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Abstract: In order to improve the load-bearing performance of converter trunnion bearing, this paper
proposes magnetic-hydraulic bearing which is a new coupled support technology that combines elec-
tromagnetic support and hydrostatic support. It can be realized the active control of electromagnetic
and hydraulic pressure, and is conducive to extending the bearing replacement period. Based on the
magnetic-hydraulic coupling, a mathematical model of the initial state of the radial support system is
established, the calculation formula of bearing capacity of radial magnetic fluid bearing is deduced,
and Matlab software is used to analyze the variation trend of bearing capacity and stiffness with rotor
displacement. The optimization of structural parameters was carried out according to analysis of
bearing characteristics, and it was concluded that the bearing performance was the best when the
diameter of the bearing cavity was 10 mm, and the bearing capacity increased significantly when
the thickness of the oil film was 70 µm. It provides a theoretical basis for the innovative design of
converter trunnion support system.

Keywords: trunnion bearing; magnetic hydraulic bearing; bearing capacity; simulation optimization

1. Introduction

The trunnion bearing device is an important part of the converter tilting, supporting
the weight of the furnace body, liquid metal, steel slag, and suspension reducer. In the
semi-suspended tilting mechanism, the converter tilting also bears the reaction force from
the torque—balance device, including the slag scraping force when the furnace mouth
is scraped, and the impact force of the ladle and hopper when feeding. Its working
characteristic is that the motor drives the ring through the reducer to make the converter
rotate within 360◦ of positive and negative rotation to complete the action of iron blending
and steel tapping [1]. In recent years, there has been little research on the trunnion bearing
of tilting mechanism, and only described the fault and maintenance. This paper aims to
make a new exploration on the structural innovation of trunnion bearing, Therefore, the
improvement or innovation of the supporting system to improve the bearing capacity and
stiffness of the supporting system can meet the needs of the trunnion bearing capacity
and stability.

China is constantly seeking development and breakthroughs in aerospace engineering,
ocean engineering, energy system, transportation engineering, etc., and with that, the
requirements for supporting structures and forms are becoming higher and higher. Under
the national long-term development plan, the demand for large support systems has
increased [2], which has led to the continuous innovation and development of large support
systems. The main research is shown in three aspects: first, the application of wear-resistant,
pressure-resistant and high-temperature resistant new materials, the study of the impact
of new materials on bearing capacity, stiffness, resistance and other aspects, and the test
verification; The second is to study new support forms, and explore support systems
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such as electromagnetic, permanent magnetic, pneumatic magnetic and hybrid magnetic
suspension, in order to achieve the best support characteristics; The third is to find effective
control methods to actively control key parameters to ensure efficient and stable operation
of the support system [3].

Researchers have conducted in-depth research on electromagnetic, permanent magnet,
aeromagnetic, hybrid magnetic levitation and other supporting systems in order to achieve
the best supporting characteristics [4]. Wang Xiaohu established the dynamic model of
aero-engine rotor drop and impact wear, and analyzed the impact impact impact of the rotor
drop on the auxiliary bearing and bearing pedestal after the failure of the active magnetic
bearing [5]. Shuai Changgeng proposed a new radial magnetized permanent magnet thrust
bearing to achieve large bearing capacity, and expounded the relationship between air
gap and bearing capacity [6]. Magnetic fluid bearing technology is a new type of bearing
technology in recent years, which combines the characteristics of magnetic suspension
bearing and hydrostatic bearing. Professor Zhang Fan combines hydrostatic bearings with
electromagnetic bearings to form high-precision gas-magnetic bearings, which effectively
combines the advantages of large bearing capacity and adjustability [7]. Li Wanjie scholars
combined the two magnetic bearings and simulated them. The results show that the
temperature rise of the winding in the axial electromagnetic bearing was reduced [8].
Professor Yuan Xiaoyang’s research group integrated the superconducting magnetic bearing
with the hydrostatic bearing, designed the thrust bearing of the superconducting magnetic
fluid composite bearing, and calculated the influence of parameters on the bearing capacity
and stiffness [9]. Based on the structure of water-lubricated bearing, Professor He Tao
designed a new composite water-lubricated bearing by introducing permanent magnet
support technology, which improved the bearing capacity and stability [10].

For tilting mechanism, its working environment is high temperature, heavy load and
frequent operation. The load of the converter can reach hundreds of tons after loading.
Its load is borne by the trunnion bearing, and it rotates slowly during operation, which
requires the bearing to have a high radial static bearing capacity. In the normal production
process, the tilting mechanism needs to rotate frequently and work with vibration load, so
the trunnion bearing must also have certain vibration bearing capacity. At present, trunnion
bearings are mostly dynamic and static bearings, with slow response speed and untimely
adjustment of oil chamber flow, which will increase the probability of bearing in boundary
lubrication or dry friction state [11,12]. In this paper, a new coupling support technology
combining electromagnetic support and static pressure support is proposed, which can
control the electromagnetic and static pressure in real time. It has good bearing capacity
and stiffness, and has good theoretical research significance and engineering application
value for promoting the technical improvement of the tilting mechanism support system.

2. Magnetic Fluid Bearing System and Working Principle

The magnetic fluid bearing system studied in this paper includes the following com-
ponents, mainly composed of radial electromagnetic composite bearing, axial permanent
magnet composite bearing, control module, rotor component, sealing device and so on, as
shown in Figure 1. As a new type of bearing, it combines the advantages of electromagnetic
bearing and hydrostatic bearing. Hydrostatic system has the characteristics of small clear-
ance, positive stiffness, and suspension by using repulsive force, while electromagnetic
suspension system is the opposite. Magnetic fluid support is provided with axial support
and radial support by electromagnetic force and static pressure, and the radial support can
improve the bearing capacity and stiffness by adjusting the electromagnetic force and static
pressure in real time according to a certain dynamic parameter.

When the system is started, hydraulic oil is first introduced into the support system
through the pump station. The hydraulic oil enters the stator through the radial stator oil
inlet and flows into the support cavity. At this time, the oil sealing surface of the stator and
the magnetic guide sleeve of the rotor are connected with each other, and the hydraulic oil
is blocked to form static pressure in the support cavity, which will play a supporting role
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on the rotor. The rotor realizes stable suspension under the action of static pressure. The oil
sealing surface of the stator is separated from the magnetic guide sleeve of the rotor. There
is a gap between them. The hydraulic oil in the support cavity flows into the return slot
between the magnetic poles of the magnetic fluid bearing through the support end face.
After cooling the coil, it flows back to the oil tank through the oil outlet. At this time, the
stable support of the hydrostatic support system is realized. After the hydrostatic system
works stably, each coil is energized to generate surrounding electromagnetic force and then
electromagnetic force. At this time, the resultant force of the magnetic fluid support is the
combined action of electromagnetic force and static pressure. The coil current of different
magnetic poles can be adjusted by detecting the change, so as to achieve the balanced
support of electromagnetic force and static pressure, and realize the stable and balanced
operation of the bearing.

Metals 2023, 13, x FOR PEER REVIEW 3 of 15 
 

 

When the system is started, hydraulic oil is first introduced into the support system 
through the pump station. The hydraulic oil enters the stator through the radial stator oil 
inlet and flows into the support cavity. At this time, the oil sealing surface of the stator 
and the magnetic guide sleeve of the rotor are connected with each other, and the hydrau-
lic oil is blocked to form static pressure in the support cavity, which will play a supporting 
role on the rotor. The rotor realizes stable suspension under the action of static pressure. 
The oil sealing surface of the stator is separated from the magnetic guide sleeve of the 
rotor. There is a gap between them. The hydraulic oil in the support cavity flows into the 
return slot between the magnetic poles of the magnetic fluid bearing through the support 
end face. After cooling the coil, it flows back to the oil tank through the oil outlet. At this 
time, the stable support of the hydrostatic support system is realized. After the hydrostatic 
system works stably, each coil is energized to generate surrounding electromagnetic force 
and then electromagnetic force. At this time, the resultant force of the magnetic fluid sup-
port is the combined action of electromagnetic force and static pressure. The coil current 
of different magnetic poles can be adjusted by detecting the change, so as to achieve the 
balanced support of electromagnetic force and static pressure, and realize the stable and 
balanced operation of the bearing. 

 
Figure 1. Magnetic fluid bearing system. 

Two adjacent magnetic poles in the stator are wound around the coil to form a mag-
netic field after energization, which generates electromagnetic suction on the rotating 
shaft to ensure suspension. The oil of the hydrostatic system forms a liquid film through 
the inner hole of the magnetic pole to the contact surface between the magnetic pole and 
the shaft. The liquid film with a certain thickness is used as the hydrostatic bearing sur-
face. When the system works, the change of the liquid film thickness changes the bearing 
capacity and stiffness of the bearing, and ensures the reliability of the system operation 
[13–15]. 

The radial magnetic fluid bearing is mainly studied. The radial magnetic fluid bear-
ing is mainly composed of stator, rotor and hydraulic oil circuit. The stator material is 
treated with silicon steel and chromium plating, and the rotor is added with magnetic 
sleeve to increase magnetic conductivity. Other accessories include coil, end cap, cover 
and other components. The number of magnetic pole columns in the stator is 8, and the 
shape is columnar structure. The copper wire winding is wound on each magnetic pole 
column, and the winding mode is NSSNNSSN, so that two adjacent magnetic poles form 
a magnetic pole pair. When the bearing is working, the winding is energized, and the four 
magnetic poles move relative to the magnetic sleeve on the rotor to form a closed loop, 
and the stator magnetic pole generates electromagnetic attraction to the magnetic sleeve. 
The magnetic pole of the cylindrical structure is processed, and the liquid inlet hole is 
formed in the middle of the magnetic pole. The oil is pumped out from the oil tank, and 
the liquid film is formed through the liquid inlet hole to the end face between the magnetic 
pole and the magnetic sleeve to form the hydrostatic bearing cavity. The hydrostatic 

Figure 1. Magnetic fluid bearing system.

Two adjacent magnetic poles in the stator are wound around the coil to form a magnetic
field after energization, which generates electromagnetic suction on the rotating shaft to
ensure suspension. The oil of the hydrostatic system forms a liquid film through the inner
hole of the magnetic pole to the contact surface between the magnetic pole and the shaft.
The liquid film with a certain thickness is used as the hydrostatic bearing surface. When
the system works, the change of the liquid film thickness changes the bearing capacity and
stiffness of the bearing, and ensures the reliability of the system operation [13–15].

The radial magnetic fluid bearing is mainly studied. The radial magnetic fluid bearing
is mainly composed of stator, rotor and hydraulic oil circuit. The stator material is treated
with silicon steel and chromium plating, and the rotor is added with magnetic sleeve to
increase magnetic conductivity. Other accessories include coil, end cap, cover and other
components. The number of magnetic pole columns in the stator is 8, and the shape is
columnar structure. The copper wire winding is wound on each magnetic pole column,
and the winding mode is NSSNNSSN, so that two adjacent magnetic poles form a magnetic
pole pair. When the bearing is working, the winding is energized, and the four magnetic
poles move relative to the magnetic sleeve on the rotor to form a closed loop, and the stator
magnetic pole generates electromagnetic attraction to the magnetic sleeve. The magnetic
pole of the cylindrical structure is processed, and the liquid inlet hole is formed in the
middle of the magnetic pole. The oil is pumped out from the oil tank, and the liquid
film is formed through the liquid inlet hole to the end face between the magnetic pole
and the magnetic sleeve to form the hydrostatic bearing cavity. The hydrostatic bearing
force is formed under the condition of uninterrupted oil supply. The oil passes through a
return tank between two magnetic poles to the oil outlet [16,17]. The structure of the radial
magnetic fluid bearing is shown in Figure 2.
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3. Mathematical Analysis of Bearing Capacity of Radial Magnetic Liquid Bearing

The stator material is silicon steel (23QG385), the rotor material is 316 stainless steel,
and the outer layer of the rotor is added with a magnetic sleeve (cold rolled non-oriented
silicon steel + chromium plating treatment). The initial working parameters of the magnetic
fluid bearing are shown in Table 1.

Table 1. Initial working parameters of magneto-liquid bearing.

Initial Current
i0/A

Initial Oil Inlet
Pressure
p0/MPa

Initial
Rotation Speed

n/r·min−1

Oil
Temperature

T/◦C

Oil Film
Thickness

µm

2 1 500 20 70

3.1. Force Analysis of Radial Magneto-Liquid Bearing

The magnetic fluid support system is mainly composed of electromagnetic support
and hydrostatic support. The support form of the system combines the advantages of
hydrostatic support and electromagnetic support to form a magnetic fluid dual support.
The electromagnetic system responds quickly to the current regulation, while the static
pressure bearing system responds slowly to the flow regulation. In addition, the static
pressure bearing cavity has a small gap, and the required flow is small. The hydraulic
oil will change due to the influence of external environment such as temperature, and it
is difficult to achieve accurate control. Therefore, the system adopts the overall control
method of constant flow oil supply, which regulates the current [18].

The magnetic fluid supporting system consists of eight magnetic poles and eight
supporting cavities. Two adjacent magnetic poles and two adjacent supporting cavities and
the rotor form a supporting unit. It is convenient for analysis and calculation. The magnetic
fluid bearing is set as a single-degree-of-freedom system. The supporting mechanism is
as follows: before the system starts, the rotor is in a static state, and the oil retained in the
supporting cavity has a certain supporting effect to ensure that the rotor is in a lubricating
state when starting. When it is in balanced operation after starting, the electromagnetic
force and static pressure work together. The oil film thickness of each supporting unit
is the same, and the input current and flow rate are the same. The supporting force of
each supporting unit is equal, and the rotor is suspended at the midline position. If the
external load is applied to the rotor, the rotor will shift to the relative direction, the oil
film thickness between the rotor and the support unit becomes smaller, the static pressure
repulsion increases, and the rotor is pushed to the center position. At the same time, the
displacement sensor senses that the rotor is offset, and the displacement will be fed back
to the control system. The control system regulates the current of each coil in real time,
increases or decreases the electromagnetic support force, and pushes the rotor back to the
center position together with the static pressure. Magnetic fluid bearing force diagram is
shown in Figure 3.
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3.2. Radial Support System Initial State Mathematical Model

According to the force of the magnetic fluid bearing system, a mathematical model is
established. Ignoring some factors that have little influence on the bearing characteristics,
the following assumptions are made for the magnetic fluid bearing system [19]:

1. Lubricating fluid is laminar flow state, ignoring the liquid inertia force;
2. Ignore the viscosity-pressure characteristics of liquid;
3. Ignore winding magnetic flux leakage;
4. The magnetic flux is evenly distributed in the magnetic circuit, all through the stator

core, ignoring the hysteresis;
5. Calculated according to the single degree of freedom system.

According to Figure 3, the upper and lower support units contain two magnetic poles.
The magnetic poles and the rotor have a certain deflection angle. The electromagnetic
attraction of the upper and lower support units is equal to:

fElectromagnetism,1,0 = fElectromagnetism,2,0 =
µ0N2 A0i20

2χ2
0

cos α (1)

A0—— Cross-sectional area of magnetic field air gap, m2;
µ0—— Air permeability, H/m;
N—— Number of coil turns, Zero dimension;
i0—— Initial coil current, A;
x0—— Air gap length between stator and rotor core, m;
α—— Angle between center line of supporting cavity and center line of

rotating shaft, ◦.
fElectromagnetism—— Electromagnetic attraction of support unit, N;

In the initial state, the rotor is at the center of the bearing system, the oil film thickness
of the upper and lower support chambers is equal, the flow rate of each support chamber is
equal, and the initial current of the electromagnetic coil is equal. According to the Navier-
Stokes equation, the hydrostatic bearing force of the upper and lower support units can be
obtained as follows: {

fLiquid,1,0 = 2q1,0R1,0 Ae cos α

fLiquid,2,0 = 2q2,0R2,0 Ae cos α
(2)
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fLiquid—— Support unit hydrostatic bearing force, N;

p0—— Support cavity pressure, Pa;
Ae—— Bearing area of supporting cavity, m2;

α—— Angle between center line of supporting cavity and center line of rotating shaft, ◦;
q0—— Flow of supporting cavity, m3/s;
R0—— Fluid resistance of supporting cavity, Pa·s/m3.

According to Figure 3 and Newton’s second law, ignoring the mass of the rotor, the
mechanical balance equation of the rotor is obtained:

fElectromagnetism,1,0 + fLiquid,2,0 − fElectromagnetism,2,0 − fLiquid,1,0 = 0 (3)

3.3. Mechanical Model Construction of Radial Support System

Under the working state, the rotor is offset by the external load, and the displacement
change of the rotor is ∆x. At this time, the liquid film thickness x1 and x2 of the upper and
lower support cavities of the hydrostatic bearing system are:{

x1 = (x − de) + ∆x cos θ
x2 = (x − de)− ∆x cos θ

(4)

de—— Thickness of chromium plating layer of rotor, m.

The change of the liquid film thickness will cause the change of the flow rate of the
supporting cavity. At this time, the flow rates of the upper and lower supporting cavities q1
and q2 are: {

q1 = q0 − Ab
.
x1

q2 = q0 − Ab
.
x2

(5)

Ab—— Extrusion area of supporting cavity, m2.

According to the Navier-Stokes equation, the hydrostatic bearing force of the oil cavity
of the upper and lower support units is obtained as follows:{

fLiquid,1 = 2q1R1 Ae cos α

fLiquid,2 = 2q2R2 Ae cos α
(6)

fLiquid—— Support unit hydrostatic bearing force, N;
q—— Input flow of supporting unit, L/min;

When the rotor is offset by the external load, the offset is fed back to the control system.
The control system adjusts the coil current of the upper and lower poles to push the rotor to
the equilibrium position. The PD control system is used to control the coil current through
displacement feedback [20,21]. The control current model is:

ic = 150(Kp∆x + Kd∆y) (7)

ic—— Control current, A;
Kp—— Proportional feedback coefficient of control system, Zero dimension;
Kd—— Differential feedback coefficient of control system, Zero dimension;
∆y—— Rotor vibration velocity, m/s.

According to Maxwell equation, the electromagnetic suspension supporting force of
upper and lower poles is calculated by magnetic circuit method:

fElectromagnetism,1 = 2k cos α
(i0+ic)2

(x+∆x cos α)2

fElectromagnetism,1 = 2k cos α
(i0−ic)2

(x−∆x cos α)2

(8)
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Similarly, according to Figure 3 and Newton’s second law, the mechanical equilibrium
equation of the rotor is obtained:

fElectromagnetism,1 + fLiquid,2 − fElectromagnetism,2 − fLiquid,1 = −m∆
..
x (9)

m—— Rotor quality, kg;

The dynamic equation of the magnetic fluid bearing can be obtained by the compre-
hensive solution (1)~(9):

m∆
..
x + f1(∆

.
x, ∆x) + f2(∆x) = 0 (10)

In the formula:

f1(∆
.
χ, ∆χ) =

 δ1
(χ−de+∆χ cos α)3

+ δ1
(χ−de−∆χ cos α)3

∆
.
χ;

f2(∆x) = f2,1(∆x)− f2,2(∆x);
f2,1(∆x) = δ2

(x+∆x cos α)2 − δ3
(x−∆x cos α)2 ;

f2,2(∆x) = δ4
(x−de+∆x cos α)3 − δ4

(x−de−∆x cos α)3 ;

δ1 = 2µAe Ab cos2 α
−
B

; δ2 = 2k[i0 − 150(Kp∆x + Kd∆y)]2 cos α;

δ3 = 2k[i0 + 150(Kp∆x + Kd∆y)]2 cos α; δ4 = 2µq0 Ae cos α
−
B

(11)

4. Weak Coupling Calculation of Bearing Characteristics of Radial Supporting System
4.1. The Relationship of Bearing Force and Bearing Stiffness with Rotor Displacement

The initial electromagnetic force of a single supporting unit when the rotor is stationary
at the rotation center is expressed as:

FElectromagnetism =
2ki0 cos θ

x2 =
µ0N2 Asi20 cos θ

2x2 (12)

The supporting force of the electromagnetic system when the rotor is displaced is

FElectromagnetism,Resultant =
µ0 N2 As [i0+150(Kpx+Kd

.
x)]2 cos θ

2(x+∆x cos θ)2

− µ0 N2 As [i0−150(Kpx+Kd
.
x)]2 cos θ

2(x−∆x cos θ)2

(13)

The static pressure expression of a single supporting unit when the rotor is stationary
at the rotation center is

FLiquid =
2q0µAe cos θ
−
B(x − de)

3
(14)

When the rotor displacement occurs, the static pressure system support force is

F
Liquid,Resultant

=
2q0µAe cos θ

−
B(x − de − ∆x cos θ)3

− 2q0µAe cos θ
−
B(x − de + ∆x cos θ)3

(15)
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It can be seen from Equations (12) and (14) that when the rotor is displaced, the total
bearing capacity of the magnetic fluid bearing system is

FResultant =
2q0µAe cos θ

−
B(x−de−∆x cos θ)3

− 2q0µAe cos θ
−
B(x−de+∆x cos θ)3

+

µ0 N2 As [i0+150(Kpx+Kd
.
x)]2 cos θ

2(x+∆x cos θ)2 −
µ0 N2 As [i0−150(Kpx+Kd

.
x)]2 cos θ

2(x−∆x cos θ)2

(16)

Kp = −70, Kd = 0.03, x = 300 µm (including chromium coating de = 230 µm, oil film thick-
ness = 70 µm), supporting cavity area Ae = 64 mm2, magnetic pole area As = 900 mm2, flow
supporting coefficient B = 0.86, flow q0 = 5.61 × 10−7 m3/s. From Equations (12), (14) and (15),
the relationship between the electromagnetic bearing force, the hydrostatic bearing force
and the total bearing capacity with the rotor displacement, and the relationship between
the bearing stiffness of the electromagnetic system, the bearing stiffness of the hydrostatic
system and the total bearing stiffness with the rotor displacement are obtained [22,23]. This
relationships are shown in Figures 4 and 5.

Metals 2023, 13, x FOR PEER REVIEW 9 of 15 
 

 

4 5 6 7
0

1

2

3
×104

×10-5

Be
ar

in
g 

ca
pa

ci
ty

/(N
)

Rotor displacement/(m)

Total bearing capacity

Electromagnetic 
bearing capacity
Hydrostatic bearing 

capacity

 
Figure 4. Relation curve between bearing capacity and displacement Δx. 

As can be seen from Figure 4, the bearing capacity of electromagnetic support system 
and hydrostatic support system increases with the increase of rotor displacement. When 
the rotor displacement is small, the bearing capacity of electromagnetic support system 
and hydrostatic support system does not change significantly, and the bearing capacity of 
electromagnetic support system is greater than that of hydrostatic support system. When 
the rotor displacement is greater than 60 μm, the carrying capacity of hydrostatic bearing 
system will increase significantly, and when the rotor displacement is greater than 68 μm, 
the carrying capacity of hydrostatic bearing system will be greater than that of electro-
magnetic bearing system. 

4.5 5.0 5.5 6.0 6.5
0

4

8

12
×102

×10-5

Lo
ad

-b
ea

rin
g 

rig
id

ity
/(N

·µ
m

-1
)

Rotor displacement/(m)

Total stiffness

Electromagnetic stiffness

Static pressure stiffness

 
Figure 5. Relation curve between bearing stiffness and displacement Δx. 

It can be seen from Figure 5 that the stiffness of the electromagnetic support system 
and the stiffness of the hydrostatic support system increase with the increase of the rotor 
displacement. The stiffness of the hydrostatic support system will change significantly, 
while the stiffness of the electromagnetic support system does not change significantly. 
When the rotor displacement is greater than 61 μm, the stiffness of the hydrostatic bearing 
system will exceed that of the electromagnetic bearing system. When the rotor displace-
ment is greater than 61 μm, the system stiffness is mainly provided by the hydrostatic 
bearing system. 

4.2. Influence of Key Parameters on Bearing Capacity and Rigidity 
Adjust the structural parameters of the magnetic fluid bearing system, the side length 

of the support cavity and the thickness of the oil film, and analyze the changes of the 

Figure 4. Relation curve between bearing capacity and displacement ∆x.

Metals 2023, 13, x FOR PEER REVIEW 9 of 15 
 

 

4 5 6 7
0

1

2

3
×104

×10-5

Be
ar

in
g 

ca
pa

ci
ty

/(N
)

Rotor displacement/(m)

Total bearing capacity

Electromagnetic 
bearing capacity
Hydrostatic bearing 

capacity

 
Figure 4. Relation curve between bearing capacity and displacement Δx. 

As can be seen from Figure 4, the bearing capacity of electromagnetic support system 
and hydrostatic support system increases with the increase of rotor displacement. When 
the rotor displacement is small, the bearing capacity of electromagnetic support system 
and hydrostatic support system does not change significantly, and the bearing capacity of 
electromagnetic support system is greater than that of hydrostatic support system. When 
the rotor displacement is greater than 60 μm, the carrying capacity of hydrostatic bearing 
system will increase significantly, and when the rotor displacement is greater than 68 μm, 
the carrying capacity of hydrostatic bearing system will be greater than that of electro-
magnetic bearing system. 

4.5 5.0 5.5 6.0 6.5
0

4

8

12
×102

×10-5

Lo
ad

-b
ea

rin
g 

rig
id

ity
/(N

·µ
m

-1
)

Rotor displacement/(m)

Total stiffness

Electromagnetic stiffness

Static pressure stiffness

 
Figure 5. Relation curve between bearing stiffness and displacement Δx. 

It can be seen from Figure 5 that the stiffness of the electromagnetic support system 
and the stiffness of the hydrostatic support system increase with the increase of the rotor 
displacement. The stiffness of the hydrostatic support system will change significantly, 
while the stiffness of the electromagnetic support system does not change significantly. 
When the rotor displacement is greater than 61 μm, the stiffness of the hydrostatic bearing 
system will exceed that of the electromagnetic bearing system. When the rotor displace-
ment is greater than 61 μm, the system stiffness is mainly provided by the hydrostatic 
bearing system. 

4.2. Influence of Key Parameters on Bearing Capacity and Rigidity 
Adjust the structural parameters of the magnetic fluid bearing system, the side length 

of the support cavity and the thickness of the oil film, and analyze the changes of the 

Figure 5. Relation curve between bearing stiffness and displacement ∆x.

As can be seen from Figure 4, the bearing capacity of electromagnetic support system
and hydrostatic support system increases with the increase of rotor displacement. When
the rotor displacement is small, the bearing capacity of electromagnetic support system
and hydrostatic support system does not change significantly, and the bearing capacity
of electromagnetic support system is greater than that of hydrostatic support system.
When the rotor displacement is greater than 60 µm, the carrying capacity of hydrostatic
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bearing system will increase significantly, and when the rotor displacement is greater than
68 µm, the carrying capacity of hydrostatic bearing system will be greater than that of
electromagnetic bearing system.

It can be seen from Figure 5 that the stiffness of the electromagnetic support system
and the stiffness of the hydrostatic support system increase with the increase of the rotor
displacement. The stiffness of the hydrostatic support system will change significantly,
while the stiffness of the electromagnetic support system does not change significantly.
When the rotor displacement is greater than 61 µm, the stiffness of the hydrostatic bearing
system will exceed that of the electromagnetic bearing system. When the rotor displace-
ment is greater than 61 µm, the system stiffness is mainly provided by the hydrostatic
bearing system.

4.2. Influence of Key Parameters on Bearing Capacity and Rigidity

Adjust the structural parameters of the magnetic fluid bearing system, the side length
of the support cavity and the thickness of the oil film, and analyze the changes of the
operating parameters, current and rotor speed, to make the system reach the optimal state
of bearing capacity and bearing stiffness.

4.2.1. Influence of Bearing Cavity Diameter

The original supporting cavity is 8 mm circular. Considering the actual size of pole
column, supporting cavity diameter can be selected 8 mm, 10 mm, 15 mm three sets of data
for comparison. The curves of bearing capacity and stiffness of supporting system with
displacement under different supporting cavity diameters are shown in Figures 6 and 7.
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It can be seen from Figure 6 that when the rotor displacement is less than 62.5 µm, the
bearing capacity of the support cavity with a diameter of 15 mm is the smallest, and the
bearing capacity of the support cavity with a diameter of 8 mm and 10 mm is almost the
same. When the rotor displacement is between 62.5 µm and 66 µm, the bearing capacity
of the support cavity with a diameter of 10 mm is the largest, followed by the diameter of
8 mm, and the bearing capacity of the diameter of 15 mm is the smallest. When the rotor
displacement is greater than 66 µm, the bearing capacity of 8 mm diameter is the smallest.

It can be seen from Figure 7 that when the rotor displacement is less than 57 µm, the
bearing stiffness of the support cavities with diameters of 8 mm, 10 mm and 15 mm is
almost the same. When the rotor displacement is greater than 57 µm, the bearing stiffness
of the support cavity with a diameter of 10 mm and 15 mm is almost the same, while the
bearing stiffness of the support cavity with a diameter of 8 mm is the smallest.
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It can be seen from the above that the bearing capacity and bearing stiffness have
good performance under different rotor displacements, and the supporting cavity with a
diameter of 10 mm has the best supporting performance.

4.2.2. Influence of Oil Film Thickness

The initial oil film thickness is 70 µm. Oil film thickness selected 70 µm, 90 µm, 110 µm
three sets of data comparison, bearing capacity and stiffness of the supporting system with
displacement curves are shown in Figures 8 and 9.
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film thickness.

From Figure 8, it can be seen that the bearing capacity of the three oil film thicknesses
increases with the increase of the rotor displacement. When the oil film thickness is 70 µm,
the bearing capacity increases the most, while the bearing capacity increases slightly under
the oil film thickness of 90 µm and 110 µm. And the bearing capacity under 70 µm oil film
thickness is greater than that under 90 µm and 110 µm oil film thickness.

It can be seen from Figure 9 that the bearing stiffness of the three oil film thicknesses
increases with the increase of the rotor displacement. When the oil film thickness is 70 µm,
the bearing stiffness increases significantly, while the bearing stiffness under the oil film
thickness of 90 µm and 110 µm does not change significantly with the rotor displacement.
And the bearing stiffness under 70 µm oil film thickness is significantly greater than that
under 90 µm and 110 µm oil film thickness.
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It can be seen from the above that the bearing performance is the best when the oil
film thickness is 70 µm, and it is superior to the other two in terms of bearing capacity and
bearing stiffness.
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thickness.

4.2.3. Influence of Input Current

With the input current of 2.0 A as the benchmark and 0.2 A as the increment, the
initial values of other operating parameters remain unchanged. As the input current
increases from 2.0 A to 2.8 A, the oil film thickness decreased by 8.60 reaches 61.4 µm. The
relationship between the total bearing stiffness and rotor displacement before and after the
change of oil film thickness is shown in Figure 10.
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Figure 10. Stiffness-displacement curve. (a) is total stiffness of bearing system before oil film thickness
change, (b) is total stiffness of bearing system after oil film thickness change.

Where Figure 10a is total stiffness of bearing system before oil film thickness change,
Figure 10b is total stiffness of bearing system after oil film thickness change. It can be seen
from Figure 11 that when the current gradually increases, the total thermal deformation
of the bearing causes the displacement of the rotor to decrease, and the change trend of
the total bearing stiffness with the displacement is basically unchanged, but the bearing
stiffness is significantly increased.

4.2.4. Influence of Oil Inlet Flow

Set the initial flow rate as 0.02 L/min, take the oil inlet flow rate as 0.02 L/min,
0.03 L/min, 0.04 L/min, 0.05 L/min and 0.06 L/min in order, and analyze the effect of flow
rate on stiffness. When the oil inlet flow is 0.02 L/min, the minimum oil film thickness
is 65.8 µm. The relationship between bearing stiffness and rotor displacement before and
after oil film thickness change is shown in Figure 11.
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It can be seen from Figure 11 that with the increase of the flow rate, the thermal de-
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Figure 11. Stiffness-displacement curve. (a) is total stiffness of bearing system before oil film thickness
change, (b) is total stiffness of bearing system after oil film thickness change.

It can be seen from Figure 11 that with the increase of the flow rate, the thermal defor-
mation gradually decreases, resulting in little change in the oil film thickness compared
with the initial value, and little change in the rotor displacement. The change trend of the
total bearing stiffness with the displacement change is basically unchanged, but the bearing
stiffness slightly increases.

To sum up, the increase and change of the input current has a greater impact on the
stiffness, and the increase of the flow has a smaller impact on the stiffness, but the trend of
the total bearing stiffness increasing with the decrease of the rotor displacement is basically
unchanged.

5. Conclusions

(1) For the trunnion bearing, this paper proposes a new coupling support technology
combining electromagnetic support and hydrostatic support-hydro-magnetic bearing,
which can control electromagnetic and hydrostatic pressure in real time, and it is
convenient to adjust the operation of tilting mechanism. It has the advantages of fast
response speed and reducing the probability of dry friction.

(2) The total bearing capacity and stiffness increase with the increase of rotor displace-
ment. When the rotor displacement is less than 68 µm, the system bearing capacity
is mainly provided by the electromagnetic support system. When the rotor displace-
ment is greater than 68 µm, the system stiffness is mainly provided by the hydrostatic
support system.

(3) The supporting cavity with a diameter of 10 mm has the best supporting performance,
and the bearing capacity increases significantly when the oil film thickness is 70 µm.
Such size parameters are conducive to supporting the weight of furnace body, liquid
metal, steel slag, suspension reducer and other equipment.
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