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Abstract: As a new type of suspension bearing, the magnetic liquid double suspension bearing 

(MLDSB) is mainly supported by electromagnetic suspension and supplemented by hydrostatic 

support. At present, the MLDSB adopts the regulation strategy of “electromagnetic-position feed-

back closed-loop, hydrostatic constant-flow supply” (referred to as CFC mode). In the equilibrium 

position, the external load is carried by the electromagnetic system, and the hydrostatic system pro-

duces no supporting force. Thus, the carrying capacity and supporting stiffness of the MLDSB can 

be reduced. To solve this problem, the double closed-loop control strategy of “electromagnetic sys-

tem-force feedback inner loop and hydrostatic-position feedback outer loop” (referred to as DCL 

mode) was proposed to improve the bearing performance and operation stability of the MLDSB. 

First, the mathematical models of CFC mode and DCL mode of the single DOF supporting system 

were established. Second, the real-time variation laws of rotor displacement, flow/hydrostatic force, 

and regulating current/electromagnetic force in the two control modes were plotted, compared, and 

analyzed. Finally, the influence law of initial current, flow, and controller parameters on the dy-

namic and static characteristic index were analyzed in detail. The results show that compared with 

that in CFC mode, the displacement in DCL mode is smaller, and the adjustment time is shorter. 

The hydrostatic force is equal to the electromagnetic force in DCL mode when the rotor returns to 

the balance position. Moreover, the system in DCL mode has better robustness, and the initial flow 

has a more obvious influence on the dynamic and static characteristic indexes. This study provides 

a theoretical basis for stable suspension control and the safe and reliable operation of the MLDSB. 

Keywords: magnetic liquid double suspension bearing; constant flow control; double closed-loop; 

composite control; dynamic and static characteristics 

 

1. Introduction 

As a new type of suspension bearing, magnetic liquid double suspension bearing 

(MLDSB) is mainly supported by electromagnetic suspension and supplement by hydro-

static support. The bearing capacity and supporting rigidity are increased, and the oper-

ation stability is improved, and the service life can be extended. It is suitable for occasions 

and working conditions with medium speed and heavy load, large bearing capacity, and 

high operation stability [1]. 

The structure of the MLDSB is shown in Figure 1 [2], and the internal structure of the 

stator is shown in Figure 2 [2]. Eight magnetic poles are uniformly distributed in the stator 

of the MLDSB, and each pole is wound with the same number of coils. Because of different 

winding modes, eight magnetic poles are distributed in NSSNNSSN mode [3]. The mag-

netic circuit is formed between two adjacent magnetic poles and a magnetic sleeve, and 

an electromagnetic force can be generated. There is an inlet hole in the magnetic pole. The 
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end face of the magnetic pole is used as a hydraulic supporting surface. When the liquid 

flows through the small gap between the end face and the magnetic sleeve, large liquid 

resistance and hydrostatic pressure are formed at the end face of the magnetic pole, and 

hydrostatic force can be generated. 

Axial Load MotorJournal BearingCoupleMotor

BracketAxial Bearing Journal Load MotorRotor  

Figure 1. Experimental table of the MLDSB. 
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Figure 2. Radial unit of the MLDSB. 

The constant flow control (CFC) mode of the MLDSB is shown in Figure 3. By the 

active regulation of the electromagnetic system, the error is obtained by comparing the 

actual displacement with the reference displacement of the rotor, and it can be trans-

formed into the control current through the controller and D/A converter. The displace-

ment of the rotor can be adjusted by changing the electromagnetic force. The hydrostatic 

system adopts a constant flow mode. By setting a fixed opening of the proportional flow 

control valve, the flow of the hydrostatic chamber is constant. The regulation of hydro-

static force mainly depends on the change of liquid resistance of the supporting chamber. 
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Figure 3. Current control strategy for MLDSB. 
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As the core and key of the MLDSB, the control strategy can adjust the rotor displace-

ment in real-time and directly affect the bearing performance and operation stability of 

the MLDSB [4–6]. 

At present, many scholars at home and abroad have studied in depth the regulation 

and control strategy of the electromagnetic bearing and have achieved fruitful results. 

Professor Wang [7] focused on the vertical control system of a six-degree-of-freedom air-

floating platform and considered the variation of air volume, the leakage of gas film, and other 

issues. The BP neural network algorithm, based on genetic algorithm optimization, was used 

to identify the parameters and delay time. The results showed that this method could greatly 

improve the anti-interference and real-time performance of the system. 

Professor Li [8] aimed to address the problem that the reaction sphere actuator easily 

generated singularities, and a double closed-loop control method was used to solve the 

problem. The results showed that this method had better following performance and dy-

namic response capability than the single disturbance rejection control method. 

Professor Li [9] proposed a double closed-loop fuzzy control strategy for the DC mo-

tor. The attenuation proportional method was used to adjust the parameters, and the sim-

ulation verified that this control method could effectively control the speed and current 

of the DC speed control motor better than the traditional control method. 

Professor Liu [10] focused on the problem that complex objects were difficult to 

model in the traditional PID control, and a double closed-loop Buck converter system was 

proposed. Compared with the traditional PID single-loop system, the experimental results 

showed that this strategy could not only improve the tracking accuracy of output voltage 

but also effectively suppress the load disturbance and parameter perturbation. 

Professor Liu [11], in order to improve the reliability and flexibility of the magnetic 

levitation flywheel control system, studied the magnetic bearing digital controller based 

on FPGA. A self-repairing magnetic bearing controller based on FPGA was proposed, and 

a test platform was built. The experimental results showed that under this control method, 

the runout of the bearing rotor was smaller, the output error of torque was smaller, and 

the rotor could achieve higher control accuracy. 

Professor Li [12] designed a double closed-loop fuzzy PID control strategy to im-

prove the performance of the automatic leveling control system of tractors in hilly areas. 

The simulation analysis of the leveling system showed that the double closed-loop fuzzy 

PID control could effectively reduce overshooting and leveling time under the same PID 

parameters, and the control effect was better. 

Professor Zhu [13] proposed a double closed-loop compensation control strategy of 

radial levitation force and radial displacement in order to overcome the problem of elec-

tromagnetic power announcements. The experimental results showed that this method 

could improve the control precision and dynamic response performance of suspension 

force, and the system had a strong anti-interference ability and good dynamic and static 

performance. 

Professor Li [14], in order to improve the fixed-point operation ability of offshore 

cable-laying ships, used the fuzzy-PID synthetic controller, to which the first-direction 

optimization link was added. The simulation results showed that the stability and re-

sponse speed of the system were superior when the fuzzy-PID controller was used. 

Professor Zhu [15] proposed a notch filter based on the phase offset adaptive least 

mean square (LMS) algorithm in order to realize the compensation control of multi-fre-

quency excitation. The results showed that the algorithm could effectively suppress the 

multi-frequency vibration of the flexible rotor. 

Professor Zhu [16] focused on the problems of the high cost and large volume caused 

by displacement sensors in the magnetic bearing system, and a soft-sensing method based 

on an improved continuous hidden Markov model for the rotor displacement of a six-pole 

radial active magnetic bearing was proposed. The experimental results showed that this 

method had good feasibility and reliability 
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Above all, the research on the control strategy of electromagnetic bearings at home 

and abroad is comprehensive and in-depth, but the research on the control strategy of 

MLDSB is less so. At present, the main control strategy is active regulation of the electro-

magnetic system and constant flow supply of the hydrostatic system, and the regulation 

of the double closed-loop has not been reported. However, in the traditional regulation 

mode, when the rotor returns to the equilibrium position, the hydrostatic system does not 

provide supporting force, and the external load is provided completely by the electromag-

netic system, which virtually reduces the stiffness of MLDSB. In order to solve the above 

problems so that the hydrostatic system and electromagnetic system can provide support-

ing force when the bearing is in the equilibrium position and to improve the supporting 

capacity and bearing stiffness of the system, a double closed-loop control strategy of 

MLDSB is proposed. 

The double closed-loop (DCL) of the compound control strategy is presented as 

shown in Figure 4. In the position feedback outer loop, the hydrostatic system regulates 

the flow by changing the voltage of the proportional speed control valve, and then the 

rotor position can be adjusted. As the force feedback inner loop, the electromagnetic sys-

tem can create electromagnetic force and hydrostatic force with a certain proportion by 

adjusting the current of the electromagnetic coil. The real-time coupling support of the 

electromagnetic suspension and hydrostatic system can be realized. 
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Figure 4. Block diagram of the DCL control strategy for the MLDSB. 

2. Dynamic Model and Step Response of Supporting System in CFC Mode 

2.1. Mathematical Model of Supporting System in CFC Mode 

The following assumptions are made for the electromagnetic suspension and hydro-

static bearing systems [17,18]: 

(1) The inertia force of the lubricant is ignored. 

(2) The viscosity–pressure characteristics of the liquid are ignored. 

(3) The coil flux leakage is ignored, considering that the coil flux is distributed uniformly 

in the magnetic circuit. 

(4) The magnetic resistance in the iron core and rotor is ignored, and the magnetic po-

tential only acts on the air gap. 

(5) The magnetic hysteresis and eddy current of the magnetic materials are ignored. 

(6) The hydraumatic bearing surface is assumed as a rigid body. 

(7) The rotor gravity is ignored. 

In the initial state, the hydrostatic force and the electromagnetic force of the upper 

and lower supporting cavities are equal, and the rotor is then suspended in an equilibrium 

position. 

The vertical direction supporting system was used as the research object. It includes 

upper/lower supporting units and rotors, as shown in Figure 5.  
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Figure 5. Force diagram of the single DOF of the MLDSB. 

The dynamics model was established [19], and the transfer function G(s) was ob-

tained by Taylor expansion and Laplace transform: 
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 (1)

The design parameters of the MLDSB are shown in Table.1. 

Table 1. Design parameters of the MLDSB. 

Symbol Variable Size Dimension 

i0 Biasing circuit 1.7  A 

μ Dynamic viscosity 0.04136  Pa·s 

m Mass of rotor 10  kg 

μ0 Permeability of air 4π × 10−7  H/m 

Ae Area of supporting cavity 416  mm2 

Ab Extrusion area 56  mm2 

h0 Oil film thickness 30  μm 

x0 Air gap 300 μm 

θ Angle 22.5 ° 

B  Flow coefficient 0.68 dimensionless 

A Area of pole 1080  mm2 

N Turns per coil 50 dimensionless 

q0 Flow 5.56 × 10−8  m3/s 

kp Proportional coefficient 100 dimensionless 

ki Integral coefficient 10 dimensionless 

kd differential coefficient 1 dimensionless 

According to Equation (1), the dynamic model of the vertical supporting system un-

der CFC was established as shown in Figure 6. 



Processes 2021, 9, 1195 6 of 16 
 

 

+

-

+
+
+

1/m ∫ ∫  

Ki

+

+ Kx2,c

PID
Controller

D/A
Converters

Kv,c

xref

x
fe

+

-

Electromagnetic 
Force

Hydraulic Pressure

Resultant Force

Kx1,c

 

Figure 6. Simulation model of the vertical supporting system under constant flow control. 

2.2. Step Response Analysis in CFC Mode 

As shown in Figures 7–9, step load was applied (time is 1 s, amplitude is 800 N) to 

the rotor, and the rotor displacement, regulating current, regulating flow, and supporting 

force were obtained. 

0 2 4 6 8 10
Time t/s

-25

-20

-15

-10

-5

0

D
is

p
la

ce
m

e
n

t 
x

/μ
m

(1.6,-24)

 

Figure 7. Rotor displacement under constant flow control. 

Under the action of step load, the rotor displacement reached the reverse maximum 

of −24 μm at 1.6 s, and then it returned to the equilibrium position at 8 s with the action of 

combined regulation of hydrostatic and electromagnetic force. In the adjustment process, 

the static error of the rotor displacement was 0 μm, and the adjustment time was 7 s with-

out overshoot, as shown in Figure 7. 

According to Figures 8 and 9, under the action of step load, the regulating current 

decreased to 2.5 A at 1.6 s initially and then gradually increased to a stable value of 6 A. 

At the same time, the electromagnetic force also decreased to 380 N at 1.6 s initially and 

then gradually increased to 800 N. The regulated flow gradually decreased from 0.25 

L/min to 0 L/min. As the displacement of the rotor increased, liquid resistance increased, 

and the hydrostatic force reached the maximum value of 420 N at 1.6s. Finally, because of 

the decrease of liquid resistance and flow, the hydrostatic force decreased to 0 N. 
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Figure 8. Current and flow curve under CFC. 
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Figure 9. Supporting force curve under CFC. 

After the rotor is returned to the balance position, the hydrostatic system no longer 

provides supporting force. The external load is carried only by electromagnetic force, and 

the supporting capacity and operation stability of the MLDSB can then be virtually re-

duced. 

3. Numerical Simulation of the Rotor Impact-Rubbing Process Under Electromagnetic 

Failure 

Based on the above problems, the DCL control strategy was adopted to improve the 

stability and supporting stiffness of MLDSB. 

3.1. Mathematical Model of Supporting System Under DCL Control 

Taking the vertical support system under DCL control as the research object, the dy-

namic mathematical model G(s) was established: 
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 (2)

According to Equation (2), a simulation model of the vertical system in DCL mode 

was established, as shown in Figure 10. 
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Figure 10. Dynamic simulation model of the vertical bearing system in DCL control mode. 
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3.2. Simulation Analysis in DCL Mode Under Step Response 

Similarly, as shown in Figure 11, step load was applied (time is 1 s, amplitude is 800 

N) to the rotor to obtain the rotor displacement under DCL control. The current/flow and 

the supporting force are shown in Figures 12 and 13. 
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Figure 11. Bearing rotor displacement under the two control modes. 

As shown in Figure 11, the rotor reached a reverse maximum of −22 μm at 1.8 s, then 

crossed the equilibrium position and reached a forward maximum of 5 μm at 4.5 s because 

of the combined regulation of the hydrostatic force and electromagnetic force, and finally 

stabilized at the equilibrium position at 6 s with an error of 0 μm. 

According to Figures 12 and 13, the current of the electromagnetic system in the DCL 

control mode increased to 3 A and gradually reached stability. The electromagnetic force 

reached a stable value of 400 N at 4 s. After a period of adjustment, the flow of the hydro-

mantic system was stable at 0.8 L/min at 4 s, and the hydrostatic force reached a stable 

value of 400 N. The hydrostatic force was equal to the electromagnetic force. 
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Figure 12. Current and flow curves in DCL mode. 
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Figure 13. Bearing force curve in DCL mode. 

According to Figure 11, compared with that under CFC, the rotor displacement un-

der DCL control mode produced overshoot, but the adjustment time was shorter. 

Comparing Figure 9 with Figure 13, after the rotor returns to the equilibrium posi-

tion, the electromagnetic force and the hydrostatic force always maintain a certain pro-

portion so as to achieve the maximum load output of the electromagnetic force and 
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hydrostatic force, and the supporting capacity and operation stability of the MLDSB are 

improved. 

4. Analysis of Dynamic and Static Characteristics in Different Modes 

In order to further explore the dynamic and static characteristics under different con-

trol modes, the static stiffness j0 and steady-state error ess were taken as static characteris-

tics [20,21]. The dynamic stiffness J, the adjustment time ts, and the amplitude–phase char-

acteristic curve were taken as dynamic characteristics [22,23], and the influence of the in-

itial current i0, the initial flow q0, the proportional coefficient kp, and the differential coef-

ficient kd of the PID controller on the dynamic and static characteristics of the system were 

explored. 

4.1. Index of Characteristic 

① Static stiffness represents the ability of the MLDSB to resist deformation under 

vertical load [24], which can be expressed as: 
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② Steady-state error refers to the deviation of the MLDSB when the system reaches 

a new equilibrium state [25], which can be expressed as follows: 
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 (4)

③ Dynamic stiffness represents the ability of the MLDSB to resist external load in 

the frequency domain, which is equal to the reciprocal of the system frequency character-

istics [26,27] and can be expressed as: 
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  (5) 

where external loading frequency ω = 100 Hz. 

Since the system in the double closed-loop control mode is a second-order 

overdamped system, the rise time of the MLDSB was selected as the adjustment time, 

which can be expressed as follows: 
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4.2. Variation Law of Static Stiffness with Parameters 

① The static stiffness of the MLDSB under the two control modes can be obtained 

by changing initial current i0 and initial flow q0 as shown in Figure 14a. 
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(a) Influence of initial current and flow rate on static stiffness (b) Influence of kp and kd on static stiffness 

Figure 14. Variation law of static stiffness under the two modes. 

In CFC mode, as the initial flow increased from 0.06 L/min to 1.2 L/min, the static 

stiffness increased from 0.2 × 105 kN/m to 3 × 105 kN/m. As the initial current increased 

from 1 A to 6 A, the static stiffness increased from 0.8 × 105 kN/m to 1.5 × 105 kN/m, and 

the initial current had little impact on the static stiffness.  

In DCL control mode, with the increase of initial flow, the static stiffness increased 

from 0.3 × 105 kN/m to 6 × 105 kN/m. When the initial flow was 0.6 L/min, the static stiffness 

increased from 2 × 105 kN/m to 3 × 105 kN/m. The static stiffness increased more obviously 

in DCL control mode. 

② The static stiffness of the MLDSB under the two control modes can be obtained by 

changing the proportional coefficient kp and the differential coefficient kd, as shown in Fig-

ure 14b.  

In CFC mode, as the proportional coefficient kp increased from 10 to 100, the static 

stiffness increased from 1 × 105 kN/m to 2.5 × 105 kN/m. However, the static stiffness re-

mained the same when kd changed. Therefore, the static stiffness of the MLDSB cannot be 

improved by increasing kd. 

In DCL mode, when kp increased gradually, the static stiffness increased from 1.6 × 

105 kN/m to 3.2 × 105 kN/m. However, when kd gradually increased from 0.1 to 1.0, the 

static stiffness did not change. 

4.3. Variation Law of Steady-State Error with Parameters 

① The steady-state error under the two control modes can be obtained by changing 

the initial current i0 and the initial flow q0, as shown in Figure 15a: 
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(a) Influence of initial current and flow rate on steady state error (b) Influence of kp and kd on steady state error 

Figure 15. Variation law of steady-state error under the two modes. 

In CFC mode, the steady-state error of the MLDSB decreased gradually with the in-

crease of the initial flow. When the initial current was 5 A, the initial flow increased grad-

ually from 0.06 L/min to 1.2 L/min, and the steady-state error decreased from 0.07 μm to 

0.01 μm. With the increase of initial current, the steady-state error also decreased gradu-

ally, and initial flow had a full effect on the steady-state error. 

In DCL control mode, the initial flow and current had the same influence on the 

MLDSB as in CFC mode. In addition, the steady-state error mode was smaller than that 

in CFC mode. 

② The steady-state error of the MLDSB can be obtained by changing the propor-

tional coefficient kp and the differential coefficient kd, as shown in Figure 15b. 

The variation of the steady-state error with parameters in DCL mode was the same 

as that in CFC mode. However, the steady-state error in DCL mode was smaller than that 

in CFC mode. When kd was 0.5, the steady-state error of the MLDSB in CFC mode de-

creased from 0.15 μm to 0.1 μm, with kp increasing from 10 to 100, while the steady-state 

error decreased from 0.06 μm to 0.04 μm in DCL control mode. However, simply increas-

ing kp cannot eliminate the steady-state error. When kd increased from 0.1 to 1.0, the steady-

state error increased gradually from 0.02 μm to 0.2 μm in CFC mode and from 0.02 μm to 

0.12 μm in DCL mode. 

4.4. Variation Law of Dynamic Stiffness with Parameters 

① The dynamic stiffness under the two control modes can be obtained by changing 

the initial current i0 and the initial flow q0, as shown in Figure 16a. 
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(a) Influence of initial current and flow rate on dynamic stiffness (b) Influence of kp and kd on dynamic stiffness 

Figure 16. Variation law of dynamic stiffness under the two modes. 

When the initial current was 2 A and initial flow increased from 0.06 L/min to 1.2 

L/min, the dynamic stiffness in CFC mode increased from 0.5 × 105 kN/m to 3 × 105 kN/m, 
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while the dynamic stiffness in DCL mode increased from 0.5 × 105 kN/m to 6 × 105 kN/m. 

Thus, the initial flow had a stronger effect on the dynamic stiffness in DCL mode. With 

the increase of initial current, the dynamic stiffness in CFC mode increased from 0.8 × 105 

kN/m to 1.2 × 105 kN/m, while the dynamic stiffness in DCL mode increased from 1.5 × 

105 kN/m to 2 × 105 kN/m. 

Therefore, the dynamic stiffness of the MLDSB in DCL mode is greater than that in 

CFC mode, and it is sensitive to initial flow in the two control modes.  

② The dynamic stiffness under the two control modes can be obtained by changing 

the proportional coefficient kp and the differential coefficient kd, as shown in Figure 16b.  

With the increase in the proportional coefficient kp and the differential coefficient kd, 

the dynamic stiffness under the two control modes improved. When kd was 0.5, with kp 

increasing from 10 to 100, the dynamic stiffness increased from 1.5 × 105 kN/m to 3.2 × 105 

kN/m in CFC mode. In DCL mode, the dynamic stiffness increased from 2.0 × 105 kN/m 

to 3.7 × 105 kN/m. The proportional coefficient kp had a full effect on the dynamic stiffness. 

4.5. Variation Law of Adjustment Time with Parameters 

① The adjustment time of the MLDSB under the two control modes can be obtained 

by changing the initial current i0 and the initial flow q0, as shown in Figure 17a. 
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Figure 17. Variation law of adjustment time under the two modes. 

With the increase in initial flow and initial current, the adjustment time decreased 

gradually under the two modes. When the initial flow was 0.3 L/min, with the initial cur-

rent increasing from 1 A to 6 A, the adjustment time in CFC mode gradually decreased 

from 1.6 ms to 0.6 ms, while it decreased from 1 ms to 0.4 ms in DCL mode. When the 

initial current was 3 A, with an increase in the initial flow, the adjustment time in CFC 

mode decreased from 5 ms to 0.4 ms, while it decreased from 1.5 ms to 0.3 ms in DCL 

mode. Therefore, the adjustment time in DCL mode is shorter than that in CFC mode. 

② The adjustment time of the MLDSB under two control modes can be obtained by 

changing the proportional coefficient kp and the differential coefficient kd, as shown in Fig-

ure 17b. 

With the increase in the proportional coefficient kp and the decrease in the differential 

coefficient kd, the adjustment time of the MLDSB under the two control modes decreased, 

but the decrease was more obvious in CFC mode. When kd was 0.5, with kp increasing from 

10 to 100, the adjustment time in CFC mode decreased from 4 ms to 2 ms, while it de-

creased from 1.6 ms to 0.8 ms in DCL mode. When kp was 50, with kd increasing from 0.1 

to 1.0, the adjustment time in CFC mode increased from 1 ms to 4 ms, and it increased 

from 0.6 ms to 2 ms in DCL mode. 

Thus, with the same proportional coefficient kp and differential coefficient kd, the ad-

justment time in DCL mode is shorter than that in CFC mode.  
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4.6. Variation Law of Amplitude–Phase Curve with Parameters 

① The amplitude and phase characteristic curve of the MLDSB under the two modes 

can be obtained by changing the initial current i0 and the initial flow q0, as shown in Fig-

ures 18 and 19. 
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Figure 18. Amplitude–phase curves with different initial flows. 
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Figure 19. Amplitude–phase curves with different initial currents. 

According to Figures 18 and 19, within the range of 100–102 Hz, the amplitude in DCL 

mode was less than that in CFC mode, and the MLDSB had stronger low-frequency dis-

turbance immunity. In the range of 102–104 Hz, the amplitude slope in DCL mode was 

closer to −20 dB/dec, and the MLDSB had better robustness [28,29]. In the range of 104–106 

Hz, the amplitude in DCL mode was smaller, and the MLDSB had a better high-frequency 

noise suppression ability. In the range of 100–103 Hz, the phase angle in DCL mode coin-

cided with that in CFC mode. In the range of 103–106 Hz, the phase angle in DCL mode 

was greater than that in CFC mode. 

In DCL mode, in the range of 100–102 Hz, the amplitude of the curve decreased grad-

ually with an increase in the initial current i0 and the initial flow q0, and the low-frequency 

disturbance resistance increased [30]. In the range of 102–106 Hz, the amplitude character-

istic curves were equal, and the robustness and high-frequency noise suppression effect 

of the MLDSB remained the same with an increase in initial current and flow.  

In the range of 100–103 Hz, with an increase in the initial current i0 and the initial flow 

q0, the phase angle increased. In addition, in the range of 103–106 Hz, the phase–frequency 

characteristic curves coincided with those under different currents.  

② The amplitude and phase characteristic curve can be obtained by changing the 

proportional coefficient kp and the differential coefficient kd, as shown in Figures 20 and 21. 



Processes 2021, 9, 1195 14 of 16 
 

 

-120

-100

-80

-60

-40

-20

A
m

p
li

tu
d

e 
α

/(
d

B
)

102 103 104 105
-180

-135

-90

-45
P

h
a

se
s 

β
/(

°)

Frequency  f/Hz

DCL kp=10
DCL kp=50
DCL kp=100
CFC kp=10

 

Figure 20. Amplitude–phase characteristic curves of different kp. 
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Figure 21. Amplitude–phase characteristic curves for different kd. 

The proportional coefficient kp mainly affects the stability of MLDSB. With an in-

crease in kp, the amplitude–frequency curve increased, causing the stability margin to de-

crease gradually and the stability to weaken accordingly. The phase frequency character-

istic curves coincided with different kp, and the phase angle remained the same with an 

increase in the proportional coefficient.  

However, the differential coefficient kd mainly affects the damping characteristics. In 

the range of 1 × 102–2 × 103 Hz and 1 × 104–1 × 105 Hz, the amplitude–frequency curves 

under different kd were equal, and the differential coefficient kd had no influence on the 

MLDSB. In the range of 2 × 103–1 × 104 Hz, with the increase of the differential coefficient 

kd, the peak value of the turning point gradually decreased and flattened out, and the 

damping gradually increased. The phase–frequency characteristic curves basically coin-

cided with those in the ranges of 102–103 Hz and 104–105 Hz. By contrast, in the range of 

103–104 Hz, with a gradual increase in kd, the phase–frequency characteristic curve gradu-

ally slowed down. 

5. Conclusions 

(1) In DCL mode, the displacement was smaller and the adjustment time was shorter, 

and the hydrostatic force and electromagnetic force retained a certain proportion. 

(2) Increasing the initial current and the initial flow can improve the dynamic and static 

characteristics of the MLDSB. However, as the oil film thickness is smaller than the 

electromagnetic air gap, the initial flow has a stronger effect on the dynamic and 

static characteristics. 

(3) In DCL mode, the static and dynamic stiffnesses are greater and the adjustment time 

is shorter, but the steady-state error is larger than that in CFC mode. 



Processes 2021, 9, 1195 15 of 16 
 

 

(4) Increasing kp can improve the stiffness and reduce the adjustment time and steady-

state error. However, excessive kp will lead to instability of the MLDSB. The steady-

state error, adjustment time, and damping increased with an increase in kd, but kd had 

little effect on the stiffness of the MLDSB. 
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