0.9, u F= 0.2 and A = 5.0. Figure 7a,b
illustrates that the system can oscillate harmonically without rub-impact occurrences if
the disc eccentricity E < 0.116 while increasing the disc eccentricity beyond 0.116 (i.e.,
E > 0.116) results in losing the stability of the rotor system. Figure 7c confirms that the
rotor system can exhibit periodic motions if E < 0.116, but increasing the disc eccentricity
beyond 0.116 results in periodic-n motion. According to Figure 7c, we can confirm that the
existence of the rub-impact force between the rotor and stator may result in stabilizing the
unstable oscillations of the rotor system.
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Figure 5. The steady-state radial oscillation r(7), the whirling orbit, and frequency spectrum of the rotor AMBS according
to Figure 4 when E = 0.2, §; = 0.9, 0 = 0.0: (a—c) Steady-state radial oscillation r(7), the whirling orbit, and frequency
spectrum when the rub-impact is neglected (i.e., A = 0.0), (d—f) steady-state radial oscillation r(7), the whirling orbit, and
frequency spectrum when A = 5.0,y = 0.2.
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Figure 6. The steady-state radial oscillation r(7), the whirling orbit, and frequency spectrum of the rotor AMBS according
to Figure 4 when E = 045, §; = 0.9, ¢ = 0.0: (a—c) Steady-state radial oscillation r(7), the whirling orbit, and frequency
spectrum when the rub-impact is neglected (i.e., A = 0.0), (d—f) steady-state radial oscillation r(7), the whirling orbit, and
frequency spectrum when A = 5.0,y = 0.2.
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Figure 7. (a,b) The eccentricity response curves of the rotor AMBS when é; = 0.9, 0 = 0.1, and (c) the corresponding
bifurcation diagram when A = 5and pf = 0.2.

The temporal vibrations of the rotor system when E = 0.2, 0.4 according to Figure 7
are simulated in Figures 8 and 9. Figure 8 simulates the radial oscillation, whirling orbit,
and frequency spectrum of the AMBS system at E = 0.2 when A = 0.0 (as shown in
Figure 8a,c), and when A = 5.0 (as shown in Figure 8d-f). It is clear from Figure 8 that the
quasiperiodic motion of the system that occurs when A = 0.0 becomes a periodic one if
the rub-impact force is considered (i.e., when A = 5.0). Furthermore, Figure 9 shows the
rotor system temporal oscillations at E = 0.4 when A = 0.0, 5.0, where Figure 9a—c shows
that the rotor system can respond with chaotic oscillation when the rub and impact forces
between the rotor and stator are zero. However, Figure 9d—f confirms that the existence of
rub and/or impact forces between the rotor and the pole legs (i.e., A = 5.0) can force the
chaotic motions to become a periodic-13 one.
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Figure 8. The steady-state radial oscillation 7(7), the whirling orbit, and frequency spectrum of the rotor AMBS according
to Figure 7 when E = 0.2, §; = 0.9, ¢ = 0.1: (a—c) Steady-state radial oscillation 7(7), the whirling orbit, and frequency
spectrum when the rub-impact is neglected (i.e., A = 0.0), (d—f) steady-state radial oscillation r(7), the whirling orbit, and
frequency spectrum when A = 5.0, 1y = 0.2.
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Figure 9. The steady-state radial oscillation r(7), the whirling orbit, and frequency spectrum of the rotor AMBS according
to Figure 7 when E = 04, 6; = 0.9, ¢ = 0.1: (a—c) Steady-state radial oscillation r(7), the whirling orbit, and frequency
spectrum when the rub-impact is neglected (i.e., A = 0.0), (d—f) steady-state radial oscillation r(7), the whirling orbit, and
frequency spectrum when A = 5.0,y = 0.2.
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4.2. The Rotor System Response Curves at Large Proportional Gain (61 = 1.1)

Figure 10 shows the rotor system response curve at different values of the proportional
gain (i.e., 61 = 0.9, 1.0, 1.1) when the disc eccentricity E = 0.035. It is clear from the figure
that the increase of the proportional gain increases the rotor oscillation amplitudes and
bends the response curves to the right leading to hard spring characteristics. However, in
all previously studied control configurations (see Refs. [2,3,9,10,15-17]), it is found that the
increase of the proportional gain results in increasing the oscillation amplitudes of the rotor
system and bends the response curves to the left leading to softening spring characteristics.
In addition, Figure 10 depicts that the controlled rotor AMBS can respond as in the case of
the cartesian control configuration when the proportional control gain is small (i.e., when
01 = 0.9), but increasing the proportional gain to §; = 1.1 causes the response curve to be
like that of the radial control configuration (see Refs. [15,17]). Accordingly, we can confirm
that the proposed control method behaves like the Cartesian controller when §; = 0.9, but
when §; = 1.1, the suggested control algorithm behaves as in the case of radial control
configuration. According to Figure 10, the effect of increasing the disc eccentricity on the
rotor system spinning speed response curves is illustrated in Figure 11 when §; = 1.1. It
is clear from the figure that the system oscillation amplitude is a monotonic increasing
function of the disc eccentricity. Moreover, the rotor system responds as a linear system
when E = 0.015, but the nonlinearity dominates the system response when increasing the
eccentricity to E = 0.025, 0.035.

Comparing Figure 2 with Figure 11, we can deduce that the proportional control gain
plays an important role in controlling the system dynamical behaviors, where at the low
value of 61, the rotor system exhibits a bistable solution and responds with the maximum
oscillation amplitude close to ¢ = 0.0. However, Figure 11 illustrates that the increase
of the proportional gain to §; = 1.1 has bent the frequency response curves to the right
leading to hard spring characteristics and a bistable solution on the right-hand side of
o = 0.0. In addition, the controlled rotor system responds as in the case of the cartesian
control configuration (see Refs. [15,17]) as in Figure 2 when 6; = 0.9, while the system
responds as in the case of radial control strategy (see Refs. [15,17]) as in Figure 11 when
0 =11

E=0.0

35

E=0.035

(a) (b)

Figure 10. Spinning-speed response curves (i.e., () = w;s + ) of the rotor AMBS at E = 0.035 when 6; = 0.9, 1.0, and 1.1:

(a) oscillation amplitude in X direction, (b) oscillation amplitude in Y direction.
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Figure 11. Spinning-speed response curves (i.e., (2 = ws + ) of the rotor AMBS at §; = 1.1 when E = 0.015, 0.025, and

0.035: (a) oscillation amplitude in X direction, (b) oscillation amplitude in Y direction.

According to Figure 11, the eccentricity response curve of the rotor system at ; = 1.1
when ¢ = 0.0 is illustrated in Figure 12a via solving Equations (44)—(47). It is clear from
the figure that the rotor system can oscillate with vibration amplitudes lower than unity
(i.e., a7 < 1and a; < 1) as long as the disc eccentricity E < 0.3888, which means that the
rotating disc can oscillate harmonically without a rub-impact force if E < 0.3888. However,
increasing the disc eccentricity to become E > 0.3888, the rotor system will perform at an
oscillation amplitude higher than unity in both the horizontal and the vertical direction,
resulting in rub and/or impact forces among the rotor and the stator. Depending on the
reported results in Figure 12a, the system bifurcation diagram is obtained via plotting
the steady-state Poincare map for the system original equations (i.e., Equations (23) and
(24)) versus the disc eccentricity E when 6; = 1.1, 0 = 0.0, A = 5.0, iy = 0.2 as shown in
Figure 12b. The figure confirms that the rotor system can execute periodic-1 motions if the
eccentricity E < 0.3888, but for E > 0.3888, the system performs quasiperiodic oscillations.
Comparing Figure 12a,b, we can deduce that the rotor AMBS system executes periodic
oscillation as long as the rub-impact force between the rotor and stator does not occur,
while the occurrence of a rub-impact force at large disc eccentricities (i.e., E > 0.3888)
results in a quasiperiodic oscillation.

The temporal oscillation of the rotor system according to Figure 12 (i.e., when §; =
1.1, o = 0.0) is simulated when the disc eccentricity E = 0.3, 0.45 as shown in Figures 13
and 14, respectively. the figures are obtained via solving Equations (23) and (24) numerically
when A = 5.0, uy = 0.2. It is clear from Figure 13 that the system performs periodic-1
motion with oscillation amplitudes lower than unity, where the rub-impact does not occur
as is clear in Figure 13b. On the other hand, Figure 14 illustrates the rotor system temporal
oscillations according to Figure 12 at E = 0.45. The figure confirms that the system oscillates
with oscillation amplitudes higher than unity, resulting in rub-impact force between the
rotor and the pole legs, which ultimately leads to quasiperiodic motion.

Figure 15 is a repetition pf Figure 12, but when the detuning parameter ¢ = 0.1 (i.e.,
when () = w 4 0.1). comparing Figure 15 with Figure 12, we can confirm the dominance
of the nonlinearity on the system eccentricity response curve, where the system has a
bistable solution for some values of the disc eccentricity. In addition, Figure 15a illustrates
that the rotor AMBS may encounter rub and/or impact forces if the disc eccentricity
E > 0.2371, which leads to quasiperiodic oscillation as illustrated in Figure 15b. According
to Figure 15, numerical simulations for radial oscillation of the rotor system are illustrated
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in Figures 16-18 when E = 0.25, 0.45, and 0.475, respectively. Comparing Figures 16-18
with Figure 15, we can demonstrate the great agreement between the analytic results (i.e.,
Figure 15) and the numerical simulations (i.e., Figures 16-18).

15 1.5
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0
00 0.1 0.2 E 0.3 0.4 0.5 0.2 0.25 0.3 0.35 0.3888 0.45 0.5
E
(a) (b)

Figure 12. (a) The eccentricity response curves of the rotor AMBS when §; = 1.1, ¢ = 0.0, and (b) the corresponding
bifurcation diagram when A = 5and py = 0.2.
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Figure 13. (a) The steady-state radial oscillation 7(7), (b) the whirling orbit, and (c) frequency spectrum of the rotor AMBS
according to Figure 12 when E = 0.3, 6; = 1.1, c = 0.0, A = 5.0, and pr= 0.2.
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Figure 14. (a)The steady-state radial oscillation 7(7), (b) the whirling orbit, and (c) frequency spectrum of the rotor AMBS
according to Figure 12 when E = 045, 6; = 1.1, ¢ = 0.0, A = 5.0, and pr= 0.2.
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Figure 15. (a) The eccentricity response curves of the rotor AMBS when §; = 1.1, ¢ = 0.1, and (b) the corresponding
bifurcation diagram when A = 5and py = 0.2.
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Figure 16. (a) The steady-state radial oscillation 7(7), (b) the whirling orbit, and (c) frequency spectrum of the rotor AMBS
according to Figure 15 when E = 0.25, 6; = 1.1, ¢ = 0.1, A = 5.0, and pr= 0.2.
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Figure 17. (a) The steady-state radial oscillation 7(7), (b) the whirling orbit, and (c) frequency spectrum of the rotor AMBS
according to Figure 15 when E = 0.45, 6; = 1.1, ¢ = 0.1, A = 5.0, and pr = 0.2.



Symmetry 2021, 13, 1502

21 of 26

=09
Uz

i

0.8

I 1

=]
o

e
o

Amplitude

Displacement (v)
o
S
IS

o
v

\Z
s 7
(N s’

0.2

o

P
7Y
rri
L
\':

4"

—
i
-

-1.5

520

|
1
540 560 580 600 1.5 -1 -05 0 0.5 1 1.5

h 0 1 2 3 4 5
T Displacement (u) Angular frequency(Rad/Sec)
(a) (b) (0)

Figure 18. (a)The steady-state radial oscillation r(7), (b) the whirling orbit, and (c) frequency spectrum of the rotor AMBS
according to Figure 15 when E = 0.475, 6; = 1.1, ¢ = 0.1, A = 5.0, and M= 0.2.
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The dynamical behavior of the rotor system when 6; = 1.1 and o = 0.1 at different
values of both the impact stiffness coefficient (1) and the dynamic friction coefficient (y¢)
is investigated in Figure 19 via plotting the system bifurcation diagrams utilizing A or
}f as a bifurcation control parameter. Figure 19a shows the qualitative change of the
rotor motion with varying the impact stiffness coefficient from A = 1to A = 20 when
E =035 61 = 1.1, 0 = 0.1 and py = 0.2, while Figure 19b illustrates the qualitative
change of the system motion when varying the dynamic friction coefficient from p s = 0.05
tous = 0.4when E =0.35, y = 1.1, 0 = 0.1 and A = 5.0. It is clear from Figure 19a that
the rotor system executes full annular rub mode with a periodic-1 motion as long as A < 2,
while increasing the impact stiffness coefficient beyond 2 results in a quasiperiodic partial
rub motion. On the other hand, Figure 19b shows that the rotating disc can oscillate with
full annular rub mode if 1y < 0.095, while increasing the friction coefficient beyond 0.095
results in a quasiperiodic partial rub motion.
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Figure 19. The rotor system bifurcation diagrams when E = 0.35, §; = 1.1, and ¢ = 0.1: (a) Stiffness coefficient A versus r
when iy = 0.2, and (b) friction coefficient ji; versus r when A = 5.0.

The temporal oscillations of the rotor system according to Figure 19 are simulated as
shown in Figures 20-23, where Figures 20 and 21 simulate the rotating disc according to
Figure 19a when A = 1.5 and A = 20, respectively. It is clear from Figure 20 that the rotating
disc executes periodic-1 motion with a full annular rub, while the impact force between the
rotor and stator disappeared when A = 1.5. However, Figure 21 shows that the rotor system
can perform quasiperiodic oscillation with partial rub mode. Figures 22 and 23 illustrate
the temporal oscillations of the rotor system according to Figure 19b when py = 0.09 and
ug = 0.35, respectively. Figure 22 demonstrates that the system may exhibit periodic-1
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motion with a full annular rub at yy = 0.09, while the system performs quasiperiodic
motion when increasing the friction coefficient to yf = 0.35 as shown in Figure 23.
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Figure 20. (a) The steady-state radial oscillation r(7), (b) the whirling orbit, and (c) frequency spectrum of the rotor AMBS
according to Figure 19a (i.e., when E = 0.35, 4; = 1.1, 0 = 0.1, W= 0.2)atA =15.
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Figure 21. (a) The steady-state radial oscillation 7(7), (b) the whirling orbit, and (c) frequency spectrum of the rotor AMBS
according to Figure 19a (i.e., when E = 0.35, 6y = 1.1, 0 = 0.1, py = 0.2) at A = 20.
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Figure 22. (a) The steady-state radial oscillation 7(7), (b) the whirling orbit, and (c) frequency spectrum of the rotor AMBS
according to Figure 19b (i.e.,, when E = 0.35, 6; = 1.1, ¢ = 0.1, A = 5) at Hr= 0.09.
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Figure 23. (a) The steady-state radial oscillation 7(7), (b) the whirling orbit, and (c) frequency spectrum of the rotor AMBS
according to Figure 19b (i.e., when E = 0.35, ; = 1.1, 0 = 0.1,A = 5) at Hy = 0.35.

5. Conclusions

A new control scheme for the 8-pole rotor active magnetic bearing system is introduced
for the first time within this article. The system mathematical model is derived including
the rub and impact forces between the rotating disc and the 8-pole legs by means of
classical mechanics. Including the rub and impact forces between the rotating disc and
the poles legs results in obtaining a discontinuous two-degree-of-freedom dynamical
system. Accordingly, the derived mathematical model is investigated analytically to
determine the conditions at which the system may encounter rub and/or impact forces
between the rotor and stator utilizing perturbation methods. Then, the different bifurcation
diagrams are plotted to explore the nature of the system motion, either periodic, periodic-
n, quasiperiodic, or chaotic. Finally, numerical confirmations for all obtained analytical
results are introduced. According to the above discussion, the following remarks can
be concluded:

1. The proposed control method can behave either as a cartesian control strategy or as
radial control one depending on the magnitude of the proportional gain.

2. At small values of the proportional gain (i.e., when 0.8 < §; < 1), the rotor system
may exhibit unstable periodic oscillation at the larger disc eccentricities when the
impact stiffness coefficient is zero (i.e., when A = 0.0).

3. At large disc eccentricities, the existence of rub and/or impact forces between the
rotating disc and the poles legs can cause the chaotic and quasiperiodic motions of
the rotor system to become periodic-n motions.

4. The rotor system exhibits stable periodic motions at large values of the proportional
gain (i.e.,, when J; > 1.1) as long as the rub-impact force between the rotor and stator
does not occur regardless of the disc eccentricity magnitude.

5. The occurrence of rub and/or impact forces between the rotor and stator (when
01 > 1.1) results in a quasiperiodic oscillation for the rotor system.

6.  The magnitudes of both the impact stiffness coefficient (1) and the friction coefficient

#r) have a great influence on the rotor oscillation mode, where the system can

oscillate in full annular rub mode or a quasiperiodic partial rub mode depending on
the magnitudes of the impact stiffness coefficient and the dynamic friction coefficient.
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Abbreviations

X,y The rotating disc displacements in X and Y directions, respectively.

S0 The nominal air-gab size.

u, Z—Z, 52712’ Normalized displacement (u = ;’g ), velocity, and acceleration of the 8-pole
rotor in X direction.

v, Z—g, % Normalized displacement (U = S%) , velocity, and acceleration of the 8-pole
rotor in Y direction.

T Normalized time variable.
Normalized radial displacement of the 8-pole rotor, where r = v/ u? + v2.

Us Normalized linear damping coefficient of the 8-pole rotor system.

Ws The normalized linear natural frequency of the 8-pole rotor system.

Q)] The normalized spinning speed of the 8-pole rotor system.

o Detuning parameter, where o = Q — w;

E The normalized eccentricity of the rotating disc.

61,02 Normalized proportional and velocity gains, respectively.

1js j=1,2,...,8. Normalized cubic nonlinearities coefficients.

A Normalized impact stiffness coefficient between the rotor and stator.

nr The normalized dynamic friction coefficient between the rotor and stator.

H(r—1) Heaviside function.

ay, ap Normalized oscillation amplitudes in X and Y directions, respectively.

Y1, 72 Normalized phase angles in X and Y directions, respectively.

Appendix A

s = (4+8cos(B))da,

w? = 461 + 8cos(B)d; — 8cos*(B) — 4,

11 = 24 cos’(B)d; — 8 cos?(B)o? — 16 cos*(B) — 467 + 1261 — 8
112 = 72 cos®(B)é; — 48 cos*(B) — 24 cos?(B)é?,

173 = 24 cos®(B)dy — 16 cos?(B)d16; + 126, — 8516, ,

M4

—462 — 8cos?(B)d3,

115 = 48 cos(B)dy — 32 cos?(B)d162,

e

—8cos?(B)d3,

117 = —16.cos?(B)d3,
178 = 24 cos®(B)dy — 16 cos?(B)d162
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Appendix B

+ 1183, c0s(27710 — 2720),

% = 12a10a20 Sin (2710 — 2720) — 375310820 €08(2710 — 2720) — S16WsA10a20 SIN(2710 — 27720)
+ 1 117ws10820 SIN(2710 — 2720) — 318810820 + § 718810420 €OS(2710 — 27720),

aa’% = 181083 cos (2710 — 2720) + 17581083 SN (2710 — 2720) — 176wWsA1085) €OS(2710 — 2720)

+ 4 117wsa1003) cos(2710 — 2720) — §77831083) Sin (2710 — 2720) — 7 EQ? cos(7110),

aa,% = — L1003, cos(2710 — 2720) — +75810830 SIN(2710 — 27720) + §776wsA1083, cOS(2710 — 2720)

a;%’hwsllloazo COS(2710 —270) + %Wsﬂ%oa%osm(z’ho —2720), : ‘

Ja = ~ 1 1202010 SIN(2710 — 2720) — 575820410 €08(2710 — 2720) + F76WsA20a10 SIN(2710 — 2720)

a—%iﬁwsﬂzoﬂw Sin(z“ho'— 2720) — 311820010 + 31820410 08(2710 — 2720), .

St = =3 — g 203 sin(2710 — 2720) — 3173039 — §71503 08(2710 — 2720) + §76wsaT) SN (2710 — 2720)
— §117wsady sin(2710 — 2720) — 17783 + §7188% 0s(2710 — 2720),

88% = — o5 1282083) €08(2710 — 2720) + 11502003 SIN(2710 — 2720) + F76Ws20a3) c08(2710 — 2720)

— bipwsazoady cos(2710 — 2720) — §178a200%) sin(2710 — 2720),
I = T 1120203 €08(2710 — 27720) — 715820030 SIN(2710 — 2720) — §16Wsti2083) €08(2710 — 2720)
+ 317wsa200% cos(2710 — 2720) + 317882083 sin (2710 — 27720) + 2%,51502 sin(y20),
o= 2omag + +nawsan + 2w}a§o EQ? cos(710),
oF;

S = 351220 €08(2710 — 2720) + 75712820 + §15820 S (2710 — 2720) — §76wWsA20 €08(2710 — 2720)
+3116wsazg + 117ws20 c0s(2710 — 2720) — 27820 SIN(2710 — 2720),
aa,% = — 5712850 $In (2710 — 2720) + §77583) €05(2710 — 27720) + §76@sa3) Sin(2710 — 2720)
— $117wsa3 sin (2710 — 27720) — §77843 08(2710 — 2720) + WlawEQZ sin(y10),
o = shoiady sin(2710 — 2720) — 17583 c0s(2710 — 2720) — 776ws3g sin(2710 — 2720)
a;%ﬂwisﬂ%o sin(2y19 — 2720) + %’78“1%() COS(zhg - 2720.), :
Jan = 3012010 €08(2710 — 2720) + 2512810 — 375810 SIN(2710 — 2720) — 76wWsa10 08(2710 — 2720)

+316wsatg + §117wsa10 €0S(2710 — 2720) + %7810 SIN(2710 — 2720),

aaa% = o T1820 + +17aWsti0 — ijﬂgo EQ?sin(720),
aay% =- 4%,5.’72%%0 sin(210 — 2720) — 211505 €08(2710 — 2720) + 3 76wWsa2, sin(2710 — 27720)
— F7wsaZy sin(2y19 — 2720) + $77883) c0s(2710 — 2720),

aa’% = qo 12830 sin(2710 — 2720) + 111563 sin(2710 — 2720) — §76Wsa3, $in(2710 — 2720)

+ Jir7wsady sin(2710 — 2720) — $178a%) €08(2710 — 2720) + ﬁmEQZ cos(720)-
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