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Abstract

To address the limitations of conventional magnetorheological (MR) fluid hydrostatic
bearings, a variable-stiffness bearing is proposed. These limitations include insufficient
load capacity, low torque margin, and poor adaptability under complex operating condi-
tions. Taking MR fluid as the lubricating medium, the device adopts permanent magnets
to provide a basic stable magnetic field. A dual-excitation configuration, consisting of stiff-
ness-adjustment coils integrated into the bearing and shaft-mounted coils attached to the
rotor, enables dynamic magnetic field regulation. This mechanism modulates the rheolog-
ical behavior of the MR fluid, realizing flexible stiffness tuning and dynamic torque en-
hancement of the bearing. The overall structure and working principle of the device are
elaborated in detail. The mathematical models of bearing stiffness-current and output
torque-current are derived, and the regulation law of current on the dynamic characteris-
tics of the bearing is clarified. ANSYS Maxwell simulation results verify the feasibility of
the dual excitation decoupling control scheme. The research results can provide theoreti-
cal support and technical reference for the intelligent regulation and engineering applica-
tion of MR fluid hydrostatic bearings.

Keywords: MR fluid; hydrostatic bearing; variable stiffness; magnetic field intensity;
load-bearing characteristics; decoupling control

1. Introduction

Hydrostatic bearings have low friction and high rotational accuracy. They also pro-
vide strong vibration resistance and load support. Therefore, they are widely used in high-
end equipment. Typical applications include CNC machine tool spindles, mining trans-
mission systems, wind turbine shafts, and aero-engines. They are key basic components
in the field of heavy and precision equipment [1-3]. With the development of high-end
equipment towards high speed, heavy load, and intelligence, the operating conditions of
the equipment have become increasingly complex. Scenarios such as strong load disturb-
ance, wide speed range fluctuation, and extreme condition impact have put forward
higher requirements for the stiffness tunability, load torque margin, and working condi-
tion adaptive capability of hydrostatic bearings [4,5].

Traditional liquid-lubricated hydrostatic bearings use lubricating oil with fixed vis-
cosity as the lubricating medium. To further illustrate the limitations of the lubrication
performance of traditional fixed viscosity hydrostatic bearings, the Stribeck curve theory
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is introduced here. The Stribeck curve describes the variation in bearing friction coefficient
and divides bearing lubrication into three states: boundary lubrication, mixed lubrication,
and full fluid film lubrication. Traditional oil-lubricated bearings are prone to getting
stuck in boundary/mixed lubrication at low speeds and heavy loads, accompanied by se-
vere friction and wear. Under high-speed operating conditions, the temperature of the
lubricating oil increases. This leads to a significant reduction in viscosity, resulting in de-
creased load-carrying capacity and stiffness of the bearing. Under sudden loading and
strong disturbance conditions, bearings with fixed stiffness cannot adapt quickly to load
variations. This may lead to shaft runout and lubrication failure, which negatively affect
operating accuracy and system safety [6-8]. Therefore, the development of intelligent hy-
drostatic bearings with dynamic stiffness tunability and active load torque enhancement
capability has become an urgent key problem to be solved in the field of bearing technol-
ogy.

MR fluid is an intelligent material composed of magnetic particles, carrier liquid, and
additives. Under an external magnetic field, it transforms from a Newtonian fluid to a
Bingham plastic within milliseconds. Its yield stress increases with magnetic field strength
in a reversible manner. This property is known as the magnetorheological effect [9-11].
Where Newtonian fluid exhibits a linear relationship between shear stress and shear rate,
and constant viscosity is independent of the external field. In contrast, MR fluids behave
as Bingham plastics under applied magnetic fields, characterized by field-dependent yield
stresses. The shear yield stress must be exceeded before MR begins to flow under a mag-
netic field. Compared with conventional lubricating oil, MR hydrostatic bearings main-
tain a complete oil film through external oil supply. At the same time, its viscosity can be
continuously adjusted by a magnetic field, actively changing the Hessian number, ex-
panding the effective working range of full fluid lubrication, and avoiding high friction
zones under complex working conditions. Therefore, MR fluid is suitable for intelligent
lubrication and active performance control of bearings [12,13].

In recent years, scholars have investigated MR fluid bearings. Research progress has
been made in structural design, magnetic field optimization, and performance modeling
[14-16]. In terms of the structural design of MR fluid hydrostatic bearings, relevant studies
have proposed an active MR fluid hydrostatic bearing structure. Through hybrid excita-
tion by permanent magnets and energized coils, the magnetorheological effect is used to
increase the flow damping of the lubricating medium, which effectively improves the
static load-bearing capacity of the bearing [17,18]. Some scholars have conducted simula-
tion-based optimization of the magnetic field distribution in MR bearings. These studies
clarify the influence of excitation structure parameters on the magnetic flux density in the
lubrication gap. The results provide a theoretical basis for structural optimization of MR
bearings [19-21]. In terms of bearing performance control, existing studies have intro-
duced displacement feedback and semi-active control strategies. By dynamically adjust-
ing the input current of the excitation coil, the closed-loop adjustment of bearing lubrica-
tion parameters and support characteristics is realized, and the anti-disturbance capability
of the bearing is improved [22-24]. At the same time, scholars have established a stiffness
calculation model for MR fluid lubricated bearings, and verified the feasibility of adjusting
bearing stiffness through magnetic field control [25-27].

However, based on the comprehensive analysis of existing studies, the current tech-
nologies related to MR fluid hydrostatic bearings still have obvious limitations. Meer et
al. [28] proposed that under higher loads, the relative improvement in load-carrying per-
formance provided by MR lubrication decreases significantly, indicating limited effective-
ness under high-load conditions. Lampaert et al. [29] reported that the load-carrying ca-
pacity of hydrostatic bearings lubricated with MR fluids increases with magnetic field in-
tensity; however, the improvement is strongly dependent on operating conditions and
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does not scale proportionally with magnetic excitation. Wodtke et al. [8] proposed that
MR-lubricated bearings exhibit approximately six times higher friction coefficient com-
pared to oil lubrication, indicating significantly reduced torque margin under practical
operating conditions.

To address the above problems, this paper designs a variable stiffness MR fluid hy-
drostatic bearing device with a dual excitation structure. This device utilizes permanent
magnets to provide a basically stable magnetic field, and achieves decoupling control of
stiffness and torque through two independent sets of coils. This paper elaborates the over-
all structure and working principle of the device in detail. Based on the Bingham consti-
tutive model of MR fluid and the lubrication theory of hydrostatic bearings, the mecha-
nistic mathematical models of bearing stiffness-current and output torque-current are de-
rived. The simulation analysis of the internal magnetic field distribution characteristics of
the bearing is carried out through the Ansys Electronics 2022.R1 finite element software.
The research in this paper can provide a new structural scheme and theoretical support
for the intelligent active control of MR fluid hydrostatic bearings.

2. Design of MR Bearing with Variable Stiffness
2.1. Owverall Structure

The variable stiffness MR fluid hydrostatic bearing device proposed in this paper
utilizes MR fluid as the lubricating medium and achieves active adjustment of support
stiffness and load torque through magnetic field regulation. The bearing device primarily
consists of six components: the bearing body, stepped shaft, permanent magnet, dual ex-
citation coil system, oil circuit system, and axial fixing and sealing structure. The overall
structure is illustrated in Figure 1.

AN
15—/ 9 \—10 17j \11 18

Figure 1. Structure of MR bearing with variable stiffness. 1 —shaft end retaining ring, 2—skeleton
seal, 3—screw, 4—lock nut, 5—permanent magnet, 6—bushing, 7 —rotating shaft, 8 —first oil outlet,
9—oil inlet, 10—oil cavity, 11—second oil outlet, 12—stiffness adjustment coil, 13 —shaft-mounted
coil, 14—first axis segment, 15—second axis segment, 16 —third axis segment, 17 —fourth axis seg-

ment, 18 —fifth axis segment.

The rotating shaft (7) adopts a five-segment symmetrical stepped structure, including
a first axis segment (14), a second axis segment (15), a third axis segment (16), a fourth axis
segment (17), and a fifth axis segment (18). The third axis segment (16) is the central work-
ing axis segment, and the remaining segments are distributed symmetrically. The second
and fourth segments are threaded for axial positioning and fastening. There are multiple
sets of permanent magnets (5) uniformly embedded on the inside of the bushing (6), with
axial fixation achieved by lock nuts (4) on both sides. The stiffness adjustment coil (12) is
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wound around the winding frame where the permanent magnets (5) are located. Multiple
sets of shaft-mounted coils (13) are uniformly attached to the outside of the third segment
of the rotating shaft (7), forming a dual excitation coil system.

2.2. Compound Excitation System

The compound excitation system consists of three parts: permanent magnets (5), stiff-
ness adjustment coils (12), and shaft-mounted coils (13), and is the core for achieving dy-
namic regulation and control of bearing performance. The permanent magnets (5) are
magnetized radially to provide a continuous and stable basic magnetic field for the bear-
ing lubrication gap, ensuring that the bearing has stable basic stiffness and load-bearing
capacity when there is no current input. The stiffness adjustment coils (12) are wound
around the permanent magnets (5) inside the bushing (6). When energized, they magnet-
ize the first oil seal edge, and the generated magnetic field superimposes in the same di-
rection as the basic magnetic field of the permanent magnets (5), allowing for continuous
adjustment of the magnetic field strength within the lubrication gap. The shaft-mounted
coils (13) are fixed to the central shaft section of the stepped rotating shaft (7). When ener-
gized, it magnetizes the second oil seal edge, and the generated magnetic field forms a
magnetic repulsion force with the basic magnetic field of the permanent magnets (5),
providing auxiliary driving torque for the rotation of the rotating shaft (7) and enhancing
the load-bearing torque of the bearing.

2.3. Oil Circuit and Sealing Structure

The oil circuit system adopts the symmetric structure of “four inlets and two outlets”,
and four radial oil holes (9) ensure sufficient oil supply capacity under high load or dis-
turbance conditions to avoid pressure collapse caused by insufficient oil supply on one
side. Symmetric arrangement can reduce the initial pressure deviation caused by the dif-
ference in oil supply path and improve the static stability of the system. The first oil outlet
(8) and the second oil outlet (11) are symmetrically arranged under the bearing to ensure
smooth oil return of the lubrication circuit and maintain stable pressure of the oil cavity
(10).

When eccentricity occurs, the bearing side oil film thickness decreases, the fluid re-
sistance increases, and the corresponding oil chamber pressure automatically rises, form-
ing the restoring force against the eccentricity. At this time, the stiffness-regulating coil is
energized. Under the applied magnetic field, the MR fluid exhibits the magnetorheologi-
cal effect, and its apparent viscosity increases. This enhances the difference in hydraulic
resistance between oil chambers, further amplifying the pressure variation and improving
the restoring capability of the bearing. Therefore, the bearing capacity of the bearing is
increased and the slewing accuracy is improved.

The sealing structure adopts a double-sided skeleton seal (2), which is installed on
the left and right ends of the bushing (6) respectively, and is interference-fitted with the
shaft section of the rotating shaft (7). It can effectively block the leakage of MR fluid along
the axial gap, ensure the filling rate of MR fluid in the lubrication gap and the stability of
the oil chamber pressure, and prevent external dust and impurities from entering the bear-
ing interior.
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3. Stiffness and Torque Adjustment of MR Fluid

This device utilizes MR fluid as the lubricating medium. The MR fluid enters the
bearing oil chamber through the oil inlet hole, fills the lubrication gap between the shaft
sleeve and the rotating shaft, and then flows out through the radial oil outlet hole. A cir-
culating lubrication loop is thereby formed. The core working principle of the device is
divided into two dimensions: stiffness adjustment and torque enhancement.

The mathematical models for bearing stiffness and output torque are developed in
this study. They are based on Reynolds lubrication theory for hydrostatic bearings, the
Bingham plastic constitutive model for MR fluid, and laminar flow resistance theory in
parallel gaps. The following general basic assumptions are adopted to simplify the com-
plex multi-field coupling relationship and ensure the engineering applicability of the
model:

1. The MR lubricating fluid is incompressible, and the flow inside the lubrication gap is
steady laminar flow;

2. Fluid inertia force and viscosity variation caused by temperature rise are neglected,
and isothermal modeling is adopted;

3. The bearing operates under a small eccentricity condition e/h0 < 0.3, with a limited
range variation of oil film thickness;

4.  The oil supply pressure is stable, the oil supply flow of four oil cavities is consistent,
and no external flow disturbance exists;

5. The magnetic circuit is weakly coupled with the fluid lubrication field, and the cor-
relation is only established by adjusting the equivalent viscosity of MR fluid via the
magnetic field.

3.1. Principle of Stiffness Adjustment

Permanent magnets provide a basic magnetic field for the lubrication gap, giving MR
fluid basic shear yield stress and viscosity that correspond to the basic stiffness of the
bearing. When an adjustable current is applied to the stiffness adjustment coil, an addi-
tional magnetic field is generated. This magnetic field is superimposed on the permanent
magnet field at the oil sealing edge in the same direction. The magnetic field strength
within the lubrication gap increases with the increase in input current, leading to an in-
crease in the shear yield stress and viscosity of the MR fluid. As a result, the flow resistance
across the oil sealing edge is significantly increased, leading to higher oil chamber pres-
sure and improved bearing load capacity and support stiffness. On the contrary, inputting
a reverse current can reduce the bearing stiffness. By continuously adjusting the current
of the stiffness adjustment coil, wide-range, fast, and reversible adjustment of bearing
stiffness can be realized.

Oil film stiffness represents the ratio of load change to radial displacement change,
and is the ability of the bearing to resist deformation

_aw
A
where K is the oil film stiffness of the bearing, N/m; W is the load-bearing capacity of

ey

the bearing, N; and e is the radial eccentricity (variation in oil film thickness), m.

The load-bearing capacity of a four-oil-cavity symmetric hydrostatic bearing is de-
termined by the effective load-bearing area and the pressure difference across the oil cav-
ities

W=A.Ap )
where A, is the effective bearing area of the oil cavity, m? and Ap is the pressure differ-
ence between the opposing oil cavities, Pa.
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The pressure difference is proportional to the lubrication gap fluid resistance, which
is related to the viscosity of the MR fluid and the oil film gap

@)

where C is a structural constant; 7(B) is the viscosity of the MR fluid controlled by mag-
netic field B (scale factor between shear stress and shear rate), Pa-s; and F is the radial
clearance of the bearing, m.

The stiffness of the bearing consists of two parts: the basic stiffness provided by the
permanent magnet and the controllable stiffness provided by the stiffness adjustment coil

Kiotar = Ko + Kyar(I1) 4)

Kooy = kl'”(BO + kB'Il) (5)

where K; is the basic stiffness provided by the permanent magnet, N/m; K,,, is the var-
iable stiffness provided by the stiffness adjustment coil, N/m; k; is the stiffness adjust-
ment coefficient; B, is the basic magnetic field of the permanent magnet, T; kp is the
current-to-magnetic field conversion coefficient; and I; is the current of the stiffness ad-
justment coil, A.

It should be noted that the stiffness-current relationship presented in this study is a
locally linearized approximation based on the nominal operating point.

In reality, the viscosity of MR fluid exhibits a nonlinear dependence on magnetic field
intensity, typically described by a Herschel-Bulkley-type constitutive model, while the
bearing stiffness is also strongly influenced by the cubic relationship with film thickness
(h).

Therefore, Equations (4) and (5) are established under the assumption of small per-
turbations around steady operating conditions, where the magnetic field remains in the
unsaturated region and the variation in film thickness is limited. Within this range (0-3 A
excitation current), the linear approximation provides acceptable accuracy for control-ori-
ented analysis.

3.2. Principle of Torque Improvement

When an adjustable current is applied to the shaft-mounted coil, a magnetic field is
generated. This field interacts with the magnetic field of the permanent magnet near the
second oil seal edge. The interaction results in a repulsive magnetic effect due to opposite
field directions. This magnetic repulsion force is converted into an auxiliary driving
torque for the shaft rotation, effectively counteracting the frictional resistance torque dur-
ing the bearing’s operation, thereby enhancing the output load torque of the bearing. By
adjusting the magnitude of the current flowing through the shaft-mounted coil, the aux-
iliary driving torque can be linearly regulated, achieving flexible control of the bearing’s
load torque.

The total load torque consists of three parts

Tiotar = Toir + Teour + Tshaft (6)

where Ty,q is the total load torque of the bearing, N-m; T,; is the base oil film friction
torque, N'm; T,; is the additional oil film torque induced by the stiffness adjustment
coil, N'm; and Tg,p, is the auxiliary magnetic repulsion torque generated by the shaft-
mounted coil, N-m.

2 L
Toil = f f r2 Tsheardrde (7)
0 0
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— 40 v
Tshear — Ty + No h_o (8)

where r is the shaft radius, m; L is the bearing length, m; 7., is the oil film shear
stress, Pa; ‘rg is the zero-flow shear yield stress of the MR fluid under the permanent
magnet base magnetic field, Pa; no is the base viscosity, Pas; v is the tangential velocity of
the shaft surface, m/s; and h, is the oil film gap, m.

2w oL
Teonl = J J T2 Tvr(1)drdo 9)
0 0

v
vr(h) =79 + ki (By + k1)™ + (1) h_ (10)
0

where tyr(l;) is MR shear stress under stiffness adjustment coil current, Pa; I; is the
current of the stiffness adjustment coil, A; B, is the basic magnetic field of the permanent
magnet, T; ky, k,,n are the nonlinear coefficients of the MR fluid; and 1(l;) is the viscos-
ity of the MR fluid under the magnetic field, which increases with the increase in current,
Pa-s.

Tohatt = ksl Acoit™ (11)

where [, is the current of the shaft-mounted coil, A; Ay is the effective magnetic area
of the coil, m? and k3 is the magnetic repulsion conversion coefficient, which converts
magnetic force into torque.

Based on the aforementioned working principle, this device can achieve dynamic ad-
justment of bearing stiffness and active enhancement of load-bearing torque through in-
dependent or coordinated control of two sets of coils. This enables the bearing to quickly
adapt to complex working conditions such as heavy loads, variable loads, and strong dis-
turbances, significantly improving operational stability. The relevant algorithm flowchart
is shown in Figure 2.

Real time sensor acquisition
Radial eccentricity e, load torque T,
speed w

Identification and judgment of working
conditions

stable operating conditionsi variable Icadl speed fluctuationl

Stiffness closed-loop PID Torque feedforward feedback
control composite control
‘Output raw current 110 Output raw current 120

Keep the current of 11 and 12
unchanged

Dual coil decoupling compensation

Current limiting protection

Dual excitation power output

Stiffness and torque adjustment of magneto rheological bearings

Figure 2. Control algorithm flowchart.

Taking rotor radial eccentricity, load torque and shaft speed as feedback inputs, the
system distinguishes three operating states (steady state, variable load and speed fluctu-
ation) through the operating condition judgment unit. For non-steady working conditions,
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displacement PID closed-loop stiffness control and speed feedforward-feedback compo-
site torque control are adopted to calculate two groups of original excitation currents, re-
spectively. Magnetic field decoupling compensation is implemented to eliminate cross-
coupling interference between coils, and current amplitude limiting is applied to avoid
magnetic saturation and coil overheating. Finally, two channels of driving currents are
output to cooperatively adjust the stiffness and output torque of the magnetorheological
bearing, forming a complete closed-loop adaptive regulation system.

4. Magnetic Circuit Design in MR Fluid Bearing
4.1. Calculation of Magnetic Resistance

The magnetic circuit of the MR fluid bearing is simplified, and a simplified magnetic
circuit is obtained based on different material distributions and cross-sectional areas, as
shown in Figure 3. The meaning of each label in the figure is as follows: 1 represents the
circumferential magnetic circuit of the rotor part, 2 and 10 represent the radial magnetic
circuit of the rotor between the shaft-mounted coils, 4 and 8 represent the radial magnetic
circuit of the stator part, 5 represents the circumferential magnetic circuit of the stator part,
6 and 7 represent the magnetic circuit of the MR fluid inlet part, and 3 and 9 represent the
magnetic circuit of the MR fluid gap.

20°

o © ° 90°

Figure 3. Schematic diagram of the magnetic circuit composition.

The magnetic reluctance of each segment in the magnetic circuit can be calculated
according to magnetic Ohm’s law. The calculation method for circumferential magnetic
reluctance is as follows:

li _ 0n(rei + rai) _ 7":(rei + roi)

= = = 12
s T 3e0ms | zu, (42
The calculation of radial partial magnetic resistance can be expressed as follows:
1
Ri = W(ln Tei — In Toi) (13)

where R; is the magnetic reluctance of each part of the magnetic circuit, H; 6 is the cir-
cumferential angle of each part of the magnetic circuit; [; is the length of each part of the
magnetic circuit, m; 7,; is the outer diameter of each part of the circumference, m; r,; is
the inner diameter of each part of the circumference, m; y; is the magnetic permeability
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of the material, H/m; S; is the cross-sectional area of each part of the magnetic circuit, m?
and i is the code of the magnetic circuit.
By calculating the magnetic resistance of each segment in turn, we can obtain
T,

Ry = 12u41r0h

R. = R _lnn —inn
z 10 24muh
Inr,—Innr
R.=Ro=—F——
3 ? 24mush
Inrs—lInmrg
R,=Ro=—m—
* ° lsush
w5 +m)
T 12u3(rs — )R
Ly
Rg=——2—
¢ 2mpy (rs —my)h

(14)

In( #) —lInrs
T 24wy h
The specific dimensions and material parameters of the MR fluid bearing are shown
in Table 1.

Table 1. The main geometric and material parameters of the magnetic circuit.

Variable Value Variable Value
Rotating shaft inner radius r, 29 mm Oil inlet width [, 10 mm
Rotating shaft outer radius ;50 mm Bushing width I3 8.5 mm

MR fluid gap outer radius r,  50.02 mm Vacuum permeability @, 47 X 1077H/m

Permanent magnet outer radius 45 steel relative permeabil-

55 mm . 6004,
13 ity py
MR fluid relati il-
Bushing outer radius 7, 98 mm uid reatve permeabi 3uo
ity up
Bushing inner radius 75 82 mm 20 steel relétlve permeabil- 30004,
ity us
Stiff djust t coil
QOil inlet outer radius 7y 88 mm Hiness adjustment cot 800
turns N1
iff j il sl
Stiffness adjustment coil slot 9mm Shaft-mounted coil turns N2 200

width [,

In this study, an equivalent linear permeability model was used to reduce the com-
plexity of the model and obtain an analytical solution. This value is the average equivalent
relative permeability of the oil-based MR fluid in the operating magnetic field range of
0.1~0.6 T, which can meet the accuracy requirements of the preliminary magnetic circuit
design.

4.2. Permanent Magnet Calculation

According to the different positions and relationships of magnetic resistance in the
magnetic circuit, we can note that
R, =R, +R,+R;

(15)
Rr =Rs+Rg+ R, + Ry

https://doi.org/10.3390/lubricants14070268
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When considering the effect of permanent magnets on the magnetic circuit alone, the
equivalent magnetic circuit is shown in Figure 4a; when considering the effect of coils on
the magnetic circuit alone, taking into account that the magnetic reluctance of the perma-
nent magnet branch is much greater than that of the MR fluid working gap branch, the
corresponding equivalent magnetic circuit model is shown in Figure 4b.

Dyy

> Rg

— Ry MH Ry RQ_RIO_RL_‘

R, @ Fe Fei

Ry

Ry R Ry

(a) Permanent magnet magnetic circuit (b) coil magnetic circuit

Figure 4. Equivalent magnetic circuit.

The permanent magnet is equivalent to a constant magnetic flux source model with
internal magnetic reluctance connected in parallel. The relationship between the effective
magnetic flux and the internal magnetomotive force of the permanent magnet can be de-
rived from the fundamental laws of magnetic circuits

F, F,
¢M:¢Z_¢0:R_2_R—IZ (16)
Fy =F; — ¢uR; (17)

where ¢, represents the effective magnetic flux provided by the permanent magnet to
the external magnetic circuit, wb; ¢, represents the virtual leakage magnetic flux inside
the permanent magnet, wb; and R; represents the internal magnetic reluctance of the
permanent magnet, m/H.

To achieve a wider stiffness adjustment range, ferrite of grade Y22H is selected as the
permanent magnet material. The calculation of its magnetomotive force is as follows:

F, = H.h, (18)

where H¢ is the coercivity of the permanent magnet material, A/m, and h,, is the effec-
tive length of the permanent magnet along the magnetization direction, m.

4.3. Coil Calculation

To calculate the required excitation ampere-turns for the coil, it is necessary to first
determine the magnetic flux variation in the working gap of the MR fluid under the sep-
arate actions of the permanent magnet and the coil. When the permanent magnet acts
alone, the magnetic induction intensity in the MR fluid gap is B, = 0.2 T, corresponding
to a magnetic circuit flux of ¢y. Under the excitation of the stiffness adjustment coil, the
magnetic induction intensity in the working gap needs to be increased to a maximum
value of B4y, corresponding to a magnetic circuit flux of ¢yqy.

The total magnetic reluctance of the coil magnetic circuit is

Riotar = R, + Ry + Ro + Ryg + Ry (19)

According to Ohm’s Law in magnetic circuits, the magnetomotive force (MMF) re-
quired to be provided by a coil branch is equal to the product of the increment of magnetic
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flux and the total magnetic reluctance of the loop. Assuming the number of coil turns is N
and the excitation current is I, the required ampere-turns of the coil can be obtained from
Kirchhoff’s Second Law as follows:

NI = (¢max - ¢f0)Rtotal (20)

Using the aforementioned formula, the required magnetomotive force to enhance the
magnetic induction intensity of the MR fluid gap to 0.5 T through the stiffness adjustment
coil can be calculated as follows: NI = 2381, and the magnetomotive force required to
counteract the magnetic force of the permanent magnet is: NI = 1375. Taking all factors
into consideration, a copper wire with a diameter of Imm is selected for winding the coil,
with a total of 800 turns.

5. Magnetic Field Simulation Analysis of MR Bearing
5.1. Pre-Processing Simulation

To verify the rationality of the magnetic circuit design and the accuracy of the theo-
retical model, numerical simulation of the MR fluid bearing was carried out using the
electromagnetic field finite element method. Due to the original geometric model contain-
ing a large number of detailed structures, directly performing full-scale modeling would
significantly increase the grid scale, reduce the efficiency of the solution, and even affect
the convergence of the calculation. Therefore, it is necessary to appropriately simplify the
model while ensuring that the key electromagnetic characteristics are not distorted.

During the construction of the two-dimensional electromagnetic field model, local
structural features that have a minor impact on the overall magnetic field distribution,
such as side magnetic holes, bolt holes, and non-load-bearing auxiliary structures, are ne-
glected. Meanwhile, adjacent components with consistent material properties and identi-
cal functions in the magnetic circuit are equivalently merged to reduce unnecessary con-
tact interfaces and complex boundary conditions, thereby reducing model complexity and
enhancing computational efficiency.

In terms of grid division, for key areas with large magnetic flux density gradients, a
local densification strategy is adopted to improve the resolution and accuracy of magnetic
field distribution calculations. In areas where the magnetic field changes relatively
smoothly, a coarser grid division is used to achieve a reasonable balance between calcu-
lation accuracy and solution efficiency. The material distribution and grid division of each
component in the finite element model established based on the above modeling princi-
ples are shown in Figure 5.

Bl 45 steel
Y22H

(a) Material regions of the 2D magnetic circuit model (b) Mesh generation of the 2D magnetic circuit model.

Figure 5. The simplified magnetic circuit model.
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5.2. Influence of Stiffness Adjustment Coil Current on Magnetic Field Distribution

Figure 6 presents the contour plots of magnetic induction intensity distribution for
the stiffness adjustment coil under different reverse currents. Under the condition of no
power or only a small current being applied, the magnetic field is primarily provided by
the permanent magnet, and the magnetic flux closes along a path with less magnetic re-
sistance. The distribution of magnetic induction intensity within the working gap is rela-
tively stable, but the overall adjustment range is limited. As the reverse current gradually
increases, the direction of the magnetomotive force generated by the stiffness adjustment
coil is opposite to that of the permanent magnet’s magnetic field, gradually canceling out
the original magnetic flux. This results in an overall downward trend in the magnetic in-
duction intensity within the working gap, while the magnetic flux density in some local
areas of the stator first decreases and then increases.

(b) -0.5A (c)-1.0A

(d)-1.5A (e)-1.75A

Figure 6. Distribution gradient of magnetic flux density under different reverse currents.

From the perspective of the magnetic circuit mechanism, the introduction of reverse
excitation weakens the dominant role of the permanent magnets in the main magnetic
circuit. It changes the magnetic flux distribution among different branches. As a result,
the magnetic field in the working gap becomes more adjustable, and its regulation range
is expanded. Due to the high sensitivity of the yield stress and equivalent stiffness of MR
fluids to magnetic induction intensity, a decrease in the gap magnetic field will directly
lead to a weakening of its mechanical properties. Therefore, by applying a reverse current,
active regulation of the magnetic induction intensity in the working gap can be achieved,
thereby achieving the goal of reducing equivalent stiffness and realizing stiffness soften-
ing adjustment.

Figure 7 depicts the variation curve of magnetic induction intensity along a specific
path in the working gap under different reverse currents. The results indicate that the
distribution of magnetic induction intensity along the path is not entirely flat, but exhibits
local elevation in the magnetic flux convergence region and a certain gradient change in
the geometric transition zone. As the reverse current increases, the curve shifts downward
overall, indicating that the coil’s counteraction to the permanent magnetic field intensifies.
Simultaneously, the magnitude of change in magnetic induction intensity in the central
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region of the gap is smaller than that in the edge region, suggesting that this area possesses
superior magnetic field stability and higher magnetic flux utilization efficiency.
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Figure 7. Relationship curve of magnetic flux density with angular position under different reverse

currents.

Unlike reverse current, under forward current conditions, the magnetic field direc-
tions of the stiffness adjustment coil and the permanent magnet are aligned, resulting in
a magnetic flux superposition effect within the working gap. The magnetic induction in-
tensity contour plot shown in Figure 8 indicates that as the forward current increases, the
magnetic flux lines gradually concentrate towards the working gap and its adjacent mag-
netic circuit areas. The magnetic density level within the gap significantly increases, and
the range of local high magnetic density areas also expands.

Figure 9 depicts the path curves of magnetic induction intensity in the working gap
under different forward currents. The results indicate that as the excitation current in-
creases, the overall curve level gradually shifts upwards, with peak values continuously
rising. Moreover, the increase in magnetic induction intensity is more significant in the
middle effective working section, indicating that forward excitation can effectively en-
hance the magnetic field strength in the core area of the gap, thereby improving the mag-
netization degree of the MR fluid in this region. In contrast, at the four inlet positions of
the MR fluid, the magnetic induction intensity is significantly lower than that in the mid-
dle working section. The main reason for this is the abrupt change in geometric structure
in this area, where magnetic flux diffuses before entering the working gap, leading to
magnetic flux leakage and a relatively high equivalent magnetic reluctance. As a conse-
quence, the concentration of magnetic flux is reduced.
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Figure 8. Distribution gradient of magnetic flux density under different forward currents.
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Figure 9. Relationship curve of magnetic flux density with angular position under different forward

currents.

The stiffness adjustment coil can regulate the magnetic induction intensity in the
working gap within a wide range: reverse excitation weakens the magnetic field to expand
the lower limit of stiffness, while forward excitation enhances the magnetic field to in-
crease the upper limit of stiffness, enabling the system to achieve a larger adjustable stiff-
ness range and more flexible operating adaptability. When the reverse current is -1400 A,
the average magnetic induction intensity in the working gap decreases to approximately
20 mT; when the forward current is 3.0 A, it increases to approximately 520 mT. The error
between the simulation results and the theoretical calculation values is less than 8%,
which verifies the accuracy of the equivalent magnetic circuit model.
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5.3. Influence of Shaft-Mounted Coil Current on Magnetic Field Distribution

The shaft-mounted coils are arranged on the rotor side, with a total number of 200
turns. Its core function is not to directly enhance the magnetic induction intensity within
the working gap of the MR fluid, but rather to excite the rotor core, enabling it to form an
adjustable magnetic pole distribution. This, in turn, facilitates electromagnetic coupling
with the permanent magnet field on the stator side, generating additional electromagnetic
torque and achieving the regulation of output torque.

Figure 10 shows the contour plot of magnetic induction intensity under the influence
of different shaft-mounted coil currents. As the excitation current increases, the magnetic
flux density inside the rotor significantly increases, with the magnetic flux mainly concen-
trated in the rotor pole region and forming a closed magnetic circuit with the stator per-
manent magnet through the working gap. A directional electromagnetic force is generated
in the working gap, and the component of this electromagnetic force in the circumferential
direction constitutes the driving or braking torque.
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Figure 10. Distribution gradient of magnetic flux density under different shaft-mounted coil cur-

rents.

Figure 11 shows the distribution curve of the magnetic induction intensity in the
working gap along a specific path. The results show that under different shaft-mounted
coil currents, the variation range of magnetic induction intensity in the working gap is
relatively limited, the overall curve shape is basically consistent, and only a slight increase
occurs in the local region. Because the magnetic field generated by the shaft-mounted coil
is mainly concentrated in the rotor, tangential magnetic repulsion force is formed at the
pole shoe with the permanent magnet magnetic field, and the radial component of the
force is very small, so the radial magnetic field distribution of the working gap is weakly
affected, and the stiffness adjustment process will not be disturbed, so the decoupling
control of stiffness and torque is realized.
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Figure 11. Relationship curve of magnetic flux density with angular position under different shaft-

mounted coil currents.

6. Conclusions

To overcome the limitations of conventional MR fluid hydrostatic bearings, including
limited load capacity, insufficient output torque, and poor adaptability to complex oper-
ating conditions, a dual-excitation variable-stiffness MR fluid hydrostatic bearing is pro-
posed. This study systematically investigates its structural design, theoretical modeling,
and magnetic field simulation. The main conclusions are as follows.

The dual-excitation structure composed of permanent magnets, stiffness adjustment
coils and shaft-mounted coils realizes the decoupling control of bearing stiffness and load
torque. Radially magnetized permanent magnets provide a stable basic magnetic field to
guarantee the fundamental support performance; stiffness adjustment coils achieve wide-
range bidirectional stiffness regulation through magnetic field superposition or cancella-
tion with permanent magnets; shaft-mounted coils generate auxiliary driving torque via
magnetic repulsion to compensate oil film friction torque and expand the load torque mar-
gin. The independent or coordinated control of the two sets of coils enables the bearing to
meet multi-dimensional performance requirements under variable load, variable speed
and strong disturbance conditions.

Based on the Bingham constitutive model of MR fluid and classical hydrostatic lubri-
cation theory, the mechanistic mathematical models of total stiffness-current and total
load torque-current are derived. The equivalent magnetic circuit model is established to
calculate and optimize the magnetic resistance of each component, permanent magnet
magnetomotive force and coil excitation ampere-turns. ANSYS Maxwell simulation re-
sults show that the stiffness adjustment coil can bidirectionally regulate the magnetic in-
duction intensity in the working gap. The shaft-mounted coil mainly affects the rotor mag-
netic pole distribution and has little direct influence on the gap magnetic field. These re-
sults confirm the rationality of the magnetic circuit design and the decoupling control be-
tween the two excitation systems. This research breaks through the technical limitation
that traditional single-excitation MR hydrostatic bearings can only achieve unidirectional
stiffness adjustment, providing a new technical solution for intelligent active control of
hydrostatic bearings. The proposed device has the advantages of a wide stiffness adjust-
ment range, fast response and strong working condition adaptability. It shows promising
application potential in core support systems of high-end equipment, such as heavy min-
ing machinery spindles and wind turbine main shafts.
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To further validate the proposed theoretical model, a dedicated experimental plat-
form is currently under development. The test system includes a prototype MR fluid hy-
drostatic bearing, torque measurement system, displacement sensing module, and a dual-
channel current-controlled excitation system.

The experimental study will focus on verifying the stiffness-current and torque-cur-
rent relationships under different operating conditions. The results will be reported in
subsequent work.
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