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Abstract: Within this work, the radial Proportional Derivative (PD-) controller along with the eight-
poles electro-magnetic actuator are introduced as a novel control strategy to suppress the lateral
oscillations of a non-linear Jeffcott-rotor system. The proposed control strategy has been designed
such that each pole of the magnetic actuator generates an attractive magnetic force proportional
to the radial displacement and radial velocity of the rotating shaft in the direction of that pole.
According to the proposed control mechanism, the mathematical model that governs the non-linear
interactions between the Jeffcott system and the magnetic actuator has been established. Then, an
analytical solution for the obtained non-linear dynamic model has been derived using perturbation
analysis. Based on the extracted analytical solution, the motion bifurcation of the Jeffcott system has
been investigated before and after control via plotting the different response curves. The obtained
results illustrate that the uncontrolled Jeffcott-rotor behaves like a hard-spring duffing oscillator and
responds with bi-stable periodic oscillation when the rotor angular speed is higher than the system’s
natural frequency. It is alsomfound that the system, before control, can exhibit stable symmetric
motion with high vibration amplitudes in both the horizontal and vertical directions, regardless of
the eccentricity magnitude. In addition, the acquired results demonstrate that the introduced control
technique can eliminate catastrophic bifurcation behaviors and undesired vibration of the system
when the control parameters are designed properly. However, it is reported that the improper design
of the controller gains may destabilize the Jeffcott system and force it to perform either chaotic or
quasi-periodic motions depending on the magnitudes of both the shaft eccentricity and the control
parameters. Finally, to validate the accuracy of the obtained results, numerical simulations for all
response curves have been introduced which have been in excellent agreement with the analytical
investigations.

Keywords: Jeffcott-rotor; radial controller; electro-magnetic actuator; non-linear vibrations; quasi-periodic
motion; chaotic motions; Poincare—map; frequency spectrum

1. Introduction

Non-linear vibration is a common phenomenon in different types of rotating ma-
chinery which arises due to various reasons such as the rotating shafts” imbalance, the
misalignment between two coupled shafts, the crack propagation along the rotating shaft,
the looseness of the bearings, the asymmetry of the rotating shafts, and the wear between
the bearing balls, etc. Accordingly, many scientific research papers have been published

Appl. Sci. 2022, 12, 6688. https:/ /doi.org/10.3390/app12136688

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12136688
https://doi.org/10.3390/app12136688
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-3275-2392
https://orcid.org/0000-0002-9109-1520
https://orcid.org/0000-0003-0387-921X
https://orcid.org/0000-0003-3976-9100
https://doi.org/10.3390/app12136688
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12136688?type=check_update&version=3

Appl. Sci. 2022, 12, 6688

2 of 31

annually to explore the main causes of these non-linear vibrations as well as to find top-
timal ways to suppress or control these undesired oscillations. Yamamoto et al. [1-3]
investigated the influence of the bearing’s clearance on the non-linear oscillations of the
rotating machinery at both the primary and subharmonic resonance conditions, and the
authors reported that the rotor system may exhibit an unstable periodic response at the
primary resonance condition. Chéavez et al. [4] studied theoretically and experimentally
the non-linear dynamics of an asymmetric Jeffcott rotor system with radial clearance when
subjected to rub-impact force with a snubber ring. They concluded that the occurrence of
impact force between the rotor and the snubber ring is one of the undesired phenomena
that may encounter industrial applications of the rotating machines. On the other hand, the
dynamica characteristics of the Jeffcott system with non-linear stiffness coefficients have
been investigated extensively [5-13]. Yamamoto and Ishida [5] investigated the bifurcation
characteristics of a Jeffcott rotor system at 1/3-order subharmonic resonance conditions.
Ishida et al. [6,7] explored the oscillatory motion of the same model that has been stud-
ied in [5], but in the 1/2-order subharmonic resonance case. Adiletta et al. [8] and Kim
and Noah [9] demonstrated numerically and experimentally that the rotor system with
non-linear restoring force can exhibit either quasi-periodic or chaotic oscillations besides pe-
riodic motion. Ishida and Inoue [10] explored the bifurcation characteristics of a non-linear
Jeffcott system in the vicinity of critical speed, and when the angular speed is twice and
three times the critical speed at 1:1 internal resonance. The authors reported that the system
may exhibit a more complex response curve than that of the single resonance condition.
Cveticanin [11] studied the free vibrations of a Jeffcott system having non-linear spring
properties. Yabuno et al. [12] and Saeed et al. [13] investigated the nonlinear oscillations of
a horizontally suspended Jeffcott system having non-linear spring characteristics. They
demonstrated that the rotor system can perform either forward or backward whirling
oscillation depending on the shaft angular speed. In addition, the rotating shafts asymme-
try [14], the crack’s propagation [15,16], and the small shaft imbalance [17-25] may cause
large lateral vibration amplitudes, which ultimately results in rub and/or impact forces
between rotor and stator.

Lateral vibration of the rotating shafts is an unwanted phenomenon that affects the ef-
ficiency and performance of the rotating machines. Therefore, many control methodologies
have been introduced to eliminate or at least mitigate this undesired phenomenon [26-38].
Ishida and Inoue [26] introduced a linear dynamic absorber utilizing four electro-magnetic
poles to control the lateral vibrations of a non-linear Jeffcott system. Saeed et al. [27,28]
applied a proportional-derivative controller via a four-pole electro-magnetic actuator to
reduce the lateral oscillation of two different types of rotating shafts. Ji [29] and Xiu-yan
and Wei-hua [30] used a four-pole electro-magnetic actuator with PD-controller to suppress
the non-linear vibrations of the Jeffcott system. They illustrated that the existence of time
delays in the control loop may destabilize the stable motions of the rotor system. Detailed
investigations of the non-linear dynamics of the active bearing system with different config-
urations can be found in [31-35]. However, Heindel et al. [36-38] introduced a novel active
control strategy to resolve the drawbacks of the available control techniques, either passive
methods like balancing or active techniques such as the active magnetic bearing’s actuator.
They introduced a new adaptive controller that uses the bearing forces as inputs to control
the active actuator displacements. Based on the introduced extensive investigations, the
authors concluded theoretically and experimentally that the proposed control technique
can eliminate the bearing forces and the rotor resonance. In addition, they proved that
the controller is always stable. It is worth mentioning that the applied control algorithm
in [36-38] is one of the newest techniques in the field of rotor vibration control, which may
get special attention from us in the near future.

Within this article, the radial PD-control algorithm along with the eight-pole active
magnetic bearings actuator has been introduced as a novel control strategy to suppress the
resonant vibrations of the Jeffcott rotor system. The introduced PD-control algorithm is
designed such that the instantaneous horizontal and vertical vibrations of the rotor system
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(ie., x(7) and y(7)) be measured using appropriate position sensors. The measured signals
(i.e., x(7) and y(7)) are fed into a digital controller, which manipulates them to obtain
the corresponding cartesian velocities (i.e., calculates x(7) and y(7)). Then, the radial
position and radial velocities of the rotor system in the direction of each pole are calculated
according to the geometry of the eight-pole actuator using a predefined mathematical law
implemented on the digital controller. Based on the calculated radial positions and radial
velocities, the proposed control algorithm generates the control signals in the form of eight
control currents that are applied to the eight-poles of the magnetic actuator. Finally, the
magnetic actuator applies a controllable attractive force on the rotating shaft to eliminate
the rotor’s unwanted lateral vibrations x(7) and y(7). According to the proposed control
strategy, the nonlinear equations of motion that govern the dynamic interactions between
the Jeffcott system and the eight-pole actuator have been derived and then analyzed
utilizing asymptotic analysis. The effects of the different control parameters on both the
system dynamics and bifurcation behaviors have been explored. Based on the introduced
investigations, it is demonstrated that the optimal design of the control gains can eliminate
the non-linear bifurcation behaviors and force the Jeffcott-system to behave like linear
dynamical systems regardless of the eccentricity magnitude. However, it is found that the
controlled Jeffcott system may lose its stability and perform a chaotic or quasi-periodic
motion if the control parameters have not been designed properly.

Compared with the previously published works concerning rotor vibration control us-
ing magnetic bearing actuators, the non-linear vibration control of the Jeffcott rotor system
has been tackled extensively before utilizing the four-pole magnetic actuator with different
control algorithms [24-30]. Saeed et al. [24,25] applied the cartesian PD-controller along
with the four-pole magnetic actuator to eliminate the non-linear vibrations of the different
rotor models. The authors have included the rub-impact force between the rotor and the
pole-housing in the studied models. Based on the introduced analysis, they approved the
efficiency of the introduced control technique in mitigating the system’s resonant vibrations.
In addition, they showed that the system may lose its periodic vibrations to respond with
quasi-periodic or chaotic motion only when the rub and/or impact occurs between the rotor
and the pole housing. Ishida and Inoue [26] utilized an active absorber consisting of four
electromagnetic poles to reduce the undesired resonant vibrations of a vertically supported
Jeffcott rotor system. They introduced a control strategy relying on the push-pull control
mechanism. Based on the acquired results, they concluded theoretically and experimentally
that the introduced active vibration absorber can reduce the system’s unwanted vibrations
when its parameters are designed according to the non-linear model of the Jeffcott system.
Saeed et al. [27,28] introduced the PD-controller with four-pole magnetic actuator to sup-
press the non-linear oscillations of both the horizontally supported Jeffcott rotor [27], and
the asymmetric Jeffcott system [28]. In addition, Ji [29], Xiu-yan, and Wei-hua [30] studied
the effect of the loop delays on dynamical behaviors of the four-pole actuator integrated
with the PD-controller to suppress the non-linear vibrations of the Jeffcott system. They
illustrated that the existence of time delays in the control loop may destabilize the stable
motion of the rotor system. Relying on Refs [24-30], one can report that the eight-poles
magnetic actuator, as well as the radial PD-control algorithm, have not been applied before
to suppress the resonant vibrations of the non-linear Jeffcott system. So,the main purpose of
the current article is to investigate the performance of radial PD-control strategy along with
the eight-pole magnetic actuator as a novel control methodology to suppress the resonant
vibrations of the non-linear rotating machines. In addition, this work is intended to explore
the dynamic interactions between the non-linear Jeffcott system, the eight-pole actuator,
and the radial PD-controller for the first time.
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2. Equations of Motion

The non-linear differential equations that govern the lateral vibrations of the consid-
ered Jeffcott system shown in Figure 1, can be written as follows [26,39]:

2

mx(t) + cx(t) + Frx = mew* cos(wT) 1)

2

my(t) + cy(7) + Fry = mew* sin(wT) (2)

where m represents the rotor mass in kg, ¢ denotes the linear damping in N.s/m, Frx
and Fry are the shaft non-linear restoring forces in N, e is the eccentricity of the rotor in
m, w is the shaft angular speed in s~!, and T denotes the time in s (see Figure 1). It is
considered that the shaft restoring force Fp is a cubic non-linear function of the shaft radial
displacement R = OG away from the geometric center O as shown in Figure 1. Accordingly,
the restoring force Fr can be expressed as follows [12,13,26]:

Fr =kR+k,R3,  R=/x(1)+y(1) 3)

where k; is the linear stiffness coefficient in N /m, and k,, denotes the non-linear stiffness
coefficient in N/m?>. According to Equation (3), the components of Fr in both X and Y
directions (i.e., Frx and Fgry) can be expressed as follows:

Frx = [k,R + knRﬂ cos(8) = [k, + knR2] Rcos(8) = kjx(t) + kn [x?’(r) + x(‘r)yz(r)] @)

Fry = [k,R + knRﬂ sin(f) = [k, + knRZ} Rsin(6) = ky(t) + kn [yg(r) + xz(r)y(r)} ®)

Massless
Elastic Shaft

Bearing G(‘x('l'), y(r))
Figure 1. Uncontrolled Jeffcott rotor system.
Substituting Equations (4) and (5) into Equations (1) and (2), we have

mx(T) + cx(T) + kjx(7) + ky (x3(T) + X(T)yZ(T)) = mew? cos(wT) (6)

my(t) + cy(7) + kiy(T) + ky (y3(r) + xz(r)y(T)) = mew? sin(wT) (7)



Appl. Sci. 2022, 12, 6688 50f 31

To mitigate the instantaneous displacements x(7) and y(7) of the considered rotor
system, it is suggested to apply the control forces Fcx and Fcy on the rotor system in X
and Y directions, respectively, via an eight-pole magnetic bearings actuator as shown in
Figure 2. Accordingly, Equations (6) and (7) should be modified to:

mx + cx + kix + ky (x> + xy?) = mew? cos(wt) + Fcx 8)

2

myj + cy + kiy + kn (y° + x%y) = mew? sin(wTt) + Fey ©)

~
w

L | Y

Fg -7
6y

(a) (b)

Figure 2. (a) Jeffcott-rotor system and magnetic bearings actuator at the nominal position. (b) Jeffcott-
rotor system and magnetic bearings actuator at small displacements x(7) and y(7) away from the
nominal position.

Based on the geometry of the 8-pole system shown in Figure 2b, one can express the
net control forces Fcx and Fcy, such that:

FCX:Fl—F5+(F2—|—F8—F4—F6)COS(,B) (10)

Foy=FK—-F+ (Fz + Fy — Fg — Fg) COS(ﬁ) (11)

According to the electro-magnetic theory, the attractive force F; (j = 1,2,...,8) can be
expressed as follows [40]:

j=12---8 (12)

where p is the air magnetic permeability, N is the winding number of the jth electrical
coil, Acos(d) is the actual cross-sectional area of each pole, I; is the jth pole electrical
current, and h; is the air-gap size between the rotor and the jth pole as shown in Figure 2.
Accordingly, for the small displacements x(7) and y(7) of the considered Jeffcott rotor
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system away from its geometric center G, one can express the instantaneous air-gap size
hj as a function of so, x(7), and y(7) as follows:

hi(x,y) =so—x,  ha(x,y) =so— x cos(B) — ycos(B),
ha(x,y) =s0—v,  ha(x,y) = so-+x cos(B) — y cos(B), i~
hs(x,y) =so+x,  he(x,y) = s+ x cos(B) + ycos(B),
hy(x,y) =so+vy,  hg(x,y) =sp— x cos(B) +y cos(p).

where = 45 is the angle between every two adjacent poles. The electrical current in each
pole I; is proposed such that:

Ii=Ih+i, i=12,...,8 (14)

where I is a constant current known as a pre-magnetizing current that is designed to be the
same in every magnetic pole and i; is the control current in the jth pole that is responsible
for generating a magnetic control force in order to mitigate the non-linear oscillations of
the considered Jeffcott-rotor system. Within this article, the control current i; is designed
based on the push-pull control strategy to be proportional to both the radial displacement
and radial velocity of the rotating shaft (i.e., radial proportional-derivative controller).
According to the horizontal and vertical instantaneous oscillations x(7) and y(7), one can
express the control current in each electro-magnetic pole as follows:

il(x,jc) = —15(x x) (k1x+k25C),

ib(x,%,y,y) = —is(x, X, y,y) = — (kix +kox + k1y + ko) cos(a) (15)
i3(y,y) = —iz(y,y) = — (k1y + k2y)

is(x,%,y,y) = —ig(x,%,y,y) = (kix +kox — kyy — koyy) cos(a)

where ki and k; are two constants denoting the proportional and derivative control gains,
respectively. Figure 3 shows in detail a schematic diagram of the proposed control strategy,
where two position sensors are used to measure the instantaneous lateral vibrations x(7)
and y(7) of the Jeffcott-rotor system. The measured signals (i.e., x(7) and y(7)) are then
fed into a digital controller to be manipulated (i.e., differentiate x(7) and y(7)) to get
x(7) and y(7)). Then, the manipulated signals (x(7), y(7), x(7), and y(7)) are utilized
to compute the control currents i i (j=1,2,...,8) according to a pre-defined control law
(i.e., Equation (15)). Finally, the derived control currents i; (j = 1,2,.. ., 8) are fed back into
a magnetic bearings actuator that is integrated with a power amplifier network to apply
the full current I; = Ip +i; (j = 1,2,...,8) on the eight magnetic poles. Now, to derive the
full mathematical model of the controlled Jeffcott-rotor system, let us substitute Equations
(12) to (15) into Equations (10) and (11), so we have

Fex = }—lyonzA cos(0) scos;(ﬁ)lgx — Scos(sﬁ)loklx — MJC + %éx — AHSO—ZIQJ'C
0 5 0 0
2

78cos(s,i)10k2xjL + 810 3 + 16c050(/3) 3 + 8 cos? (,B)k] 3

_ 24cos’ (/5)10k1 3 12[0k1 3 + 24 cos (ﬁ)k§ xy2 72cos3([3)10k1 y2

48cos4s?[3)12 24c(2)s (B)Ipk 0 16 cos?(B)k1k ?0 . (16)
+ ~ oxyZ_ 5/3) k2,24 4 Sgﬁ) 1k 25 12512k2x2x
+8k1k2 02x _|_ 2 xx + 82055 (B)k3 ijZ + 32 Cogzgﬁ)klkz xyy — ‘fs Coszgﬁ)fokz xyy

S 0 0 0

16 cos? (ﬁ)k1k2 2 24cos’ (ﬁ)[gkz 2

+8cos O(ﬁ)k2 y2 + 16COSO(.B) Zx]/]/+ 50 P 50 Xy
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Fey = %}lonzA cos(0) 8cos520(/8)15y - SCOS(Sg)IOkly - %y + % - 41;]%k2y
_8cos(;§)10k2]./Jr 1y3+ 810y3+ 16cossg(ﬁ)15y3+ 8cosszg(ﬁ)k§y3
,2460535 éﬁ)lokl - 12512k1 Py 246028(5)7% yx? — 72c0s3sgﬁ)10k1 Y2 -
+48cos;(‘5)l§yx 24 cos® (() )Iokzyzy i 16 cos? ( )klkzyz - 1210k2 yzy
8k1k2y2y " 4k2yy2 n 8 cos? (/s) W n 32cos5%ﬁ)k1k2yxx B 48cosséﬁ)10kzyxx
+8cos§8(ﬁ)k%yx2+ 16cosso(ﬁ)k2yxx+ 16cos2s(8/3)k1k2]-/ 2 24cos3(()[3)10k2yx

Inserting Equations (16) and (17) into Equations (8) and (9), we can obtain the whole
dynamical model that governs the non-linear interaction between the rotor and the eight-
pole actuator as follows:

2 2
Mk ek kx4 k(4 x1) = mea? cos(wr) + dpugn? A cos(6) |2
0
SCOS(SMX 410k1x + 4510 X — 41301‘29% SCOS(SMX
0

452
+ ] 3+ 0 3+
5 0
_ 24cos’ (,B)I()kl 3 1210k1 ¥+ 24 cos’ (ﬁ)
s3 st
n cos3(/3)lgk1
s3

16cos ([3)12 34 8cos (ﬁ)k
k%xy

0
2
x]/ + 48COS (ﬁ)[o xyz _ 24C055iﬁ)10k2 2 .
0 0

16COS (ﬁ)k]kz 2 12[0k2 2x+ 8k1k2 2x+ 4 zxx

s 0 S
+8cos3( ) x + 32cossi)‘5)k1k2 }/]/ - 48 cos® éﬂ)lokz ]/]/
8cos?(B
3
50

(18)
2

+

0 s
VK3 y2+ 16 cos? (,B)k2 yy+ 16coszs%ﬁ)k1k2xy2

_ 24cos gﬁ)10k2 xyz
50

+

2 2
mij + ¢y +kiy +ka(y? +yx*) = mew?sin(wt) + jpon*A cos(6) %y

_ 8 COS(‘B)Iokl 410k1 410 4[0](2 8 COS(‘B)Iokz .

2 y+ Ry -2 Y
2 2 2
4’;1 o+ 8180 v+ 16COS58(13) v+ SCOSS(ﬁ)’ﬁ P

%
24cos3(,5)10k1 3 12Ipky, 3 |, 24cos?(BKE o
B sg - sg : Yy + s3 : yx

_ 72cos? (/S)Iok 5, 48cos*(B)IZ o 24c053(,5)10k2 2

vy (19)
M]ﬂy 121°k2y2y+ 8k1k2y2y+ 4"32yy2

0 y]-/ + 32 cos? zﬁ)klkz yxx 48COSSE;‘B)IOk2
8 cos? (5)k2 2 16cosz(5)k2 16 cos? (/S)klkz )
S

+

8 cos (/g)k2

+

yxx

+

2yx” + 2yxx + yx

0 0 0

24 cos (/5) Ioky - ix ]
5t

To simplify the obtained mathematical model given by Equations (18) and (19), let

X

us introduce the following dimensionless variables and parameters u = AT
Sow, k
t = wyt, 6 = kl, 0y = 2 "k,“l/l \/%, A = m(Z%’ E = %, Q = wﬂ, and

wy = \/7 1/ on ACOS , into Equations (18) and (19), we have
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il + it + w4 Aud + AoPu = EQ? cos(Qt) + Bt + Batt + Bau® + B4uv? + Bsuii + Pouis’

) 2 o 5 (20)
+B7uvo + Bguv” + Bouvov + Brouv

¥+ 40 + 0+ Av® + Auto = EQ? sin(QF) + B10 + B0 + B30° + Pyou? + B5v%0 + Bevi”

sin(Q) + pro + pa0 + fov” e1)
+B7ouu 4 Bgou” + Bovuu + Brovu

Equations (20) and (21) are the generalized dimensionless equations of motion of the
considered control system, where the coefficients 81, B2, ..., B1o are given in Appendix A.

Based on the introduced dimensionless parameters given below Equation (19), it
should be noted that §; = S—gkl and &, = S"Iﬂkz denote the normalized proportional and
derivative gains of the proposed radial PD-controller, where §; (j = 1,2,...,10) depends
only on 47 and d5.

Jeffcott-Rotor System

m¥ + cx + kyx + Iy (X + xy*) = mew? cos(wt) + Fc, Sensor {(x(1)}

Fey| my + ¢y + kiy + kn(y°® + yx?) = mew? sin(wt) + F¢, |Sensor {y(x)}

Magnetic Bearings Actuator

(F1 P2 F3,Fy Fs Fo, Fy, Fs)

i) A

i) = —(kyx + krx)

i; = —(kyx + ka% + kyy + k;¥)cos(a)
iy = —(kyy + k¥)

iy = (kyx + kox — kyy — kay)cos(a)
is = (kyx + koX)

ig = (kyx + ko + kyy + kay)cos(a)
iy = (kyy + kay)

ig = —(kyx + kax — kyy — ky¥)cos(a)

Bias Current Unit (1)

Figure 3. Schematic diagram to show the interconnection between the Jeffcott-rotor system, magnetic
bearings actuator, and control algorithm.

3. Analytical Investigations

To investigate the control performance of the applied radial PD-controller in suppress-
ing the non-linear vibrations of the considered Jeffcott system, an analytical approximate
solution for the system equations of motion (20) and (21) is suggested as follows [41,42]:

u(t,e) = ug(To, Tr) + eur (To, Tr) + O(e?) (22)

o(t,€) = vo(To, Tr) + €01 (To, T1) + O(?) (23)
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(D(Z) + 1)142

(D% + 1)?)2

(Dg + 1)142

where Ty = t, T1 = €t, and ¢ is a small perturbation parameter used as book- keeping

only [42]. According to the chain rule of differentiation, the derivatives 4 7 and dz can be
written in terms of Ty and T such that:

d? %)

d
= Dy +¢Dy, i Dj+2eDyDy, Dj==—, j=0,1 (24)

dt
In addition, to apply the multiple-time scales perturbation procedure, the system
parameters should be re-scaled such that:

p=cji, E=¢E, Bj=¢pj, j=1,2,...,10. (25)

By inserting Equations (22) to (25) into Equations (20) and (21), and then comparing
the coefficients of the same power of ¢, we have

O(e) :
(D3 +1)u; =0 (26)

(D3 +1)v; =0 (27)
O(el) :

= —2DgDqu; — ﬁDoul Xul = Z\v%ul + Elul + B~2D0u1 + 331/!% + 341/!11)%
+Bsu3 (Dou1) + Betir (Doul) + Brugv1 (Do) + Bsur (Dovr ) (28)
+,39(D0u1)7)1(D0?)1) + ﬁlQ(Doul)vl + EQ? COS(Qt)

= —2D0D101 — ﬁDQUl — XUE{' — /N\M%Ul + 3101 + EzDovl + 330? + 547111/1%
+B50% (Dov1) + Bev1 (Dovr)” + Brogus (Dour) + Psor (Do ) (29)
+Bo(Dov1)u1(Dour) + B1o(Dov1)u + EQ? sin(Of)

The solutions to Equations (26) and (27) can be obtained as follows:

ui(To, Ty) = Aq(Ty)e'To + Ay (Ty)e o (30)

01(To, Ty) = Ap(Ty)e' o + Ay(Ty)e ' To (31)

where A;(T1) (j = 1,2) are unknown functions up to this stage of analysis, and will
be determined in the next solution steps, and A;(T;) (j =1,2) are the complex con-

jugate functions of A;(Ty), and i = \/—1. Substituting Equations (30) and (31) into
Equations (28) and (29), we get

= [-2iD1 Ay — ift Ay — BAAYA; — 20 A1 Ay A — AA1 AL + Br A + iBaAr +3B3ATA,
+2,B4A1A2A2 + BsA1AS + zﬁ5A2A1 +3B6AZA| +ipr A A3 + 2,88A1A2A2 - ,88A1A
—|—[$9A1A +2iB10A1Ar Ay — zBlOAlAZ] iTo 4 [~ AA3 AA1A2 + [33A + [34A1A

(32)

+iBsAS — BeAS +iB7 A1 A3 — Bs A1 A3 — Bo A1 A +z/310A1A2] 3iTo 4 1EQZ 0T 4 cc

(D3 + 1),

= [-2iDy Ay — iftAy — 3XA%~ZZ - 727\1424121: XZaAiJr B1As + iBr Ay + 333:4@22
+2B4A2A1A1 + ﬁ4A2A + iﬁ5A2A2 + 3,56A2A2j‘ iﬁ7A3A% + 2,38~A2A1Al - ﬁgAzA%
+BoAy A2 +21ﬁ10A2A1A1 z,BloAzAz} o [-AA3 — AAR A% + ﬁ3A3 + BaAr A2

(33)

+iBs A3 — BeA3 +iBr Ay A3 — BgAr A2 — BoAr A2 +zﬁ10A2A2} 3Ty — LiIEQ?e o + cc
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where cc denotes the complex conjugate terms. To derive a bounded solution of
Equations (31) and (32) at the primary resonance condition (i.e., when () = 1), the small
divisors and the secular terms must vanish. Accordingly, to find the solvability condition
of Equations (31) and (32), let the parameter o represents the closeness of Jeffcott-rotor
angular speed () to its normalized natural frequency w = 1 such that:

QO=140c=1+¢c (34)

Inserting Equation (34) into Equations (32) and (33), we can obtain the following
solvability conditions of Equations (32) and (33):

—2iD1 Ay —iftA; — 37LA2A1 2/\A1A2A2 - /\A1A2 + B1A; + 1[32A1 + 3/53A2A1 + 2[34A1A2A2
+/34A1A2 + 1,55A2A1 + 3ﬁ6A A] + 1,37A1A2 + ZﬁgAlAzAz — ﬁgAlAz + ﬁgAlAz + 21[310A1A2A2 (35)
—1,310A1A2 + 5 E(l + 0') eeTo = 0

—2iD1 Ay — it Ay — BAAZA, — 20 A A1 Ay — AAQ AT + B1 Ay +iBa Ay + 3ﬁ3A2A2 +2B4 Ay AT A
+‘B4A2A + lﬁ5A2A2 + 3[3614 A2 + Z‘B7A2A + ZﬁgAzAlAl ﬁgAzA + ﬁgAzA + Zl,BloAZAlAl (36)
—iB19Ar A3 — JiE(1+ 0)%eTo = 0

To obtain the autonomous dynamical system that governs the oscillation amplitudes
and the corresponding phase angles of Equations (20) and (21), let us express the unknown
functions A1(T1) and A, (Th) as follows [41,42]:

Ai(Th) = a1 (Ty)e®(T), Ay(Ty) =
Ay (Ty) = 3az(Ty)e®(T), Ay(Ty)

=Nl

ay (Ty)e~ (1)
an(Ty)e= () 7

Inserting Equation (37) into Equations (35) and (36), restoring the system parameters

to their original form (i.e., i = £, E = £,8; = i =+, (j=1,2,...,10)), one can obtain the
following autonomous dynamical system [42]:

ar = fi(ay, az, @1, 92) = —3pa1 + 3Poar + P43 + §P10a143
+%( 7 — [Slo)ala% cos(2¢1 —2¢) + %(—A + B4 — Bs+ ﬁg)ala% sin(2¢1 — 2¢») (38)
+1E(1 +0)*sin(¢1)

iy = foa, a1, 92) = —3par + 3Paas + §Psa3 + 1 Proa2a?
+%( 7 — /3102)112”% cos(2¢y —2¢1) + %(—A + Ba— Bs + ‘Bg)ﬂzﬂ% sin(2¢y — 2¢1) (39)

%E(l +0)” cos(¢2)

¢1 = fa(m, a2, 01, ¢92) =0 — /\611 Ml% + %,31 + %,3301% + }—1/3451% + %‘3651% + %ﬁgaé
+5(=A+ By n Bs + B9)a3 COS(Z(Pl —2¢2) + §(—P7 + Pr0)a3 sin(291 — 2¢) (40)
—i—ﬁE(l +0)” cos(¢1)

¢y = falar, a2, @1, 92) = 0 — Aay — gAaf + 3B1 + §B3a3 + 3Paa] + 3Peas + 1Psat

+%( A+ Bs— Bs+ ﬁg)ﬂ% cos(2¢y —2¢1) + %(—ﬁ7 + ,Bw)a% sin(2¢; — 2¢1) (41)
+21 E(1 —l—(T) sin(¢y)
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where ¢; = ot — 01, ¢ = ot — 0. Substituting Equations (30), (31), (34), and (37) into
Equations (22) and (23), we have:

u(t) = ay(t) cos(Qt — @1 (1)) (42)

v(t) = ax(f)cos(Qt — @a(t)) (43)

Equations (42) and (43) represent the periodic solution of Equations (20) and (21), where a1 (t)
and a;(t) are the instantaneous oscillation amplitudes of the controlled rotor in X and Y direc-
tions, respectively, while ¢ (t) and ¢, (#) denote the phase angles. In addition, a1 (¢), ax(t), ¢1(t),
and ¢, (t) are governed by the autonomous dynamical system given by Equations (38) to (41).
So, setting a1 (t) = ax(t) = @1(t) = ¢,(t) = 0 into Equations (38) to (41), one can obtain a
system of non-linear algebraic equations that governs the steady-state vibration amplitudes
and phase angles as follows:

filay,az, 1, 92) =  —3par + 3Poar + §Psa3 + 1Proma3 + §(B7 — P1o)ara3 cos(2¢1 — 2¢2) (44)
+1(~A+ By — Bs + Bo)aral sin(2¢; — 2(,)2) +3E(1+0)?sin(g1) = 0
fa(ar, a1, 92) =  —3paz + 3Poar + §Psa3 + ;Proa2al + §(B7 — ﬁlo)ﬂzﬂ%COS(2¢z“'2¢1) (45)
%( —A+Bs—Bs+ ,Bg)agal sin(2¢, — 2(p1) E(l + 0)2 cos(¢p) =0
fala,a2, 91, 92) = 0 —Aaf — jAa3 + 3P + §Psai + 1aa3 + §Peat + §Psa)
+5(—A+ Ba — Bs + Po)a3 cos(291 — 292) + §(—P7 + P10)a3 sin(2g1 — 2¢) (46)
+2171E(1 +0)%cos(gr) =0
falay, a0, 01, 92) = 0 — /\a% — %Aa% + %,81 + %,33{1% + }Iﬁw% + %,3611% + %,Bga%

+5(=A+ By — Bs + Po)as cos(2¢r — 2¢1) + §(—P7 + Br0)a? sin(2¢; — 2¢1) (47)
+o-E(1 4 0)?sin(gy) = 0

Solving Equations (44) to (47) in terms of the system and control parameters
(ie, o, E, u,A, 91, 62), we can explore the influence of these parameters on the steady-
state vibration amplitudes 41 and a; of the controlled Jeffcott system as illustrated in Section 4.
Moreover, to investigate the stability of the solution given by Equations (42) and (43), one can
check the eigenvalues of the non-linear system (38) to (41) using the Lyapunov first method.
Accordingly, let (a19, 420, ¢10, ¢20) be the fixed-point solution of Equations (38) to (41) (i.e., the
solution of Equations (44) to (47)) and (a11, 421, 911, ¢21) be a small deviation about that
solution. Therefore, we have

aj=ajp+ap, ¢j=@p+en, a4=0a1, ¢ =¢;y j=12 (48)

Inserting Equation (48) into Equations (38) to (41), expanding for a small deviation
a11, a1, 11, and @y, keeping the linear terms only, we have

. dof1 df1 d 0

ay = af an + aflﬂzl + 3(/{111 P11+ aq{; @21 (49)
T2 3 3 3f

a1 = o, 11 + dx1 ar + dom @11+ 3om P21 (50)
. 8f3 9f3 9f3 af3

= a1111u11 * dayy o1 9p11 out 9921 P2 G
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257}

. dfa
P21 = 91, a1+

4 dfs dfy
day 1 T agn " g G2)

According to the Hartman-Grobman theorem, the linear dynamical system (49) to
(52) has the same stability behavior as the non-linear system (38) to (41) as long as the
equilibrium point of both systems is hyperbolic. Therefore, the stability of the non-linear
system (38) to (41) can be checked by investigating the eigenvalues of the linearized system
(49) to (52) (see [43]).

4. Sensitivity Investigations and Numerical Simulations

This section is devoted to exploring the dynamical behavior of the controlled Jeffcott-
rotor system. Solving the non-linear Equations (44) to (47) numerically using the predictor-
corrector newton-Raphson method (See [44]) in terms of the system and control parameters
(4, A, 61, 62) utilizing o or E as a bifurcation parameter, one can obtain the different response
curves as shown in Figures 4 and 5. In addition, the solution stability can be investigated
via obtaining the eigenvalues of the linear system (49) to (52), where the stable solution is
illustrated as a solid line and the unstable solution is shown as a dotted line. Moreover, to
demonstrate the accuracy of the derived periodic solution given by Equations (42) to (47),
the temporal normalized Equations (20) and (21) have been solved numerically using the
ODE45 MATLAB solver, where the numerical results are plotted as a small circle and big
dot against the analytical solutions given by Equations (44) to (47). The parameters’ values
E =003, p =0.015 A =0.05, 6, = 0.83, 6, = 0.002, B =45, ¢ = 0,and Q = 1 + ¢ have
been adopted to obtain the following response curves and bifurcation diagrams [12,13,26].
Before proceeding further, it should be remembered that u = & = 4y cos(Qt — ¢1) and

S
v = % = a cos(Qt — ¢p). Accordingly, a; denotes the vibration amplitude of the rotor in
X direction with respect to the nominal air-gap size sy, while a, represents the vibration
amplitude of the rotor in Y direction with respect to the nominal air-gap size sg. So, if
a1 > 1 and/or a; > 1 this means that a rub and/or impact force between the rotor and the
eight-pole actuator occurs. Therefore, the main target of this article is to control the Jeffcott
rotor vibration amplitudes a1 and a; below unity (i.e., a1 < 1 and 4, < 1) regardless of the

angular speed (Q) = 1 + ¢) and rotor eccentricity E.

Stable periodic solution

lic s ! / 37 Stable periodic solution / i
Unstable periodic solution Unstable periodic solution
Numerical solution (Forward sweep) Numerical solution (Forward sweep)
Numerical solution (backward sweep) 2.5+t Numerical solution (backward sweep) R

(a)

2

(b)

Figure 4. c—response curve of the uncontrolled Jeffcott rotor at various values of the shaft eccentricity

E: (a) oscillation amplitude in X—direction (4;) versus o, and (b) oscillation amplitude in Y—direction
(ap) versus ¢.
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Figure 5. E—response curves of the uncontrolled Jeffcott rotor at various values of ¢: (a) oscillation
amplitude in X—direction (a1) versus the eccentricity (E), and (b) oscillation amplitude in Y—direction
(a2) the eccentricity (E).

4.1. System Dynamics without Control (ﬁj =0,j=12,...,10)

The non-linear dynamics of the considered Jeffcott-rotor have been discussed within
this sub-section before control via solving the non-linear system (44) to (47) when
Bi = 0,(j=1,2,...,10). Figure 4 has been obtained via solving Equations (44) to (47)
when the rotor eccentricity E = 0.01, 0.02, and 0.03 utilizing o as the main bifurcation
parameter at i = 0, (j =1,2,...,10). The figure shows that the vibration amplitudes (a1
and a,) are symmetric and monotonic increasing functions of the shaft eccentricity E. In
addition, the figure depicts that the Jeffcott-rotor responds as a linear system as long as the
eccentricity E < 0.01. However, increasing E beyond 0.01 results in nonlinearity dominance
of the system response where the system exhibits hard spring characteristics, bistable solu-
tions, and a jump phenomenon. In addition, Figure 4 demonstrates that the uncontrolled
system may be subjected to rub and/or impact force between the rotor and the 8-pole
actuator when E > 0.01 because a; > 1 and a, > 1 at some values of the angular speed
Q) =1+ 0. In Figure 5, the eccentricity E has been utilized rather than the detuning param-
eter o as a bifurcation parameter to plot what is known eccentricity-response curve (i.e., E
versus a1 and ap) at ¢ = 0, 0.05. The figure shows that the rotor oscillation amplitudes (a;
and ay) are a monotonic increasing function of E. In addition, the figure demonstrates that
the Jeffcott-rotor may respond with a mono-stable periodic solution regardless of the shaft
eccentricity magnitude (i.e., 0 < E < 0.1) as long as the angular speed is equal to the rotor’s
natural frequency (i.e., Q = 14 0, o = 0). However, the increase of the rotor angular speed
beyond the system’s natural frequency (i.e.,, Q = 1 + ¢, ¢ = 0.05) results in nonlinearity
dominance of the system response, where the bi-stable solution region appears (i.e., when
0.02 < E < 0.05).

4.2. System Dynamics with Control (B; #0,j =1,2,...,10)

According to the above discussions given in Section 4.1, the main objective of this
article is to eliminate the non-linear behaviors of the considered Jeffcott-rotor (i.e., eliminate
the hard-spring characteristic, jump-phenomenon, sensitivity to the initial conditions) via
designing a suitable control system. Within this section, the non-linear interactions between
the studied Jeffcott-rotor and the suggested control system (i.e., PD-controller and the
8-pole electro-magnetic actuator) have been explored. Figure 6 shows the controlled system
oscillation amplitudes (a1, a2) against o at three values of eccentricity (i.e., E = 0.01, 0.02,
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and 0.03) when the control parameters §; = 0.83 and J, = 0.002. Comparing Figure 5
(i.e., ncontrolled rotor) with Figure 6 (i.e., controlled rotor), one can note that the controlled
rotor vibration amplitudes do not exceed the unity (i.e., a7 < 1, ap < 1) regardless of
the rotor angular speed (ie, QO = 1+0,-02 < ¢ < 0.2) and the shaft eccentricity
(i.e.,, 0 < E < 0.03), which means that the impossibility of rub-impact occurrences between
the Jeffcott-rotor and the magnetic actuator. However, the controlled Jeffcott system exhibits
bifurcation characteristics that completely differ from the uncontrolled system. It is clear
from Figure 6 that the controlled Jeffcott system has a bi-stable solution in the vicinity of
o = 0, which is not the case with the uncontrolled Jeffcott system. In addition, the controlled
system may lose its periodic motion at the large eccentricity as shown in Figure 6e,f when
E = 0.03 and —0.01143 < ¢ < 0.007408. Moreover, Figure 6 demonstrates that the hard-
spring behavior of the uncontrolled Jeffcott system that is reported in Figure 4 has been
turned into a soft-spring behavior due to non-linear interaction between the rotor and the
electro-magnetic actuator.

Stable periodic solution
-------- Unstable periodic solution
o Numerical solution (forward sweep)

0.8 [ . 0.8 [
. Numerical solution (backward sweep) o Numerical solution (backward sweep)

0.6 [ R 0.6 1
E=0.01 o E=0.01

0.4 b 0.4 1

0.05

(a)

Stable periodic solution
-------- Unstable periodic solution

o Numerical solution (forward sweep)
0.8 - ® Numerical solution (backward sweep)

(©

Figure 6. Cont.
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(e) (f)

Figure 6. c—response curve of the controlled Jeffcott rotor (i.e., 51 = 0.83, and é, = 0.002) at three
different values of the shaft eccentricity E: (a,b) oscillation amplitudes (a; and a) versus o when
E = 0.01, (c,d) oscillation amplitudes (a; and a;) versus ¢ when E = 0.02, and (e,f) oscillation
amplitudes (21 and a;) versus ¢ when E = 0.03.

The system eccentricity response curve has been obtained as shown in Figure 7a,b
when o = 0, 41 = 0.83, and J, = 0.002 to explore the dynamical behaviors of the controlled
Jeffcott system at the perfect resonance (i.e.,, 3 = 140, ¢ = 0) for a wide range of the
eccentricity E (i.e.,, 0 < E < 0.075). It is clear from Figure 7a,b that the system responds
with a mono-stable solution as long as 0 < E < 0.006, but the rotor system may have
a bi-stable periodic solution if the eccentricity magnitude has been increased such that
0.006 < E < 0.025. In addition, the figures confirm that the controlled Jeffcott system may
lose its periodic oscillation if the shaft eccentricity has been increased beyond 0.025.

To investigate the nature of the unstable periodic solution that is reported in Figure 7a,b
when E > 0.025, the Poincare-map for the controlled Jeffcott system has been constructed
via solving Equations (20) and (21) numerically (using ODE45) utilizing ¢ as a bifurcation
parameter via replacing () = 1 4 ¢ as shown in Figure 7c,d. It is clear from Figure 7c,d
that the controlled Jeffcott system oscillates with a periodic motion as long as E < 0.025.
However, increasing the eccentricity beyond the critical value E = 0.025 destabilizes
the stable periodic motion, where the rotor system responds with bounded aperiodic
oscillations in the eccentricity span 0.025 < E < 0.075.

According to Figure 7, the temporal oscillations of the controlled Jeffcott system
have been illustrated when E = 0.02, 0.05, and 0.075 as shown in Figures 8-10, respec-
tively, via solving the temporal Equations (20) and (21) at the zero initial conditions
(i.e., u(0) = u(0) = v(0) = v(0) = 0). Figure 8 shows the temporal oscillations
(i.e., Figure 8a,b), Poincare-map (i.e., Figure 8c,d), and frequency-spectrum (i.e., Figure 8ef,
of the system when E = 0.02. The figure demonstrates that the Jeffcott system can perform
stable periodic motions when E = 0.02, but these motions are not symmetric in both X and
Y directions that agree with Figure 7 accurately. Figures 9 and 10 are a repetition of Figure 8,
but at E = 0.05 and E = 0.075, respectively. It is clear from Figure 9 that the controlled
system performs asymmetric quasi-periodic motions at E = 0.05, while Figure 10 confirms
that the controlled Jeffcott system exhibits a chaotic response when E = 0.075.
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Figure 7. E—response curve of the controlled Jeffcott rotor (i.e., 5y = 0.83 and d, = 0.002) and the
corresponding bifurcation diagrams at ¢ = 0.0: (a,b) oscillation amplitudes (a1 and ay) versus E when
o =0, and (c,d) Poincaré-map of the instantaneous oscillations u(t) and v(t) versus E when o = 0.
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Figure 8. Periodic time-response, Poincaré-map, and frequency-spectrum of the controlled Jeffcott-
rotor according to Figure 7 (i.e., at 0 = 0, 6; = 0.83, J, = 0.002) when E = 0.02: (a,b) the normalized
temporal oscillations u(t) and v(t) in X and Y direction, (c,d) the corresponding Poincaré-map,

(e,f) the corresponding frequency-spectrum.
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Figure 9. Quasi-periodic time-response, Poincaré-map, and frequency-spectrum of the controlled
Jeffcott-rotor according to Figure 7 (i.e.,, at o = 0, 4 = 0.83, 5, = 0.002) when E = 0.05: (a,b) the
normalized temporal oscillations u(¢) and v(¢) in X and Y direction, (c,d) the corresponding Poincaré-

map, (e, f) the corresponding frequency-spectrum.

Based on the soft-spring characteristic of the controlled Jeffcott-system reported in
Figure 6, the eccentricity response curve has been visualized when ¢ = —0.05 as shown in
Figure 11a,b. The figure illustrates a complex bifurcation behavior where the system may
perform mono-stable, bi-stable, or tri-stable periodic motion depending on the eccentricity
magnitude. In addition, the figure demonstrates that the Jeffcott system may lose its
stability to oscillate with bounded aperiodic motion when 0.063 < E < 0.075. Based on
response curves given in Figure 11a,b, the corresponding bifurcation diagrams have been
established as shown in Figure 11c,d via obtaining the Poincare-map for Equations (20) and
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(21) when Q) = 1 — 0.05. By comparing Figure 11a,b with Figure 11c,d, one can note the
excellent correspondence between the analytical investigations and the numerical results.
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Figure 10. Chaotic time-response, Poincaré-map, and frequency-spectrum of the controlled Jeffcott-
rotor according to Figure 7 (i.e.,at o = 0, §; = 0.83, J; = 0.002) when E = 0.075: (a,b) the normalized
temporal oscillations u(t) and v(t) in X and Y direction, (c,d) the corresponding Poincaré-map,
(e,f) the corresponding frequency-spectrum.
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Figure 11. E—response curve of the controlled Jeffcott rotor (i.e., 67 = 0.83 and J, = 0.002) and the
corresponding bifurcation diagrams at ¢ = —0.05: (a,b) oscillation amplitudes (27 and a;) versus E
when ¢ = 0, and (c,d) Poincaré-map of the instantaneous oscillations u(t) and v(t) versus E when
c=0.

Comparing Figure 5 with Figures 7 and 11, one can notice from Figure 5 that
the uncontrolled Jeffcott system is stable along the eccentricity span (i.e., as long as
0 < E < 0.075) regardless of the shaft angular speed. In addition, the system can perform
symmetric lateral oscillation in both X and Y directions. On the other hand, Figures 7 and 11
demonstrate that the integration of the radial PD-control algorithm and the 8-pole actuator
has completely changed the bifurcation behavior of the studied system, where the con-
trolled Jeffcott system may perform quasi-periodic and chaotic motion beside the periodic
motion. The effect of the normalized cubic non-linear stiffness coefficient (A) on oscilla-
tion amplitudes of the controlled Jeffcott system has been illustrated in Figure 12, where
Figure 12a,b show the system response curves at A = 0.3, while Figure 12¢,d illustrate the
system response curves when A = —0.3. It is clear from Figure 12a,b that the response
curves have been bent to the right at the positive values of A (i.e., A = 0.3), which leads
to the hard-spring characteristic. On the other hand, Figure 12¢,d demonstrate that the
response curves have been bent to the left at the negative values of A (i.e., A = —0.3), which
leads to the soft-spring characteristic.

Figure 12. Cont.
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Figure 12. c—response curve of the controlled Jeffcott rotor (i.e., E = 0.03, §; = 0.83, and é, = 0.002)
at the negative and positive non-linear stiffness coefficient (1): (a,b) oscillation amplitudes (a; and a3)
versus 0 when A = 0.3, and (c,d) oscillation amplitudes (a; and a;) versus ¢ when A = —0.3.

The effect of the proportional gain J; on the oscillatory motion of the Jeffcott system
has been illustrated in Figure 13, where Figure 13a,b show the system oscillation amplitudes
versus o at 61 = 0.85, while Figure 13c,d illustrate the vibration amplitudes at 4; = 0.8. It
is clear from the figure that the increase of 41 from 0.83 to 4; = 0.85 (See Figure 6¢,d) has
shifted the system response curves to the right as shown in Figure 13a,b, where the quasi-
periodic motion that is reported in Figure 6¢,d at ¢ = 0, became a mono-stable periodic
solution. However, Figure 13a,b confirm that the Jeffcott system may respond with an
aperiodic motion (i.e., for example, at () = 1 + ¢, ¢ = 0.1). On the other hand, Figure 13¢,d
demonstrate the shift of the response curve to the left when §; has been decreased from
0.83 (See Figure 6c¢,d) to 0.8. Accordingly, the parameter J; can be used as a control key to
shifting the system response curves either to the right (i.e., via increasing 1) or to the left
(i.e., via decreasing d1) in order to avoid the complex oscillatory behaviors of the controlled
Jeffcott system at the resonance condition (i.e., when () = 1). However, Figure 13 in general
shows that the Jeffcott system response curve at 6; = 0.8 is better than the response curves
when §; = 0.83 and §; = 0.85.

(a) (b)

Figure 13. Cont.
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Figure 13. c—response curve of the controlled Jeffcott rotor (i.e., E = 0.03, A = 0.05, and J, = 0.002)
at two different value of the proportional gain J;: (a,b) oscillation amplitudes (21 and ay) versus o
when 47 = 0.85, and (c,d) oscillation amplitudes (a; and a5) versus ¢ when é; = 0.8.

To validate the accuracy of the Figure 13, the system equations of motion (i.e., Equa-
tions (20) and (21)) have been solved numerically using ODE45 according to Figure 13
(i.e., when E = 0.03, d, = 0.002) at ¢ = 0.1 and J; = 0.85, 0.8 as shown in Figure 14. The
figure has been obtained via simulating Equations (20) and (21) by letting J; = 0.85 along
the time interval 0 < ¢t < 700, where at instant t = 700, the control parameter é; has been
decreased to 0.8 on the interval 700 < t < 1000. It is clear from Figure 14 that the Jeffcott
system exhibits a quasi-periodic motion (i.e., unstable periodic solution) when é; = 0.85
and ¢ = 0.1 on the time interval 0 < t < 700, but when J; has been decreased to 0.8,
the unstable periodic solution has been turned into a stable periodic solution on interval
700 < t < 1000. Comparing Figure 14 with Figure 13 at ¢ = 0.1, one can demonstrate
the excellent correspondence between the analytical results given in Figure 13 and the
numerical simulations shown in Figure 14.

The non-linear interactions between the Jeffcott system and the eight-pole actuator at
three different values of the control parameter J, have been illustrated in Figure 15, where
Figure 15a,b show the oscillation amplitudes of the controlled Jeffcott system at 6, = 0.005,
while Figure 15¢,d depict the Jeffcott system vibrations amplitudes when 4, = 0.01 and
0.02. In general, Figure 15 shows that a; and a; are a monotonic decreasing function of
the control parameter é,. In addition, Figure 15c,d confirm that the increase of J; to a
critical value may eliminate the complex bifurcation behavior of the rotor-actuator system
to respond as a linear system regardless of the angular speed O =1+0,—-02 <o <0.2.

Based on Figures 13 and 15, we can report that the control parameters J; and &, can be
utilized to reshape the Jeffcott system dynamics, where one can shift c—response curve to
the left or the right side via increasing or decreasing J1. In addition, the system oscillations
amplitudes can be mitigated by increasing J,. The influence of both J; and J, can be
explained simply from the mathematical point of view through the derived equations of
motion (20) and (21) that can be rewritten as follows:

i+ (= Bo)it+ (1 — Br)u—+ Au + Av*u = EQ? cos(Qt) + other non — linear control trems,

o4 (4 — B2)0 + (1 — B1)v+ Av® + AuPo = EQ? sin(Qt) 4 other non — linear control trems.

Based on the above two equations, coupling a PD-control algorithm to the Jeffcott
system via a magnetic actuator has added the linear terms 11, B1v, Bou and B0. So, the
equivalent natural frequency of the controlled Jeffcott system became w? ., =1— B
and its linear damping is peontror = # — B2, Where B1 = 8cos?(B) — 8 cos(B)d1 — 461 + 4
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and By = —40,(1 +2cos(pB)). Therefore, one can change the system'’s natural frequency
Weontrol Via changing 41. In addition, the system damping coefficient y 4,411 can be con-
trolled via the control parameter J,. Figure 15 clearly shows that the maximum oscillation
amplitudes of the controlled Jeffcott system occur at the perfect resonance (i.e., when
Q =1+, 0 = 0). Accordingly, the control parameter J, has been plotted against the
vibration amplitudes (41 and a;) at o = 0 to illustrate the motion bifurcation of the con-
trolled Jeffcott system at the different values of J; as illustrated in Figure 16. It is clear
from the figure that the system may oscillate with one of three oscillation modes depend-
ing on d, magnitude, where the system the Jeffcott system exhibits a bounded aperiodic
(i.e., quasi-periodic, or chaotic) motion as long as on 0 < d, < 0.0025. In addition, Figure 16
demonstrates that the system can oscillate with one of two stable periodic solutions accord-
ing to the initial conditions (i.e., has a bi-stable periodic solution) if 0.0025 < J; < 0.0082.
Moreover, the controlled Jeffcott system oscillates periodically with a single periodic attrac-
tor like the linear system if J, > 0.0082.
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Figure 14. Time-response and the corresponding frequency-spectrum of the controlled Jeffcott-rotor
according to Figure 13 when ¢ = 0.1, E = 0.03, A = 0.05, J; = 0.002 when decreasing online
the proportional gain from 6; = 0.85 to 4; = 0.8 at time ¢ = 700: (a,b) the normalized temporal
oscillations u(t) and the corresponding frequency spectrum in X direction, (c,d) the normalized
temporal oscillations v(t) and the corresponding frequency spectrum in Y direction.

To validate the accuracy of dp-response curve that is given in Figure 16, the system
temporal Equations (20) and (21) have been solved using ODE45 according to Figure 16
(i.e., when E = 0.03, ¢ = 0, 6 = 0.83) at §, = 0.001, 0.005, and 0.04 as shown
in Figures 17 and 18. Figure 17 is obtained via plotting u(t) and v(t) versus the normalized
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time ¢ at zero initial conditions by letting d, = 0.001 along the time interval 0 < ¢ < 1000,
where at t = 1000, the parameter J, has been increased to 0.005 on the time interval
1000 < t < 1200, then the parameter J; has been increased again to 0.04 on the time
interval 1200 < t < 1400. Figure 18 is a repetition of Figure 17 but at the non-zero initial
conditions u(0) = #(0) = 0,= v(0) = v(0) = 0.5. Itis clear from Figures 17 and 18
that the controlled Jeffcott system can perform quasi-periodic oscillation (i.e., unstable
periodic solution) at d; = 0.001 on the time interval 500 < ¢t < 1000, but the quasi-periodic
oscillation has been turned into a stable periodic solution on interval 1000 < ¢ < 1200
when ¢, is increased to 0.005. Moreover, the figures show that the increase of J, to 0.04 has
suppressed the non-linear oscillations and eliminated the sensitivity of the Jeffcott system
to the initial conditions.

0.8

0.6 [

o |5,=0.005

0.8

0.6

© 52=0.OD5

0.4+ 0.4
0.2 0.2
] 0
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(@ (b)
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Figure 15. c—response curve of the controlled Jeffcott rotor (i.e., E = 0.03, A = 0.05, and é; = 0.83)
at three different value of the derivative gain J;: (a,b) oscillation amplitudes (a; and a,) versus o
when §, = 0.005, and (c,d) oscillation amplitudes (27 and ay) versus o when §, = 0.01, 0.02.

Based on Figure 6, the increase of the eccentricity E can destabilize the stable periodic
motion of the controlled system. In addition, Figure 15 demonstrates that the increase in
the control parameter ¢,, increases the damping coefficient, which ultimately stabilizes
the unstable motion of the controlled Jeffcott system. Accordingly, the stability chart
of the studied system in Ed,—plane has been established as shown in Figure 19 at two
different values of the rotor angular speed (i.e., when ) =1+ 0, o = 0, —0.05). The figure
demonstrates that the increase of the control parameter 6, (i.e., 42 > 0.006) can stabilize the
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unstable motion regardless of both the eccentricity magnitude (i.e., 0 < E < 0.1) and the

shaft angular speed.
1 1
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Figure 16. ,—response curve of the controlled Jeffcott rotor (i.e., E = 0.03, A = 0.05, and §; = 0.83):
(a) oscillation amplitude a; versus 6, when ¢ = 0, and (b) oscillation amplitude a, versus 6, when
oc=0.

e
9

1

T T T T

0=0.0, E=0.03, 61=0.83 u(0)=u(0)=v(0)=v(0)=0.0

o
o

1
e
a

u(t)
.

u Amplitude
e
(2]

-0.5
- = 0.1
52=0.001 6,=0.005 6,=0.04

» ‘ , 0
500 600 700 800 9200 1000 1100 1200 1300 1400 0.3 0.35 0.4 0.45

@) (b)

1 T T T T T T T T

=00, E=0.03, 5,=0.83 u(0)=1(0)=v(0)=v(0)=0.0 0.6

0.5 B 0.5

e
S

v(t)
v Amplitude
°
w

e
[

= =| =0. 0.1
6,=0.001 6,=0.005 5,=0.04

A 1 Il 1 1 1 1 I 1 0
500 600 700 800 900 1000 1100 1200 1300 1400 0.3 0.35 0.4 0.45
t Angular frequency

() (d)

Figure 17. Time-response and the corresponding frequency-spectrum of the controlled Jeffcott-rotor
according to Figure 16 at the initial conditions #(0) = #(0) = v(0) = v(0) = 0 and parameter values
=0, E=0.03, A =0.05, §; = 0.83 when increasing the derivative gain online from é, = 0.001 to
d, = 0.005 at time t = 1000, and then from &, = 0.005 to J, = 0.04 at f = 1200: (a,b) the normalized
temporal oscillations u(t) and the corresponding frequency spectrum in X direction, (c,d) the normalized
temporal oscillations v(#) and the corresponding frequency spectrum in Y direction.
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Figure 18. Time-response and the corresponding frequency-spectrum of the controlled Jeffcott-rotor
according to Figure 16 at the initial conditions #(0) = #(0) = 0, v(0) = v(0) = 0.5 and parameter values
o =0, E=0.03, A =0.05, 6; = 0.83 when increasing the derivative gain online from J, = 0.0.001 to
d7 = 0.005 at time f = 1000, and then from é, = 0.005 to é» = 0.04 at + = 1200: (a,b) the normalized
temporal oscillations u(#) and the corresponding frequency spectrum in X direction, (c,d) the normalized
temporal oscillations v(t) and the corresponding frequency spectrum in Y direction.
0.02 i 0.02 :
0=0.0 0=-0.05
0.016 | - 0.016 |
0.012 | _ 0.012 | i
2N <
Stable periodic 0.008 I Stable periodic |
0.008 solution 1 ’ solution
0.004 - 0.004
Unstable periodic nstable
solution eriodic solution
o . | i
0 ! ! ! !
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 01
E E
(a) (b)

Figure 19. Stability charts of the controlled Jeffcott rotor in E — J, plane when A = 0.05, 4; = 0.83,
and J, = 0.002: (a) periodic and aperiodic solutions regions in E — é, plane when o = 0, (b) periodic
and aperiodic solutions regions in E — é, plane when ¢ = —0.05.
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5. Non-Linear Dynamics of the Jeffcott System before and after Control

The response curves of the considered Jeffcott system before and after control have
been compared within this section. According to Figures 6, 13 and 15, the optimal control
parameters have been selected such that 6; = 0.83 and d, = 0.02. In Figure 20, the c—response
curve of the considered Jeffcott system has been compared before and after control. The figure
demonstrates that the coupling of the proposed control strategy has forced the considered
Jeffcott system to respond as a linear dynamical system with a single periodic attractor, where
all non-linear bifurcation characteristics have been eliminated after control. In addition,
the figure confirms that the high oscillation amplitudes of the uncontrolled Jeffcott system
before control have been suppressed after control along the c—axis. Numerical simulation
of the Jeffcott system lateral oscillations (i.e., #(t) and v(t)) before and after control has been
illustrated in Figure 21 via solving Equations (20) and (21) at zero initial condition according
to Figure 20 when ¢ = 0. Figure 21 has been obtained via plotting the instantaneous lateral
displacements u(t) and o(t) versus ¢ by letting B; = 0 (j = 1,2,...,10) along the time
interval 0 < t < 600, and at instant = 600, the controller is turned on with the control
gains 6; = 0.83 and 6, = 0.02 on the time interval 600 < t < 800. By examining Figure 21,
one can confirm the high efficiency of the proposed controller in mitigating the high lateral
vibration of the considered Jeffcott system at a very small transient time.

3r ] 3
E=0.03 E=0.03
25r- R 2.5
2r i 2
before before
control ~ control
o 1.5 F 1 © 1.5
after control 1 after control
17 s,=083, 1 3,=0.83,
52=0.02 62=0.02
0.5 0.5
0 0
-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 (] 0.1 0.2
o g
(a) (b)

Figure 20. c—response curve of the studied Jeffcott rotor system before control and after optimal
control (i.e., 4y = 0.83 and J; = 0.02): (a) oscillation amplitude a; versus ¢ when E = 0.03, and
(b) oscillation amplitude a, versus o when E = 0.03.

In Figure 22, the E—response curve of the Jeffcott system has been compared before
and after control at ¢ = 0. It is clear from the figure that the strong lateral vibration
amplitudes before control have been suppressed after control even at the strong shaft
eccentricities. In addition, the non-linear relationship between the steady-state vibration
amplitudes (a1, a;) and the eccentricity (E) before control has become a straight line
with a very small slope after control, as depicted in the figure. Figure 23 shows the
temporal oscillations of the considered Jeffcott system before and after control according
to Figure 22 when E = 0.075. The figure demonstrates the capability of the control
algorithm in mitigating the system vibrations at a very small transient time even at large
shaft eccentricity.
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Figure 21. Time-response and the corresponding frequency-spectrum of the Jeffcott-rotor system
before and after control according to Figure 20 at ¢ = 0.0, E = 0.03, A = 0.05, §; = 0.83, J, = 0.02
when turning the controller on at time ¢ = 600: (a,b) the normalized temporal oscillations u(t) and
the corresponding frequency spectrum in X direction, (c,d) the normalized temporal oscillations v(¢)
and the corresponding frequency spectrum in Y direction.
1.5 " : : 1.5 T :
o=0.0 c=0.0
1} 1
before before
control o~ control
o ©
after control after control
4,=0.83, 9,=0-83,
, ; 0.5r 5,=0.02
0.5 5,=0.02 20
0 0 ‘ I I
0 0.02 0.04 0.06 0.075 0 0.02 0.04 0.06 0.075

(a) (b)

Figure 22. E—response curve of the studied Jeffcott rotor system before control and after optimal
control (i.e.,, 4y = 0.83 and J = 0.02): (a) oscillation amplitude a; versus E when ¢ = 0, and
(b) oscillation amplitude a, versus E when o = 0.
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Figure 23. Time-response and the corresponding frequency-spectrum of the Jeffcott-rotor system
before and after control according to Figure 22 at ¢ = 0.0, E = 0.075, A = 0.05, §; = 0.83, J, = 0.02
when turning the controller on at time ¢ = 600: (a,b) the normalized temporal oscillations u(t) and
the corresponding frequency spectrum in X direction, (c,d) the normalized temporal oscillations v(t)
and the corresponding frequency spectrum in Y direction.

6. Conclusions

This work is intended to control the undesired vibrations of a non-linear Jeffcott rotor
system utilizing a new control strategy. The introduced control system is a combination
of both a radial PD-controller and an eight-poles active magnetic bearings actuator. It is
worth mentioning that this is the first time the non-linear interaction between both a Jeffcott
rotor model and the eight-pole magnetic actuator that are coupled together via a radial
PD-controller has been investigated.. Based on the principle of classical mechanics, the
whole mathematical model that governs the rotor-actuator interaction has been derived.
Then, the asymptotic analysis has been employed to obtain an analytical solution for the
obtained mathematical model. According to the derived analytical solution, the non-linear
interaction between the Jeffcott system and the eight-pole actuator has been explored. In
addition, the performance of the introduced control technique in mitigating the undesired
non-linear oscillation of the Jeffcott system has been explored via plotting the different re-
sponse curves. Finally, numerical confirmations for all obtained analytical results have been
illustrated. Based on the above discussions, we can conclude with the following remarks:

1.  The uncontrolled Jeffcott rotor system responds as a linear dynamical system with a
mono-stable periodic solution regardless of the system angular velocity as long as the
shaft eccentricity E < 0.01 as shown in Figure 4.

2. Atthelarge disc eccentricity (i.e., E > 0.01), the nonlinearities dominate the response
curves of the uncontrolled Jeffcott system, where the rotor may oscillate by one of two
periodic solutions depending on the initial conditions as shown in Figure 4.
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3. The uncontrolled Jeffcott system has symmetric bifurcation characteristics and sym-
metric stable periodic motion in both the horizontal and the vertical direction regard-
less of the shaft eccentricity and the rotor spinning speed.

4.  The coupling of the radial PD-control algorithm to the Jeffcott rotor via an eight-pole
magnetic actuator results in a new dynamical system with completely different oscil-
latory behaviors and bifurcation characteristics than the uncontrolled Jeffcott system.

5. The proportional gain ¢; of the radial-PD-controller can be used as a control
key to change the natural frequency of the controlled Jeffcott system w?
(ie., w? . = —3—8cos?(B) +8cos(B)d1 +461) to avoid the high oscillation ampli-
tudes of the rotor system at resonance conditions as illustrated in Figures 13 and 14.

6.  The derivative gain J, of the radial-PD-controller can be utilized to increase the damp-
ing ratio of the controlled Jeffcott system piconsror (i-€., Heontrot = # + 42(1 + 2 cos(B))
in order to mitigate the lateral oscillations of the rotor system at the strong eccentricity
magnitudes as shown in Figures 15-17.

7. The optimal selection of the control parameters é; and d; (i.e., 5y = 0.83 and 6, = 0.02) can
eliminate the non-linear bifurcation behaviors and force Jeffcott-system to behave like
the linear system regardless of the eccentricity magnitude as depicted in Figures 20-23.

8. Despite that the vibration control efficiency of the eight-pole magnetic actuator is
higher than that of the four-pole magnetic actuator [24-28], it may destabilize the sta-
ble motion and force the Jeffcott system to oscillate with a quasi-periodic or chaotic mo-
tion if the control parameters (41 and ;) have not selected properly, as in Figures 7-10.
However, that is not the case with the four-pole actuator as reported in refs [24-28].

9.  The controlled Jeffcott system has symmetric bifurcation characteristics and asymmet-
ric oscillation in both the horizontal and the vertical direction regardless of the shaft
eccentricity and the rotor spinning speed.
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List of Symbols

Normalized displacement, velocity, and acceleration of the controlled
Jeffcott-rotor in X direction.

Normalized displacement, velocity, and acceleration of the controlled
Jeffcott system in Y direction

U Normalized Linear damping of Jeffcott-rotor system in X and Y directions.
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A Normalized cubic non-linear stiffness coefficient of Jeffcott-rotor system
(@) Normalized angular speed of the rotor.

E Normalized Jeffcott-rotor eccentricity.

&1 Normalized proportional gain of the applied radial PD-controller.

b Normalized derivative gain of the applied radial PD-controller.

Normalized linear and non-linear coupling coefficients between the Jeffcott

Biji=12...,10 :
system and the eight-pole actuator.

Detuning parameter to describe the difference between the system angular

7 speed and normalized natural frequency, where o = Q) — 1

oa Normalized oscillation amplitudes of the controlled Jeffcott-rotor system in
15 X and Y directions.

Appendix A

B1 = 8cos?(B) — 8cos(B)dy — 46 +4,

B2 = —465(1+2cos(B)),

B3 = 8+ 16 cos*(B) — 1281 — 24.cos®(B)dy + 467 + 8cos?(B)d?,
Bs = 24.cos?(B)o? — 72 cos®(B)dy + 48 cos*(B),

Bs = 16 cos?(B)d10, + 8615, — 126, — 24.cos(B)d,

Be = 403 + 8cos?(B)d3,

By = 32cos?(B)d10, — 48 cos®(B)da,

Bs = 8cos?(B)d2,

Bo = 16cos?(B)d3,

B1o = 16 cos?(B)d16, — 24 cos®(B)dy.
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