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Abstract
In order to address the problems of insufficient load capacity and rotor vibration, an active fluid-film bearing lubricated with
magnetorheological fluid (MRF) is proposed. First, the geometry of the MRF fluid-film bearing is designed and its intelligent
lubrication mechanism is analyzed to clarify its advantages. In addition, mathematical model of MRF fluid-film bearing-rotor
system is derived, and FEMmodel is utilized to obtain stiffness and damping coefficients to supplement mathematical model.
Moreover, an improved gray wolf optimization (IGWO) algorithm is developed to tune the PID controller parameters. The
validity of the proposed method is verified by numerical simulation. Furthermore, the simulation results show that with the
increasing of current magnitude, the orbits of shaft center decrease. Under the presence of magnetic fields, the shaft center
orbits of the MRF bearing can converge to a point, and therefore this bearing has ability to suppress rotor vibration. Finally,
IGWO-PID controller has better response characteristics than GWO, PSO, and GA algorithms, and hence the IGWO
algorithm can find the more appropriate PID controller parameters, that the validity of the improved algorithm is further
proved. Therefore, the active bearing and its research findings provide new reference for MRF vibration control in the field
of journal bearing lubrication.
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Introduction

Fluid-film bearings are widely used in industry for applications of rotating machines.1,2 Apart from having a long service life,
their capability to cause low shear levels and to support high payload show the advantages of using them. Although these
advantages, the researchers are striving to improve their performance to meet new requirements under different operating
conditions.3,4 Through reading literature and actual investigations, the design of new bearing concepts,5,6 bearing geometries,7,8

and new lubricants9,10,11,12 are some approaches to increase performance of fluid-film bearing.Magnetorheological fluids (MRF)
capable of controllable and reversible rheological properties are widely used in brakes,13,14 medical instruments,15,16

dampers,17,18 sealings,19,20 and other engineering fields.21,22 As a result, MRF as intelligent lubrication medium is applied
to bearing to obtain the superior controllable performance under different operating situations.
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The work of Hesselbach and Guldbakke23,24 was the first to apply MRF into hydrostatic bearing lubrication. Under different
payloads, their hydrostatic thrust bearing was able to maintain a constant gap with the help of MRF behavior. In addition, by
experimental validation, it is concluded that it would achieve quasi-infinite stiffness in the closed loop control, and quicker
response than conventional valve control system. In the study of hydrodynamic bearing lubricated with MRF, Furthermore,
Gertzos et al.,25 Bompos et al.,26 and Sahu et al.27 studied the operating parameters and pressure distribution of MRF fluid-film
through numerical codes and hydrodynamic lubrication model. Researchers studied the difference between MRF and ferrofluid
lubrication performance in fluid-film bearing.28,29 Compared with MRF, ferrofluid needs stronger current to achieve the same
viscosity. Therefore, the energy consumption of MRF is lower than ferrofluid. As a result, the MRF in bearing application can
havemore advantages and better performances.Moreover, Bompos et al.30,31 andWang et al.32,33 studied dynamic coefficients of
the hydrodynamic bearing lubricatedwithMRF,whose tunable characteristics are responsible for the enhanced carrying capacity.
Although higher friction losses are observed in the hydrodynamic bearing lubricated with MRF compared to the traditional
lubricant oil, this work has verified that the fluid-film is thicker at low speed and pressure distribution is beneficial to supporting
the heavier payloads.34 Finally, Urreta and his research team35 showed that 50 % higher load capacities and bigger stiffnesses
were experimental demonstrated in the hybrid journal bearing, and good hydrodynamic responses had not been showed in the
active lubrication based on magnetorheological valves, which were used to control the flow rate of MRF with PID controller
according to the rotor track. Despite it was demonstrated thatMRF hydrodynamic bearing has better hydrodynamic performance
and load capacity than traditional fluid-film bearing, little attention has been paid to active fluid-film bearing to further improve
the hydrodynamic bearing performance.

Control algorithms are widely used in the field of automatic control field,36,37 PID algorithm is one of useful control
algorithms.38,39 It has been widely used in the active magnetic bearing control system and is usually used as the main
controller of the system.40,41 Jonathan et al.42 used particle swarm optimization (PSO) algorithm to optimize PID pa-
rameters and the performance of active magnetic bearing is evaluated. In addition, Bordoloi et al.43 adopted genetic
algorithm (GA) for the optimization of PID controller parameters in active magnetic bearing. Finally, Gupta et al.44 utilized
individually ant lion optimization (ALO), gray wolf optimization (GWO), and whale optimization algorithm (WOA) to
calculate the gain parameters of the PID controller in magnetic bearing. It is reasonable to apply the GWO method to
bearing radius clearance control; however, GWO has not been reported for vibration suppression in existing MRF bearing
system yet. The reason is that GWO algorithm cannot be directly applied to a specific MRF bearing, and hence it is
necessary to improve GWO algorithm to make it suitable for controller parameters optimization of the active MRF bearing.
Because most of existing MRF bearing research focuses on the structure, functional design and identification of stiffness
and damping coefficients, very limited work has considered precise orbit control in the MRF bearing design process. As a
result, it is worth integrating a GWO-based controller into an active MRF bearing to make it ready for practical usage;
especially in the high-precision machine tool application where MRF bearing is required to intelligently adapt to more
critical operating conditions to enhance machining accuracy of workpiece.

A novel MRF fluid-film bearing based on an IGWO-PID controller is proposed in this work. First, the MRF fluid-film
bearing is designed, and its intelligent lubrication mechanism is analyzed clarify its advantages. In addition, mathematical
model of MRF fluid-film bearing-rotor system is derived, and FEM model is utilized to obtain stiffness and damping
coefficients to supplement mathematical model. Moreover, an improved grey wolf optimization (IGWO) algorithm is
developed to tune the PID parameters. The validity of the proposed method is verified by numerical simulation. Lastly, the
simulation results show that with the increasing of current magnitude, the orbits of shaft center decrease. The shaft center
orbits of the active MRF bearing can converge to a point in the action of external magnetic field. Finally, IGWO-PID
controller has better response characteristics than GWO, PSO, and GA algorithms, and hence the IGWO algorithm can find
the more appropriate PID controller parameters, that the validity of this algorithm is further proved.

The remainder of this paper is organized as follows. The structural design and mechanism of the MRF lubrication bearing are
described and mathematical model of bearing-rotor system is derived in Section 2. In Section 3, the improved GWO algorithm is
proposed, and its feasibility is verified. The simulations are carried out to verify that proposed bearing has better load capacity and
smaller orbits of shaft center than traditional fluid-film bearing, and the proposed IGWO-PID controller parameters have better
response characteristics in section 4. Conclusions and future works are summarized in section 5.

Theoretical model and methods

Geometric model of bearing lubricated with m

In this work, the characteristics of magnetorheological fluid are analyzed and utilized as lubricant in the bearing. The
particles of MR fluid are in a disordered state in the absence of external magnetic field. While under the action of the
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magnetic field, the particles have an obvious orientation trend along the direction of the magnetic field.45,46 By changing the
external magnetic field, the viscosity of the MR fluid can be adjusted freely.

Figure 1 shows the distribution of the magnetic particles in the radius gap. From Figure 1(a), while rotor is rotating at
speedω, magnetic particles show a normal distribution in the carrier fluid. However, due to the presence of a magnetic field,
magnetic particles align along the direction of the magnetic field to form a chain-like structure in the Figure 1(b). In
addition, particle chains are inclined because of the shear motion of rotor. As a result, the viscosity of MRF is dramatically
increased, which offers enormous damping and stiffness, and therefore the MRF bearing can provide greater hydrodynamic
pressure and hold up shaft more easily than traditional fluid-film bearing.

Applied cooperation between magnetorheological fluid and fluid-film bearing, a novel active fluid-film bearing lu-
bricated with magnetorheological fluid is proposed in this research. As shown in Figure 2(a), it consists of bearing, shaft,
silicon steel sheets, and coil, which is wound around a silicon steel sheets and excited by DC power to produce magnetic
field. The narrow radius clearance between bearing and shaft fills up with magnetorheological fluid, which can avoid
friction between them. The main structural parameters of bearing and magnetorheological fluid are shown in Table 1. This
work using magnetorheological fluid is MRF-132DG produced by Lord corporation,47 which is formulated for general use
in controllable, energy-dissipating application such as shocks, dampers, and brakes.

Figure 2(b) presents an overview of the bearing control system.When shaft is driven bymotor atω speed, the lubricant is
dragged into the narrow gap between shaft and bearing, and hence hydrodynamic pressure in the fluid film is generated. If
the hydrodynamic pressure of the lubricant is high enough to support the shaft, it can avoid the direct contact between shaft
and bearing and reduce friction. Due to the increased viscosity of MRF under the presence of magnetic field, it is extremely
easy to increase the pressure and avoid the direct contact between shaft and bearing. Thus, contact and friction between
them can be reduced, and their service time could be prolonged. Specifically, the displacement signal of the shaft is
measured by the two eddy current sensors, and then is delivered to the signal processing. After filtering and compensation,
we can clearly observe the movement locus of the shaft on the screen. The method of synthetic track can be expressed as

�
x ¼ Ae jðωtþαÞ

y ¼ Be jðωtþβÞ (1)

where x and y are vectors measured by displacement sensors, A and B represent amplitude of the vectors, and α and β are the
phases of vectors.

Hydrodynamic force of bearing lubricated with MRF

Hydrodynamic force equation. The differential equation for governing the flow of fluid in the hydrodynamic bearing is
expressed as

∂
∂x

�
h3∂p
μ ∂x

�
þ ∂
∂z

�
h3∂p
μ ∂z

�
¼ 6U

∂h
∂x

(2)

where x and z are circumferential and axial coordinates, respectively, μ represents dynamic viscosity of the fluid, h denotes
fluid-film thickness at any point, p is the pressure distribution of fluid, and U represents linear velocity of the rotor.

Figure 1. Magnetic particles motion in the radius gap. (a) No magnetic field is applied. (b) Magnetic field is applied.
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By solving the above formula, we can obtain the pressure distribution p. Loading capacity that is exceedingly important
parameter of oil film bearing is obtained. The hydrodynamic forces are as follows

Fx ¼ �
Z L

0

Z πD

0

psin φdxdz (3)

Fy ¼ �
Z L

0

Z πD

0

pcos φdxdz (4)

F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2
x þ F2

y

q
(5)

where F is loading capacity, Fx and Fy are components of loading capacity in the x and y axis accordingly.
Similarly, for the dynamic performance of the bearing, Figure 3 is two direct and two cross-coupled, that is, 2 × 2 the

stiffness and damping coefficients, and the specific matrices can be calculated

�
Kxx Kxy

Kyx Kyy

�
¼

2
664
∂Fx
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0
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0
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0
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∂
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Z L

0
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0

pcos φdxdz
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, (6)
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�
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∂ _x
∂Fy
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3
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2
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∂
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, (7)

Figure 2. Model of the active bearing lubricated with magnetorheological fluid. (a) 3-D structural model of the bearing. (b) Overview of
the bearing control system.

Table 1. Main parameters of bearing and MRF.

Structural parameters Value MRF parameters Value

Diameter of the shaft (D) 60 mm Viscosity 0.11 Pa ∙ s
Length of bearing (L) 60 mm Density 2.95 g/cm3

Radius clearance (C) 0.1 mm Solids content by weight 80.95%
Number of turns of coil 400 Operating temperature �40 ∼ +130 ℃
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whereKii is the stiffness coefficient andCjj is the damping coefficient, and they can be obtained from FEM simulation in this
work, φ is pressure angle.

Constitute equation for MRF. In this work, the viscosity of MRF can be approximated with the Bingham law for yield stress

τ ¼ τ0ðHÞ þ η0 _γ (8)

where τ is the shear stress of the material, τ0 is the critical shear stress or yield stress, η0 is viscosity of MRF without
magnetic field, and _γ is the shear rate.

As provided by Lord Corp., the B-H and shear yield stress relationships for the MRF used (MRF-132DG) can be found
in.Ref [44] Through curve fitting, the magnetic field strength H can be described accurately in terms of the magnetic
induction intensity B (T) of this material by the following cubic

HðBÞ ¼ 0:6168B3 þ 278:718B2 þ 14:29Bþ 6:98 ½kA=m� (9)

To relate the magnetic field strength to the yield behavior of the material, the shear yield stress τ0 can be expressed in
terms of H with a quadratic fit

τ0ðHÞ ¼ �0:745H2 þ 382:868H � 1623:59 ½pa� (10)

Both sides of equation (8) are divided by the shear rate _γ, and this equation can also be converted into

η ¼ η0 þ τ0ðHÞ=_γ ½pa:s� (11)

As a result, the different viscosity under various magnetic fields can be obtained easily to simulate the MRF effect in
bearing lubrication.

Mathematical model of MRF bearing-rotor system

In this work, since the rotor speed is far lower than the bending critical speed, it can be modeled as a rigid body. As shown in
Figure 4, this system consists of a shaft, two bearings and a disk, which is in the middle of two bearings. The gap between
rotor and bearing is filled with MR fluid. Since hydrodynamic bearing is modeled as stiffness and damping coefficients
matrices, the equations are as follows

Figure 3. The bearing stiffness and damping coefficients.
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8>>>>>><
>>>>>>:

1

2
mr€xc þ cxx _xc þ cxy _yc þ kxxxc þ kxyyc ¼ 0

1

2
mr€yc þ cyx _xc þ cyy _yc þ kyxxc þ kyyyc ¼ 1

2
mg þ 1

2
W

Jx€θx þ Jzω _θy ¼ 0

Jy€θy � Jzω _θx ¼ 0

(12)

wheremr is mass of rotor,m is expressed asm =md +mr,md represents the mass of the disk,W denotes the external load, Jx,
Jy, and Jz are the moment of inertia of the rotor about the X axis, Yaxis, and Z axis at the center of mass, respectively, andω
is the angular speed of rotor rotation.

Furthermore, since the two bearings are symmetrical about the center of mass, two equations can be obtained: Fx1 = Fx2,
Fy1 = Fy2. Equation (11) is also written as

M €qc þ ðC þ ωGÞ _qc þ Kqc ¼ u (13)

where qc ¼ ½ xc yc θx θy �T , u ¼
�
0 1

2mg þ 1
2W 0 0

�T
, M is mass matrix, C represents damping matrix, G

denotes gyroscopic matrix, and the above three matrices are given as

M ¼

2
666664

1

2
mr 0 0 0

0
1

2
mr 0 0

0 0 Jx 0

0 0 0 Jy

3
777775
,G ¼

2
664
0 0 0 0
0 0 0 0
0 0 0 Jz
0 0 �Jz 0

3
775 (14)

C ¼
�

C1 O2×2

O2×2 O2×2

�
,K ¼

�
K1 O2×2

O2×2 O2×2

�
(15)

where C1 ¼
�
cxx cxy
cyx cyy

�
and K1 ¼

�
kxx kxy
kyx kyy

�
, which can be obtained by equations (6) and (7).

Moreover, x1, x2, y1, and y2 are defined as the displacement of the rotor at the left and right bearing lubricated with MRF.
Currently, qc and displacement of rotor have the following transformation relationship

Figure 4. Schematic view of rotor-bearing system.
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0 1 0 1
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0

1

L
0

3
77775Y (16)

where Y ¼ ½ x1 y1 x2 y2 �T , and equation (15) is also expressed as: qc ¼ TrY , and hence equation (12) can be
transformed as

MTr
€Y þ ðC þ ωGÞTr

_Y þ KTrY ¼ u (17)

The bearing-rotor system state space equation can be written as
�

_Z ¼ AsZ þ Bsu
Y ¼ CsZ þ Dsu

(18)

where As ¼
�

O4×4 I4×4
�ðMTrÞ�1KTr �ðMTrÞ�1ðC þ ωGÞTr

�
, Bs ¼

�
O4×4

ðMTrÞ�1

�
, Cs ¼ ½ I4×4 O4×4 �, Ds ¼ O4×4, u is input

vector, Z ¼ ½ x1 y1 x2 y2 _x1 _y1 _x2 _y2 �T is state vector, Y ¼ ½ x1 y1 x2 y2 �T is output vector.

Finite element model simulation

As for the considerations that it went into the design and analysis of the active MRF bearing-rotor system, a 3D model was
developed in the FEM software COMSOL Multiphysics version 6.0. In this simulation, four physical field modules were
used, which are magnetic field, hydrodynamic bearing, beam rotor and multi-physics, respectively. Figure 5 is 3D model of
bearing-rotor system in this FEM software. Induced magnetic field is generated by coil, which has influence on MRF in the
hydrodynamic bearing. Moreover, the coupling of hydrodynamic bearing and magnetic field was solved through stationary
study, where coil geometry analysis was indispensable. The Multiphysics included hydrodynamic bearing and beam rotor,
which was solved through time dependent. Besides, beam rotor module simplified the rotor and disk model by the data
setting. The numerical parameters, needed to model the bearing-rotor system, are detailed in Table 2.

Transfer functions of bearing-rotor system

In this work, we utilized Y-axis displacement of rotor as output. The transfer functions of this complex system integrated
machinery, electric, fluid drive and control engineering are composed of two parts: one is current transformed into hy-
drodynamic force, and the other is the influence of hydrodynamic force on mechanical system. The complete control system
is shown in Figure 11.

Figure 5. 3D FEM model of rotor-bearing system.
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Specifically, the current (I) and hydrodynamic force (F) response data of the COMSOL Multiphysics were imported to
system identification toolbox in MATLAB, and parameters such as sampling time and identification model structure were
set to identify mathematical model of this system. Based on the best fit of 95.18% from excitation current to hydrodynamic
force, the transfer function could be expressed as follows

G1ðsÞ ¼ 1265sþ 43:54

s2 þ 1:615sþ 0:05389
(19)

On the other hand, the relationship between the hydrodynamic force (F) and rotor Y-axis displacement (Y) was derived
from mathematical model of MRF bearing-rotor system. The specific transfer function was derived as

G2ðsÞ ¼ 36:73sþ 1:815

4:1s4 þ 3646s3 þ 818200s2 þ 5442sþ 58:55
(20)

PID controller of the active MRF bearing

Improved Gray Wolf (IGWO) optimization algorithm

The GWO is one of intelligent algorithms, which is motivated by hunting behavior and social ladder of gray wolves.48 The
overview of original GWO is provided below, followed by the improved method.

(1) Social hierarchy

The GWO algorithm defines four types of gray wolves: Alpha (α), Beta (β), Delta (δ), and Omega (ω). Alpha is the most
suitable wolf, followed by Beta and Delta. Other wolves are not less important and conducted as Omega class.

(2) Encircling prey

The prey is surrounded by gray wolves during hunting, which can be expressed mathematically as

D ¼ ��C ×X pðtÞ � X ðtÞ�� (21)

X ðt þ 1Þ ¼ X oðtÞ � A ×D (22)

where t is present number of iterations, A and C are coefficient vectors. Xo is the position vector of the prey and X presents
the position vector of wolf. The coefficient vectors are expressed by

A ¼ 2a× r1 � a (23)

C ¼ 2r2 (24)

where r1 and r2 are random vectors in the range 1 to 0 and vector a is linearly reduced from 2 to 0 during iterations.

Table 2. The numerical parameters in FEM model.

Parameter Materials Parameter Value

Bearing Bronze Rotor length (Lr) 0.9 m
Coil Copper Density of rotor and disk (ρ) 7800 kg/m3

Silicone steel sheets Soft iron Young’s modulus of rotor and disk (E) 2 × 1011 N/m2

Rotor Structural steel Poison ratio (ν) 0.3
Disk Structural steel Disk diameter (Dd) 0.5 m
Disk thickness (h) 0.05 m MRF Newtonian viscosity (η0) 0.11 Pa ∙ s

1828 Journal of Low Frequency Noise, Vibration and Active Control 42(4)



(3) Hunting

In the hunting stage, the best positions of Alpha wolves, Beta wolves and Delta wolves are used to find the best positions
of wolves. The next location where wolves surround their prey is

Dα ¼ jC1 ×XαðtÞ � X ðtÞj Dβ ¼ jC2 ×XβðtÞ � X ðtÞj Dδ ¼ jC3 ×XδðtÞ � X ðtÞj (25)

X1 ¼ Xα � A1 ×Dα X2 ¼ Xβ � A2 ×Dβ X3 ¼ Xδ � A3 ×Dδ (26)

Xpðt þ 1Þ ¼ X1 þ X2 þ X3

3
(27)

where Xα, Xβ, and Xδ are position vectors of the Alpha, Beta, and Delta wolves, respectively. X1, X2, and X3 present the
distance and direction of the ω wolves towards the α, β, and δ wolves, respectively. Xp(t) is present position vector of ω
wolves.

(4) Attacking prey

When the prey stops moving, the gray wolf finishes the hunting process by attacking. In order to simulate approaching
prey, when the value of a decreases linearly from 2 to 0, its corresponding A also changes in the interval [-a, a].

a ¼ 2 ×

�
1� t

Nmax

�
(28)

where Nmax is the maximum number of iterations.

(5) Searching the prey

When the value of A is within the range [-a, a], the next position of the gray wolf can be anywhere between its current
position and the position of its prey.When |A| <1, wolves attacked their prey.When |A| >1, the gray wolf was separated from
its prey, hoping to find more suitable prey. The positions of wolves are updated after each iteration and recalculate the
positions of Alpha, Beta, Delta wolves to capture prey.

In this research, the convergence coefficient vectors a is evaluated by a nonlinear adjustment instead of linear change,
which can increase local optimization ability in the middle and later stage of the algorithm. On the other hand, inspired by
the particle swarm optimization algorithm, the individual can learn from the global optimal location and the historical
optimal location at the same time. Based on this, a new improved location update rule is proposed. When inertia weight w is
high, the global optimization ability of the algorithm is significantly reduced, but the local search is increased. When the
inertia weight w is small, the global optimization ability is increased, while the local optimization is reduced. The specific
position update methods are as follows

a ¼ 2� 2 × ln

�
1þ ðe� 1Þ × t

Nmax

�
(29)

Xpðt þ 1Þ ¼ w ×
X1 þ X2 þ X3

3
þ m1 � r1 �

	
Xp � X


þ m2 � r2 �
	
Xp � X



(30)

w ¼ Nmax

Nmax ×
	
wi � wf


þ wf

(31)

where m1, m2, wi, and wf are constant value, and they were set in this work: m1 = m2 = 0.5, wi = 2, wf = 0.
The IGWO can better balance the global and local optimizations and has better ability to jump out of local optimization.

The flowchart of proposed IGWO algorithm is provided in Figure 6.
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Feasibility verification of the IGWO algorithm

In order to verify the performance of the IGWO algorithm, it is necessary to calculate the optimal value of test functions.
Consequently, this work selected four test functions of Sphere, Step, Griewank, and Rastrigin. The two algorithms have the
same initial conditions, where the number of gray wolf population is 30, and the number of iterations is 500. The best
optimal values are shown in Table 3 and their fitness values with the iterations are shown in Figure 7.

From Table 3 and Figure 7, IGWO algorithm has obvious advantages in convergence accuracy and the smaller optimal
value compared with GWO. Therefore, it is proved that IGWO in this work effectively enhances the optimal value of
original GWO with satisfactory convergence rate.

Simulation results

The validation of FEM model

In order to verify the present FEM model, experimental results presented in24 are used for comparison. Consequently, this
work uses the same modeling parameters: D = 50 mm, L = 50 mm, C = 0.1 mm, MRF-122-2ED, rotating speed (n) = 200 r/
min. In this article, the bottom two coils are energized by current, and the magnetic field distribution of MR fluid journal
bearing is shown in Figure 8. Clearly, the red arrow represents the direction of the magnetic field. Figure 8 shows that the
magnetic field of the oil film below becomes stronger, and therefore can provide larger load capacity.

From the Figure 9, the numerical results obtained from the mathematical model in this work match experimental results
in Ref [28] in the range of normal operational eccentricities, and hence it could be considered fully validated.

Figure 6. The flowchart of improved gray wolf optimization (IGWO) algorithm.
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The performance evaluation of MRF bearing-rotor system

The main purpose of designing this MRF bearing is to increase fluid-film bearing load capacity and reduce the displacement
of the shaft, and therefore it can suppress rotor vibration and enhance the dynamic response of bearing-rotor system. The
simulation of this system is operated in MATLAB/Simulink and set parameters: rotating speed (n) = 200 r/min, load (W) =
1000 N. The different magnetic induction intensities are 0, 25, and 50 mT in the bearing loading region, which are
corresponding to different currents of 0, 1, and 2 A, respectively. As shown in Figure 10, when coil system is excited by
current, the rotor center orbits are smaller than those without current. It is indicated that the active MRF bearing has larger
minimum oil film thickness and it can avoid the direct contact between shaft and bearing and reduce friction. Under the

Table 3. The best optimal values of test functions.

Algorithm Sphere Step Griewank Rastrigin

GWO 1.4123e-24 0.013923 0.1222 4.5421
IGWO 3.1471e-244 2.6845e-05 0.0077865 0

Figure 7. Comparison of fitness convergence curve.
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presence of magnetic field, the rotor stops the plane motion and stabilizes at a point in the final moment, and therefore the
novel active bearing has ability to suppress rotor vibration, which could bring about oil whirl and whip phenomena. With
the increasing of current magnitude, the orbit of shaft center is smaller, and hence it is possibility to further enhance rotating
accuracy of shaft to adapt to more complex working conditions.

PID parameters optimized by different intelligent algorithms

In order to realize the smaller displacement of the shaft, it is fundamental to design an appropriate controller. So, the DC
power is controlled by PID controller to produce magnetic field, which affects MRF viscosity. The parameters of PID are
optimized by different intelligent algorithms. The principle of PID controller based on IGWO algorithm is shown in
Figure 11. The r(t) presents the ideal displacement of rotor and Y(t) represents the actual rotor displacement. To evaluate
various performance for the improved controller, the objective function ITAE is selected and expressed as

Figure 9. The validation of FEM model.

Figure 8. The magnetic field distribution of MR fluid journal bearing.
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Figure 10. Comparison of the shaft center orbits under different currents.

Figure 11. Principle of the PID controller based on IGWO algorithm.

Figure 12. The output response of step signals based on different PID controller parameters.
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ITAEobj ¼
Z ∞

0

tjeðtÞjdt (32)

where e(t) is error value and t is time.
GA-PID, PSO-PID, GWO-PID, and IGWO-PID controllers are used to simulate the response of step signal, which is set

as 10 μm in this work and represents the ideal displacement of rotor. The simulation is operated in MATLAB/Simulink. The
four intelligent optimization algorithms have the same parameter settings: Nmax = 100, X = 30. The responses of output are
shown in Figure 12.

The detailed data about different PID controller parameters and their output responses are shown in Table 4. Simulation
results show that IGWO-PID controller has best response speed, overshoot and steady-state error compared with GWO,
PSO, and GA algorithms, and hence the IGWO algorithm can find the more appropriate PID controller parameters, that the
validity of this algorithm is further proved.

Conclusions and future works

In this work, MRF as lubrication oil film adds an extra degree of freedom in the bearing than traditional fluid-film bearing.
Therefore, a novel active MRF fluid-film bearing is designed and its intelligent lubrication mechanism is analyzed. The
IGWO-PID controller is proposed to control this bearing more effectively so as to provide higher load capacity and suppress
rotor vibration. Thus, contact and friction between shaft and bearing can be reduced, and their service life could be
prolonged extremely. First, mathematical model of MRF bearing-rotor system is derived, and FEM model is utilized to
obtain stiffness and damping coefficients to supplement mathematical model. Furthermore, an IGWO algorithm is de-
veloped to tune the PID parameters. Lastly, the simulation results show that with the increasing of current magnitude, the
orbits of shaft center decrease. Under the action of magnetic field, the shaft of the novel active MRF fluid-film bearing can
stabilize at a point in the final moment, and therefore this bearing has ability to suppress rotor vibration, which could bring
about oil whirl and whip phenomena. In addition, IGWO-PID controller has better response characteristics than GWO,
PSO, and GA algorithms, and hence the IGWO algorithm can find the more appropriate PID controller parameters, that the
validity of this algorithm is further proved. The above conclusions are of reference significance for lubrication design, fault
diagnosis and life predication of MRF fluid-film bearing.

Future work of this research will carry out physical tests to further verify the excellent load capacity of active MRF
bearing under heavier load operating conditions. In addition, IGWO-PID controller may not be suitable since its robustness
is insufficient under extremely heavy load conditions. Therefore, more advanced controllers will be used to further reduce
displacement of shaft to adapt to various complex conditions.
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Table 4. Performance indexes of the output response based on different PID controller parameters.

Controller type Kp Ki Kd tr (0.1 to 0.9, s) Mp (%) ts (±2%, s)

GA-PID 300 0.001 76.8 0.517 4.4 1.48
PSO-PID 299.2 4.59 61.48 0.446 10 1.5
GWO-PID 500 0.001 106.56 0.399 4.3 1.12
IGWO-PID 800 0.001 144.66 0.320 3.8 0.87
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