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Abstract

:

Rotor suspension stability is one of the important performance indexes of a blood pump and the basis of determining whether the blood pump can be used in a clinic. Compared with the traditional magnetic suspension system, a single-winding, bearingless motor has the advantages of a compact structure, simple control system and low power consumption. In this pursuit, the present study aimed to envisage and design the magnetic suspension system coupled with a single-winding bearingless motor and permanent magnet bearings, establish the theoretical models of axial force and electromagnetic torque, and calculate the stiffness of the magnetic suspension system at the equilibrium point. Addressing the problem of the negative axial stiffness of the magnetic suspension system being negative, which leads to the instability of the suspension rotor, the hydrodynamic bearing structure was proposed and designed, and the critical stiffness to realize the stable suspension of the rotor was obtained based on the stability criterion of the rotor dynamics model. The optimal structural parameters of the hydrodynamic bearing are selected by integrating various factors based on the solution of the Reynolds equation and a stiffness analysis. Furthermore, the vibration experiment results proved that the blood pump rotor exhibited a good suspension stability, and the maximum offset under the impact external fluid was no more than 2 μm.
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1. Introduction


Heart failure is a common cardiovascular disease and implanting a blood pump is one of the effective ways to treat this kind of disease [1,2]. The earlier developed blood pumps exhibited a pulsatile flow blood pump that simulated cardiac contractions and relaxations, but faced problems such as a large volume, high noise, high failure rate, inability of implantation and a risk of bleeding and thrombosis, which seriously affected the clinical treatment effect [3]. Later, researchers developed the continuous-flow rotary blood pump, which greatly reduced its volume and weight and could be implanted into the abdominal cavity of the patients with heart failure. The typical products, such as the HeartMate II blood pump, are certified by the FDA and widely used in the clinical setting [4], but the mechanical bearing of the blood pump wears off and heats up after long-term use, making it easier to cause hemolysis, thrombosis, and other complications [5]. The rotor of the third-generation blood pump adopts a suspension support system that cancels the mechanical bearing structure, eliminates the blood damage caused by mechanical bearing, and has good blood compatibility [6,7]. As one of the remarkable characteristics of the third-generation blood pump, the suspension system of the rotor directly determines the operation stability and blood compatibility of the blood pump in practical applications.



The suspension system of the blood pump includes the magnetic suspension, hydraulic suspension and magnetic hydrodynamic hybrid suspension. For the magnetic–hydrodynamic hybrid suspension blood pump, the combination of the magnetic bearing and hydraulic bearing is generally used to regulate the movement of the rotor, and the rotating motion is driven by a separate motor. Therefore, in order to realize the active control of the suspension and rotation, more windings, inverters and sensor components are required [8]. For the implantable blood pump, the increased volume of the blood pump increases to a certain extent, the weight and power consumption can adversely affect the implantation of the blood pump and the quality of life of the patients with heart failure. Therefore, reducing the number of power devices is one of the effective ways to reduce power consumption and volume.



Compared with the traditional drive mode of combining magnetic bearings and motor, the axial flux bearingless motor can produce a suspension force and rotating torque at the same time with only one three-phase winding, which greatly simplifies the structure and the control system. In addition, the axial flux motor has the characteristics of a small volume, light weight and high efficiency, when compared to the with radial flux motor. Thus, it has greater advantages in the miniaturization and reduced weight of the blood pump. For example, Toru [9] designed a suspension system with a double offset hybrid magnetic bearing. The upward magnetic pull generated by the magnetic bearing balanced the downward bias magnetic pull of the bearingless motor, and the impeller could be suspended in the axial direction center position of the blood pump through active regulation. The axial and tilt motion of the impeller were actively regulated by the electromagnetic bearing, while the radial motion was constrained by the passive stability. Nevertheless, the magnetic suspension system of the blood pump has problems, such as a large volume and complex structure. If the permanent magnet bearings are used to replace the electromagnetic bearing structure, and the only driving component is the bearingless motor, the number of driving components and the blood pump volume can be greatly reduced. In addition, the permanent magnets of the bearingless motor can adopt the magnetization mode of the Halbach array, which can improve the sinusoidality of the air gap flux and enhance the magnetic density. This kind of motor with a special magnetization direction helps to improve the motor efficiency and reduce the torque ripple on the basis of increasing the average torque [10,11,12]. However, the negative stiffness of the magnetic suspension system makes the impeller unable to suspend stably. The repulsive hydrodynamic bearing can eliminate the negative stiffness of the bearingless motor without adding hardware, ensure the rotor suspension stability, and helps to reduce the vibration of the rotor via damping.



Hydraulic bearings can be categorized into hydrostatic bearings and hydrodynamic bearings. The hydraulic suspension structure design and suspension stability analysis has been extensive studied [13,14]. For example, Wang et al. [15] designed a hydraulic bearing for the radial suspension support of an axial flow blood pump; established a theoretical model for the hydraulic bearing force; studied the influence law of the rotating speed and radial eccentricity on the bearing force through numerical simulation, and measured the magnetic–hydrodynamic, double-levitated impeller stability under different external circulation experiments via the Hall sensor and laser vibration meter. Similarly, Chung et al. [16] studied the rotor dynamic characteristics of the hydrodynamic bearing of the rotary blood pump at different flow rates and impeller speeds; obtained the stiffness coefficient and damping coefficient of the system by applying an external interference, and analyzed the influence of the law of speed and flowrate on the stiffness coefficient and damping coefficient. In order to improve the suspension stability of the blood pump and the hemolysis performance, Kosaka et al. optimized the number of spiral grooves, groove depth and bearing clearance of the hydrodynamic bearing structure and obtained the best parameter combination [17,18]. Kataoka et al. studied the rotor radial movement of the blood pump coupled with a hydrodynamic bearing and permanent magnetic bearing [19]. From the experimental results, it was found that the radial direction motion of the rotor had an unstable circular mode. The occurrence of the unstable rotation mode could be avoided by increasing the speed and adopting a symmetrical structure.



In conclusion, the hybrid suspension system of the axial flux, single-winding, bearingless motor, permanent magnet bearing, and hydrodynamic bearing solves the problems of a complex structure, heavy weight and high energy consumption. The structural design of the hydrodynamic bearing is closely related to the stiffness characteristics of the magnetic suspension system composed of a bearingless motor and permanent magnet bearing. However, there are few studies on the structural design and stability analysis of the hydrodynamic bearing based on the stiffness characteristics of a bearingless motor. Therefore, the present study was envisaged to decipher the axial force and stiffness characteristics of the suspension system by using a combination of theoretical calculations and simulation solutions. This study also aimed to design the hydrodynamic bearing structure according to the relationship between the stiffness and structural parameters and verify the suspension stability of the blood pump through experimental validation. Our study can lay the foundation for the active regulation of the rotor pose of the blood pump and the optimization of blood compatibility.




2. Magnetic Suspension System Modeling


2.1. Structure and Working Principle


The structure composition of the magnetic–hydrodynamic hybrid suspension centrifugal blood pump designed in this study is shown in Figure 1a. The blood pump shell was composed of the inlet, upper casing, lower casing, and motor casing, as shown in Figure 1b. The blood pump impeller structure was in the form of a closed straight blade cover plate. The upper end face was embedded with a concentric, movable, permanent magnetic ring, which was matched with the concentric, fixed magnetic ring of the upper casing to form a permanent magnetic bearing. The permanent magnets with different polarities were embedded in the lower end face of the impeller to cooperate with the motor stator, in order to realize the rotating motion of the impeller. Therefore, the impeller can also be regarded as the motor rotor. The impeller adopted the support scheme of the combination of passive and active suspension, and the rotating motion of the impeller was consistent with the driving mode of the ordinary, permanent, magnet-synchronous motor. The stator coil and iron core of the motor were placed in the motor casing to form a single-winding bearingless motor with the permanent magnets on the impeller. The hydrodynamic bearing was located on the upper and lower pump casing and exerted an axial fluid force on the impeller under the fluid action. Therefore, the impeller can be suspended in the blood pump cavity under the coupling action of the permanent magnet bearing, the motor electromagnetic force and the hydrodynamic bearing force.



As shown in Figure 2a, the structural design scheme of a single-winding bearingless motor consisted of a rotor backplate, magnetic pole, coils, iron core and stator yoke. The motor of the blood pump was an axial flux, bearingless, permanent, magnet-synchronous motor, which realized the rotation of the impeller in the form of single-winding structure, and cooperated with the permanent magnet bearing to ensure the stable suspension of the impeller in the pump casing. The structure composition and size of the bearingless motor stator are shown in Figure 2b. The Halbach array structure was adopted for a magnetic pole arrangement to improve the blood pump efficiency and reduce motor power consumption. Its structure is shown in Figure 2c.




2.2. Modeling of the Bearingless Motor


The magnetic poles of the motor rotor were fixed on the rotor backplate. Therefore, the motor was a non-salient pole structure, and the magnetic poles were magnetized according to the Halbach array arrangement. The specific composition of the magnetic suspension system and permanent magnet bearing are shown in Figure 3a,b.



The two concentric, permanent magnet rings embedded in the upper-end face of the impeller and the two concentric, permanent magnet rings embedded in the upper casing cooperated with each other, and the permanent magnet bearing generated a magnetic pull force in the z axial direction. Therefore, the component of the magnetic force generated by the motor stator and the permanent magnet rings in the z axial direction jointly determined the axial position of the impeller. The x, y axial translation and ϕx, ϕy rotation of the impeller were passively constrained by the magnetic coupling between the permanent magnet bearing and the bearingless motor. Therefore, the translation and rotation of the impeller in x and y axis direction were limited. Let the upper and lower air gaps of the rotor be represented as g1 and g0, respectively. When the rotor is translated z in the positive axial direction due to disturbance, the upper and lower air gaps becomes g1 − z and g0 + z. Therefore, in order to maintain the stable suspension and rotation of the impeller at the balance position, it is crucial to regulate the motor stator current. The specifications of the bearingless motor and permanent magnet bearing are shown in Table 1.



The bearingless motor stator adopted the structure of the three-phase concentrated windings. The three-phase windings, A, B and C, were arranged in a space at an interval of 120°, and the number of turns was Ns. The rotor and stator structure of the bearingless motor, as shown in Figure 4a, is used to analyze the rotation motion of the motor, expand the spatial structure of the motor along the circumferential direction and establish the coordinate system, as shown in Figure 4b. The direct axis and the quadrature axis are synchronous, dynamic coordinate systems fixed on the motor rotor, which are used to describe the rotating motion of the motor. The magnetic field direction of the motor is the d axis and the axis perpendicular to the magnetic field direction is the q axis. Therefore, the spatial phase difference between the d axis and the q axis is π/2. Permanent magnets with different magnetic pole directions are pasted on the lower surface of the rotor of the bearingless motor, and the number p of rotor pole pairs was four. The three-phase coils of the stator were fed with a sinusoidal current to drive the motor. The magnetic flux distribution ψ formed by the magnetic field interaction of the permanent magnet and the motor energizing coil is shown by the black dotted arrow in Figure 4b. In order to study the rotor dynamic characteristics of blood pump, the magnetic field of the bearingless motor was theoretically analyzed using the inductance matrix method. The air gap magnetic energy was calculated by the magnetic flux distribution and inductance matrix, and the torque and axial electromagnetic force were obtained by deriving the rotation direction θ and z-axis direction. In order to calculate the inductance and deduce the electromagnetic force and torque model through the effective permeability, the magnetic field generated by the permanent magnet on the rotor was equivalent to a direct current excitation winding with the turns Nf and current if.



The electromagnetic force and the torque of the bearingless motor were theoretically modeled, and the assumptions were as follows:




	(a)

	
The spatial distribution of the magnetomotive force was sinusoidal.




	(b)

	
The stator surface was smooth and the slot harmonics could be ignored.




	(c)

	
Magnetic saturation was ignored.




	(d)

	
The permeability of the stator core was infinite, and the permeability of the permanent magnet and air was considered equal to that of vacuum.




	(e)

	
The iron loss was ignored.









For the non-salient rotor, the self-inductance of the stator coil was independent of the rotor position angle θ. Therefore, the self-inductance of the stator coil was constant, and the d axis inductance and q axis inductance were equal. The self-inductances of the three-phase stator coils are given by Equation (1):


   L   a a       = L     b b       = L     c c       =     N s  ψ    i a       + L     a l         = L     a a 0         + L    a l      



(1)







Therefore, the self-inductance of the stator was composed of Laa0 and Lal, where Laa0 is the self-inductance component generated in the coil by the fundamental flux in the air gap; and Lal is the additional component generated for the leakage flux of armature winding, which is also called the leakage inductance Lal. The self-inductance of a winding is generally a function of the air gap g [20]. Therefore, the self-inductance of stator winding can be approximately expressed by Equation (2) with air gap g:


   L   a a 0       =     L   a a 0   ′   g     



(2)




where L′aa0 is the stator magnetizing inductance multiplied by the air gap length, and the unit is Hm. L′aa0 and Lal are constants, which are obtained by the motor parameter identification and the phase inductance measurement. The mutual-inductance between the two windings is the product of the self-inductance and cosα, whose phase angle difference is the electrical angle α. Since the angle between the different phases of armature winding was 120°, the mutual inductances between the different phases of armature winding are equal, which is expressed by Equation (3):


   L  a b      = L     b a         = L    a c   = −  1 2   L   a a 0       =  −  1 2     L   a a 0   ′   g     



(3)







Similar to the self-inductance of stator, the self-inductance Lf of the rotor excitation winding is expressed in Equation (4):


   L   f f         = L     f         = L     f f 0         + L    f l    =     L f ′   g     + L    f l      



(4)




where Lff0 is the inductance generated by the fundamental component of magnetic flux in the air gap. The leakage inductance Lfl of the rotor excitation winding is used to characterize the influence of permanent magnet leakage flux. The mutual inductance between the stator and rotor is related to the rotor position and changes periodically with θ, so the mutual inductance between the excitation winding f and phase winding a is given by Eqaution (5):


   L  a f      = L     f a         = L   m   c o s θ =     L m ′   g   c o s θ     



(5)




where L′m is the constant part of the mutual inductance of the motor stator and rotor. It was observed that the relationship between the self-inductance and the mutual inductance of the stator and rotor that the relationship      L m ′  =    L   a a 0   ′   L f ′      was satisfied. When the windings of the motor stator were three-phase symmetrical, ia + ib + ic = 0, and thus ib + ic = −ia. On substituting the self-inductance of the above phase A and the mutual inductance of the excitation winding f, the phases B and C into the flux linkage expression were obtained as shown in Equation (6):


   λ a   =   (   3 2   L   a a 0       + L    a l    )   i a     + L    a f    i f     



(6)







If the synchronous inductance Ls = 3/2Laa0 + Lal is defined, the corresponding flux linkage equation of phase A is:


   λ a     = L   s   i a     + L    a f    i f     



(7)







Therefore, the phase voltage of the motor is composed of the voltage on the phase resistance and the back electromotive force, and its expression is:


   {       u d     = R   s   i d     + L   s      d i  d    d t   −    ω L   s   i q         u q     = R   s   i q     + L   s      d i  q    d t      + ω L   s   i d     + ω λ   m           



(8)







The flux linkage was obtained by the product of the inductance matrix of the motor and the current, as shown in Equation (9):


   λ =     (       λ f       λ a       λ b       λ c       )   T   =   [       L  f f        L  a f        L  b f        L  c f          L  a f        L  a a        L  a b        L  c a          L  b f        L  a b        L  b b        L  b c          L  c f        L  c a        L  b c        L  c c        ]   [       i f         i a         i b         i c       ]   



(9)




where L is the inductance matrix of the motor; the conversion matrix between the 3-phase current and d axis and q axis currents is given by Equation (10):


  C  =     2 3     [         3 2       0   0     0     c o s θ       s i n θ       0    c o s  (  θ −    2 π   3   )      s i n  (  θ −    2 π   3   )       0    c o s  (   θ +     2 π   3   )      s i n  (   θ +     2 π   3   )       ]   



(10)







Then, the motor flux linkage equation was converted into:


   [       λ f         λ d         λ q       ]   =   [       L f       3 2   L m     0       L m       L s     0     0   0     L s       ]   [       i f         i d         i q       ]     



(11)




where, λm = Lmif is the flux linkage generated by the magnetic field of the rotor permanent magnet in the stator winding. The magnetic energy W stored in the coil was calculated by Equation (12):


   W =   1 2   (       i f       i d       i q       )     (       λ f       λ d       λ q       )   T   



(12)







If the motor rotor deviated slightly from the balance position g0 in the axial direction, the magnetic energy changed accordingly. Therefore, the axial magnetic force and torque were calculated by the partial derivative of the magnetic energy in the axial displacement g and rotation direction θ [21]. The axial electromagnetic force between the motor stator and rotor is:


   F   m 0     =  −   ∂ W   ∂ g    =   1     2 g   2     [   L f ′   i f 2   +   5 2   L m ′   i d   i f   +   3 2   L   a a 0   ′   (   i d 2     + i   q 2   )   ]     



(13)







Additionally, the torque Ts was expressed as:


   T s   =   3 2  p  (   λ d   i q  −  λ q   i d   )   =       3 p L   m ′   i f   i q     2 g       



(14)








2.3. Axial Force Modeling of the Permanent Magnet Bearing


The magnetic field of permanent magnetic bearing was solved by the static magnetic field. The permanent magnetic force was obtained by integrating the Maxwell stress tensor on the surface of a permanent magnetic bearing [22]. The calculation formula used was:


   f p   = n · T  = −  1 2  n  (  H · B  )   +   (   n · H   )   B T     



(15)




where n is the outward normal vector of the outer surface of the permanent magnet bearing and T is the Maxwell stress tensor on the outer surface of the permanent magnet bearing. The axial component fz of the permanent magnetic force fp is the axial force of the permanent magnetic bearing on the rotor, and the direction is vertical upward along the z axial direction. Its derivative relative to the axial displacement is the magnetic stiffness [23], which was defined as:


   k   z 1     =      d f  z    d z    =    f  (   z k   )  − f  (   z   k + 1     )     z   k + 1    −  z k       



(16)







The three-dimensional model of the permanent magnet bearing assembly was established, and the schematic diagram is shown in Figure 5. The upper concentric magnetic rings were arranged on the blood pump casing, which were static magnetic rings. The lower concentric magnetic rings were arranged on the upper-end face of the impeller and were movable magnetic rings.



The material of the permanent magnetic bearing was the permanent, magnetic, rare earth material NdFeB35, which adopted an axial magnetization. The specific parameters of the permanent magnetic bearing are shown in Table 2.



The magnetic field of the permanent magnet bearing was solved by the static field module in the COMSOL software, and the magnetic force was obtained by integrating the Maxwell stress surface. When simulating the static magnetic field of the permanent magnet bearing, the axial air gap scanning range was set to 0.1~3.1 mm. In the permanent magnet bearing, the movable magnetic ring was offset under the action of the external load and interference. Figure 6a shows the magnetic density and magnetic induction line distribution when the air gap g1 was 0.4 mm and 1.72 mm (Δz = 1.32 mm). The air gap was inversely proportional to the magnetic density and the strength of the magnetic field. The variation law of the axial restoring force Fm1 is shown in Figure 6b. There was a strong nonlinearity between the axial restoring force Fm1 and the air gap g1. The smaller the air gap between the movable magnetic ring and the static magnetic ring, the greater the axial magnetic force. The equilibrium position of the rotor was g1 = 1.6 mm and the movable range was 1.5–1.7 mm. Within this range, the axial restoring force Fm1 and axial offset were approximately linear. Therefore, the axial force was linearized near the equilibrium position to obtain the linearization model of the permanent magnet bearing.



The axial force at the different axial displacements was fitted, and the mathematical model between the axial force Fm1 and the axial displacement g1 was established, as shown in Equation (17). The root mean square error RMSE of the fitting results was 0.042 and the correlation coefficient R was 0.999:


   F   m 1     =     2.1 g   1 3  −    46.88 g   1 2   +     135.32 g   1   1.5    −    127.65 g   1   +   37.72     



(17)








2.4. Model Linearization of Magnetic Suspension System


Without considering the effects of fluid force, gravity and external disturbance, the total axial force on the rotor is given by Equation (18):


   F z     = F     m 0         + F     m 1       



(18)







When the motor rotor is in a balanced and stable position, the air gap between the stator and the rotor surface is g0. Assuming that the rotor has an axial offset z and the rotor deviates from the blood pump inlet along the axial direction, the air gap becomes g0   −   z. The axial force and electromagnetic torque applied to the rotor are linearized at the equilibrium point, and Equations (13) and (14) are expanded by the Lagrange linearization method, then the respective linearization models of axial force and torque are:


   F   z       =   1     2 g   0 2     [   L f ′   i f 2   +   5 2   L m ′   i d   i f   +   3 2   L   a a 0   ′   (   i d 2     + i   q 2   )  −    9.92 g   0 2   ]  −  z     2 g   0 3     [   L f ′   i f 2   +   5 2   L m ′   i d   i f   +   3 2   L   a a 0   ′   (   i d 2     + i   q 2   )  −    9.6 g   0 3   ]   



(19)






   T l   =      3 p L  m ′   i f   i q       2 g   0     (  1 −  z   g 0     )   



(20)







The air gap g0 of the motor was 1.8 mm. Due to structural constraints, the maximum displacement on one side of the rotor was 0.1 mm and the axial displacement z was relatively small during the actual axial position control of the rotor. Therefore, z/g0 was approximately 0. In addition, kt = 3pL′mif/2g0 instead of the constant term in Equation (20), Equation (20) is simplified as:


   T l     = k   t   i q     



(21)







According to Equation (19), the axial force Fz was coupled by the direct axis current id and the quadrature axis current iq. If the coupling term is ignored, the axial force is only related to id and can be controlled linearly. According to Equation (21), the electromagnetic torque is only related to the quadrature axis current iq. After linearization, the axial force shown in Equation (19) can be expressed as in the form of z and id as:


   F z     = K   i   i d     + K   z   z + f     



(22)




where,    K i     = 5 L   m ′   i f     / 4 g   0 2    is the force gain;    K z   =   [   L f ′   i f 2   +     2.5 L   m ′   i f   i d   +     1.5 L     a a 0   ′   (   i d 2     + i   q 2   )  −    9.6 g   0 3   ]     / 2 g   0 3    is the axial displacement stiffness; other terms of the model can be regarded as disturbance terms, that is, f    =   [   L f ′   i f 2   +     1.5 L     a a 0   ′   (   i d 2     + i   q 2   )  −        9.92 g   0 2   ]     / 2 g   0 2   . When the impeller was passively suspended in the equilibrium position, f is 0 N. Without considering gravity and fluid force, according to Newton’s second law of motion, the axial motion of rotor can be expressed as:


  m  z ¨  −  K z     z = K   i   i d   + f     



(23)







According to Equation (23), it can be seen that the rotor of the bearingless motor exhibited a negative stiffness in the axial direction, which is unstable for the rotor suspension state and seriously affects the stable operation of the blood pump.




2.5. Parameter Identification of the Magnetic Suspension System


In order to establish an accurate motor suspension force and torque model, the motor parameters were obtained by parameter identification, and the parameters in the suspension force and torque model were calculated. Figure 7 shows the bearingless motor parameter identification platform, which adjusted the air gap between the rotor and stator by changing the position of the sliding table. The sliding table displacement was measured by the spectral confocal displacement sensor: the sensor probe was fixed on the fine-tuning platform; the probe was fixed through the fine-tuning platform and adjusted to the measurement range. Subsequently, the change in the air gap was calculated by measuring the sliding distance of the sliding table in real time. The displacement sensor mode was IFC2461(Micro-Epsilon Co. Ltd., Ortenburg, Germany), the measurement frequency was 25 kHz, the absolute error was less than 0.05% and the resolution was 0.004%, which helped to realize the micron precision measurement of displacement. The motor, displacement sensor and motor controller were powered by a DC-regulated power supply. The power supply model was ITECH6322 and the voltage accuracy was 1 mV. The voltage of the motor and displacement sensor was 24 V and the power supply voltage of motor controller was 5 V.



The position of the sliding table was adjusted, so that the air gap between the motor stator and rotor was 1.8 mm, and the rotor position was fixed. The power supply was turned on and the voltage was adjusted. The motor parameters were identified through the motor controller and multiple experiments were conducted. The motor parameter identification results are shown in Table 3.



Through the motor parameters, the axial force and torque of the motor was calculated, and the model parameters are L′aa0 = 8 × 10−7 Hm, the leakage inductance Lal = 5.3 × 10−5 H; L′mif = 4.88 × 10−6 Ahm and the torque parameter kt = 1.63 × 10−2 N·m/A.




2.6. Verification of the Magnetic Suspension System Theoretical Model


The transient electromagnetic field of the bearingless motor was solved using the ANSYS Electronics software. The rotor backplate was made of titanium alloy. The permanent magnet material was NdFeB35, the residual magnetic flux density Br was set to 1.3 T, and the different magnetization directions were set according to the magnetic pole orientation. The material of the stator winding was copper and the number of turns was 115. The material of the iron core and yoke was silicon steel. The number of turns and sinusoidal current excitation were set for the coil. The AC current excitation amplitude im was 0.4 A and the spatial phase difference was 120 degrees. The electromagnetic field solution time was set to 10 ms, and the simulation solution time step was the time corresponding to each 1° rotation of the motor.



The axial force received by the rotor of the bearingless motor during rotation is shown in Figure 8a. The axial force obtained by the FEM simulation fluctuated all the time during the rotation process, and the amplitude was essentially within 0.5 N. The axial force was negative, indicating that the motor rotor was always subject to the suction of the stator. The average axial force was calculated by FEM to be −5.2 N. Assuming that the rotor had no axial offset, the direct axis current id was 0 A and the quadrature axis current iq was 0.4 A; the axial force calculated by the theoretical model was −4.63 N. The two results were close, and the error of the theoretical model was 11%. The variation process of the electromagnetic torque during the motor rotation is shown in Figure 8b. There is an obvious pulsation phenomenon of the rotor torque during rotation. The potential causes of torque ripple were the interactions of the stator and rotor magnetic field, current commutation, the cogging effect, and the armature reaction. The average value of the electromagnetic torque in the FEM simulation results was 6.6 N·mm. According to the theoretical Equation (21), the theoretical torque at 3000 rpm was 6.5 N·mm, and the error was 1.5%. The two values were very close, which verified the accuracy of the motor torque theoretical model.



When the motor rotor was offset under the action of external disturbance, the changes in the permanent magnetic force on the rotor are shown in Figure 9a. Because the motor structure and the permanent magnet bearings were spatially symmetrical, the permanent magnetic force in the x and y direction was always 0 N, when the impeller was offset, and the axial force Fz changed with the offset. When the impeller was offset to the inlet of the blood pump, the axial force on the impeller was upward, that is, the axial force direction was consistent with the offset direction, and its amplitude increased with an increase in the offset. Therefore, the impeller was unstable in the axial direction. The resultant axial force at the balance point was close to 0 N.



Figure 9b shows the theoretical value and the FEM simulation results of the axial force of the rotor within the axial movable range. It can be seen from Figure 9b that the theoretical value of axial force was very close to the FEM simulation results, which verifies the accuracy of the theoretical model. Thus, the stiffness calculated by the theoretical model can be used as a reference index for the structural design of the hydrodynamic bearing. The position where the resultant force was 0 N was located below the theoretical equilibrium point. Furthermore, the linear relationship between the axial force and the axial displacement at the equilibrium point also verified the rationality of the linearization of the axial force theoretical model. According to the definition of stiffness, the axial stiffness was negative, which indicated that the impeller was unstable under the action of external disturbance.




2.7. Hydrodynamic Force and Stiffness Model of Hydrodynamic Bearing


The hydrodynamic bearing was located on the inner cavity surface of the upper and lower casings of the blood pump. The fluid force generated by the dynamic pressure effect acted on the rotor to realize the axial stable suspension. Due to the secondary flow field at the upper and lower clearance of the blood pump, the blood flow field was in a spiral form. Although the herringbone groove hydrodynamic bearing had a better stability, the groove type was inconsistent with the blood flow form. When the blood flowed through the hydrodynamic bearing, flow separation and turbulence occurred, which could easily damage the blood. Therefore, in order to obtain a better blood compatibility, the hydrodynamic bearing was designed in the form of a spiral groove. The specific structure is shown in Figure 10a. The groove type of the hydrodynamic bearing is spiral. According to the rotation direction of the impeller and the flow direction of blood, the hydrodynamic bearing on the lower pump casing was designed as the “Pump-in” type, and the hydrodynamic bearing on the upper casing was designed as the “Pump-out” type. The structural parameters of the two hydrodynamic bearings were consistent. The inlet of the hydrodynamic bearing was located outside the spiral groove with radius rs. When the impeller rotated in the direction shown in Figure 10a, the high-pressure fluid emitted by the impeller flowed into the hydrodynamic bearing from the inlet of the spiral groove. As the groove width of the spiral groove decreased in the flow direction, the wedge-shaped spiral groove formed a dynamic pressure effect, resulting in the bearing capacity to realize the suspension of the impeller. Figure 10b shows the cross-sectional view of the hydrodynamic bearing. The vertical distance between the lower surface of the impeller and the pump casing is the liquid film thickness h1 of the hydrodynamic bearing, that is, the suspension clearance of the impeller. The groove depth of the spiral groove of the hydrodynamic bearing is h2, and the sum of h1 and h2 is the distance h between the bottom surface of the impeller and the groove depth. The liquid film thickness h1 did not only affect the suspension performance of the hydrodynamic bearing, but also affected the hemolysis performance. Therefore, the liquid film thickness was designed after comprehensively considering the performance of the hemolysis and suspension. Here, this factor is not considered temporarily in the structural design of the hydrodynamic bearing, and only the influence of the groove depth h2 on the suspension performance was analyzed. In addition to the groove depth, the groove number N, the groove width ratio δ = Bg/B and spiral angle β were the key parameters affecting the hydrodynamic bearing performance.



The spiral groove of the hydrodynamic bearing was in the form of a logarithmic spiral, and its structural shape was closely related to the spiral angle β, which is expressed as:


     r = r   g   e   θ t a n β       



(24)




where, rg is the base circle radius of spiral line, θ is the spiral line control angle, and β is the spiral angle. If the pressure change in the clearance direction was ignored, the liquid film pressure distribution of the hydrodynamic bearing could be solved based on the Reynolds equation in lubrication theory. The steady-state Reynolds equation is shown in Equation (25):


   ∇ t  ·    ( ρ h   1   v  a v e    ) = 0     



(25)




where, ρ is the fluid density, h1 is the clearance, h1 = hc + hb, hc = −uc·nref, hb = hb1 + ub·nref − ub·∇thb1, uc is the impeller displacement, nref is the reference normal direction, hb1 is the initial clearance, vave is the average speed, and the calculation formula is:


   v  a v e    =   1 2   (   v   c , t       + v     b , t     )  −    h 1     12 μ     ∇ t   p f     



(26)




where μ is blood viscosity; vc,t and vb,t are the velocity vectors of the impeller surface and hydrodynamic bearing wall at the clearance, respectively. The specific calculation method is shown in Equations (27) and (28):


    v  c , t    = ( I −   n  r e f    ⊗   n  r e f    ) {     u ˙    c .    + Ω × ( X −  X c  ) }  



(27)






    v  b , t    = ( 1 −   n  r e f    ⊗   n  r e f    )    u ˙   b   



(28)







The absolute pressure pA at any point on the bearing surface was calculated from the sum of the reference pressure pref and the relative pressure pf, which is pA = pref + pf. The pressure distribution on the whole hydrodynamic bearing surface was obtained through an iterative calculation. The pressure of each node on the hydrodynamic bearing surface was double integrated along the radial direction and circumferential direction to obtain the bearing capacity Ff of the liquid film:


   F f =    ∬    r i     r o     p A   r d r d θ   



(29)




where, ri and ro are the inner radius and outer radius of the hydrodynamic bearing, respectively. When the axial displacement of the impeller occurred, the clearance between the impeller and the hydrodynamic bearing changed correspondingly, as did the bearing capacity imposed by the hydrodynamic bearing on the impeller. The change rate is the stiffness of the hydrodynamic bearing, which represents the repulsion of the hydrodynamic suspension bearing to the disturbance, which is defined as:


   K f   =    d F f   d Δ  h 1       



(30)








2.8. Axial Suspension Stability Analysis of Magnetic–Hydrodynamic Hybrid Suspension System


In order to eliminate the negative stiffness of the magnetic suspension system and realize the stable suspension in the axial direction, the hydrodynamic bearing is required to provide stable support for the rotor, eliminate the negative stiffness and ensure that the rotor has a certain passive suspension stability under the action of external disturbance. The stiffness and damping characteristics of the hydrodynamic bearing can effectively limit the axial movement and amplitude of the rotor vibration. Therefore, based on the dynamic model of the magnetic suspension system, it was also necessary to include the model parameters related to the action of the hydrodynamic bearing and the flow field, in order to establish the dynamic model of the rotor under the action of the magnetic field, flow field, gravity and external disturbance. The hydrodynamic performance was optimized through passive suspension stability analysis, in order to improve the suspension stability of the blood pump and reduce the power consumption of the blood pump motor. The axial dynamic model of the rotor is shown in Equation (31):


  m  z ¨     + C   f     z     ˙   +   (   K f  −  K z   )   z = 0   



(31)




where m is the rotor mass, Cf is the damping of the hydrodynamic bearing and Kf is the stiffness of the hydrodynamic bearing. The stiffness Kf and damping Cf were similar to the active regulation of impeller spatial position through the PD controller, and their values determined the stability of the suspension system. According to Equation (31), the damping coefficient Cf > 0; therefore, the prerequisite for the system stability was Kf − Kz > 0; the axial stiffness amplitude of the hydrodynamic bearing was greater than that of the magnetic suspension system, and the greater the difference between the two stiffnesses, the more stable the system. For the passive suspension stability, the motor current id and iq were both 0 A. Therefore, according to the calculation formula of kz, the axial stiffness kz of magnetic suspension system was −2547 N/m. Since the hydrodynamic bearing is symmetrically arranged on the inner cavity surface of the upper and lower pump casings, when analyzing the suspension stability, the suspension stability was guaranteed only if the stiffness of the one-sided hydrodynamic bearing was greater than −1274 N/m.





3. Stiffness Analysis and Structural Design of the Hydrodynamic Bearing


The parameters of the hydrodynamic bearing mainly included the groove number N, spiral angle β, groove width ratio δ and groove depth h2. The effects of different structural parameters on the stiffness and hydrodynamic force were studied to obtain the best combination of the structural parameters. The inlet and outlet pressures of the hydrodynamic bearing were 82 mmHg and 48 mmHg, respectively, and the impeller speed was 2600 rpm. The blood viscosity was 3.5 mPa·s and the density was 1055 kg·m3. Figure 11 shows the solution results of the pressure distribution on the surface of the hydrodynamic bearing. The pressure distribution was uniform and the blood pressure in the spiral groove was relatively high. When the blood from the impeller flowed through the spiral groove of the hydrodynamic bearing, its pressure decreased continuously, and the bearing capacity was formed through the dynamic pressure effect in the wedge gap to realize the suspension of the impeller.



The radial pressure distribution of the hydrodynamic bearing is shown in Figure 12a. When the blood flowed from the pad edge of the hydrodynamic bearing into the spiral groove, the blood pressure increased continuously, the blood maintained a large pressure in the spiral groove, and the dynamic pressure effect was strong. When the blood flowed out of the spiral groove to the edge of the pad, the blood pressure decreased continuously. It can be seen from Figure 12b that when the groove width ratio δ was 0.5, the blood pressure first increased and later decreased along the rotation direction in the circumferential direction. However, the blood pressure at the spiral groove was higher than that in the pad area, indicating that there was an obvious dynamic pressure effect of the spiral groove, which helped to provide a large bearing capacity for the impeller. In addition, according to the pressure distribution diagram of the hydrodynamic bearing, the pressure clearly changed at the junction of the spiral groove and the pad.



It can be seen from Figure 13a that the greater the number of grooves, the greater the dynamic pressure effect on the spiral groove. Accordingly, the hydrodynamic force of the hydrodynamic bearing was higher, and its range was from 7.25–7.36 N. The stiffness Kf also increased with the increase in the number of grooves, and the stiffness range was from 2300–3900 N/m, greater than the critical stiffness value of −1274 N/m. Therefore, in order to achieve a stable suspension, a higher number of grooves in the hydrodynamic bearing offered a better suspension performance. The influence of the groove depth on the stiffness and hydrodynamic force is shown in Figure 13b. The hydrodynamic force increased with an increase in the groove depth h2. The stiffness first increased and then decreased with an increase in the groove depth h2, and the stiffness range was 2450–4000 N/m. It can be seen from the stiffness curve that, in order to obtain a high axial stiffness Kf, the range of the groove depth h2 was around 0.06 mm. If it was considered to obtain high stiffness Kf, while ensuring high axial hydrodynamic force, the groove depth was set to about 0.1 mm.



The influence of the groove width ratio δ on the stiffness and hydrodynamic force is shown in Figure 14a. When the groove width ratio is 0 and 1, the hydrodynamic bearing becomes a full pad and groove, and the dynamic pressure effect disappears. Therefore, a groove width ratio in the range from 0–1 will maximize the hydrodynamic force. The selection range of groove width ratio was from 0.3–0.9. With the increase in the groove width ratio, the hydrodynamic force initially increased and later a decrease was observed. The groove width ratio with a peak hydrodynamic force was near 0.9, but the stiffness decreased with an increase in the groove width ratio, and its value decreased from 3500 N/m to 2060 N/m. Figure 14b shows the variation law of the stiffness and hydrodynamic force with spiral angle. With a gradual increase in the spiral angle, the hydrodynamic force initially increased and then gradually decreased. The stiffness first increased followed by a decrease accompanied by an increase in the spiral angle, and its range decreased from 6000 N/m to 5600 N/m. A high hydrodynamic force and axial stiffness was achieved when the spiral angle β was 65°.



From the above analysis, it can be seen that under different structural parameters, the hydrodynamic force was essentially between 7.17 and 7.43 N with little changes, while the stiffness range corresponding to different structural parameters of hydrodynamic bearing changed significantly. According to the variation law of each structural parameter pair, in order to obtain a relatively high axis stiffness, the number of grooves and the spiral angle should be as large as possible, and the groove depth and groove width ratio should be as small as possible. In order to ensure the stable suspension of the blood pump impeller under an external disturbance, the axial stiffness should be much higher than the axial negative stiffness of the bearingless motor. According to the hydraulic characteristics and the flow field distribution of the blood pump, based on the above structural parameters and stiffness analysis of the hydrodynamic bearing and considering the constraints of the structural dimensions of the blood pump, the structural parameters of the hydrodynamic bearing were designed as follows: the number of grooves was 20, the spiral angle was 45°, the groove width ratio was 0.5 and the groove depth was 0.1 mm. The titanium alloy casing machined by CNC (Computerized Numerical Control) with the hydrodynamic bearing is shown in Figure 15. After calculation, the axial stiffness at 1800 rpm was found to be 3819 N/m, which was much greater than the critical negative stiffness −1274 N/m of the magnetic suspension system. Therefore, the blood pump could also ensure the ability of stable suspension at high speeds.




4. Experimental Validation of the Axial Passive Suspension Stability of the Blood Pump


In order to simulate the interaction between the blood pump and the cardiovascular system and study the suspension stability of the blood pump during the auxiliary blood pumping, an experimental platform, used to imitate the circulatory loop, was built, as shown in Figure 16. The system consisted of a left atrial simulator, left ventricular simulator, aortic simulator, venous circuit pipeline, mitral valve, aortic valve and damping valve. The measurement module included a pressure sensor (PX409-015CGUSBH, ±1 bar, 0.06% accuracy, Omega Engineering Inc., Norwalk, CA, USA) and a displacement sensor IFC2461. The control module was composed of the left ventricular simulator controller and the blood pump controller. The measured pressure signal was transmitted to the computer through the communication interface. By controlling the motion of the left ventricular simulator, the contraction and relaxation of the ventricle were simulated to produce a pulsatile physiological blood flow. The blood pump controller controlled the rotation of the impeller according to the set target speed to realize the physiological blood perfusion. The mock circulatory loop could simulate the response of the blood pump to cardiac unloading and cardiovascular system at a constant speed and was used to study the influence of the time-varying disturbance generated by the cardiovascular system on the suspension state of the blood pump impeller.



The axial relative displacement of the impeller was measured by the spectral confocal displacement sensor, and the signal with high-frequency noise was filtered. The impeller position was set to 0 mm, when the blood pump was not started, and the measured value of the sensor truly reflected the change in the axial suspension position of the impeller. It can be seen from Figure 17a that the impeller of the blood pump could realize the axial suspension at a low speed of 1800 rpm; the higher the speed, the greater the axial displacement.



Figure 17b shows the id and iq current waveforms corresponding to different rotating speeds of the blood pump. Since the study focused on the passive suspension stability of the blood pump, the id was always maintained at 0 A through a closed-loop control, and the iq current increased with an increase in the rotating speed. When no active control was applied in the axial direction, the higher the speed, the more clear the dynamic pressure effect, and the greater the hydrodynamic force of the bearing. In addition, with the increase in the impeller speed, the flowrate of the blood pump and the impact force of the fluid on the impeller also increased. The above reasons made the axial displacement of the impeller larger, that is, the suspension clearance became larger. It was observed that the different speed changes exhibited little effect on the axial displacement, and the change range was 0.2 μm.



Figure 18 shows the hydraulic efficiency curve of the blood pump at different speeds and flowrates. It can be seen from the hydraulic efficiency curve that the speed and flowrate had a great impact on the hydraulic efficiency of the blood pump. The smaller the flow, the higher the speed, and the greater the hydraulic efficiency of the blood pump. When the blood pump impeller rotates at high speed, the dynamic pressure effect is more clear, the suspension stability is better and the hydraulic efficiency is higher.



In the experimental validation of the mock circulatory loop works, the influence of the blood pumped by the failed heart on the suspension rotor of the blood pump was simulated and the output blood pressure waveform is shown in Figure 19a. The peak blood pressure is 70 mmHg, which is lower than the normal human blood pressure. At this time, the impeller speed was set at different values to study the change law of the axial suspension position when the impeller speed changed under specific disturbance. It can be seen from Figure 19b that the impeller has achieved a stable suspension under the action of external disturbance. Under the same external disturbance, the axial displacement of the impeller changes greatly compared to that without the external disturbance, indicating that the external fluid impact can lead to the displacement of the impeller suspension position, and the impeller could move axially with a certain frequency with the action of the external disturbance. In addition, the change of impeller speed could also affect the impeller suspension position. Thus, it was found that an increase in the speed led to a higher suspension clearance and a better suspension stability.



Figure 20a shows the disturbance waveform applied to the blood pump by the extracorporeal mock circulatory loop. The pulsation frequency of Case 1 to Case 4 continues to decrease, but the pulsation amplitude of the blood pressure shows a persistent increase. When the blood pump impeller was run at a constant speed of 2600 rpm, the extracorporeal mock circulatory loop gave an output for the four blood pressure waveforms shown above to simulate the suspension stability of the blood pump under the action of different frequencies and the blood pressure waveforms pumped by the failed heart. Under the external fluid disturbance, the blood pump impeller floated up and down in the axial direction, and its frequency was consistent with the external disturbance frequency. The greater the external fluid pressure, the greater the inlet pressure of the hydrodynamic bearing, and the more obvious the dynamic pressure effect. It was found that a larger the hydrodynamic force increased the suspension clearance of the blood pump. The results are shown in Figure 20b. The results show that the fluid pressure significantly affected the axial suspension position of the impeller. Compared to the axial clearance, the axial displacement is small. Before the blood pump starts, the magnetic suspension system is unstable, and the impeller is generally adsorbed on the inlet side casing. When the rotating speed of the blood pump increases, the dynamic pressure effect increases, the hydrodynamic force counteracts the attraction of the permanent magnet bearing and is in the force balance under the action of the inlet fluid, so that the impeller is separated from the contact with the pump casing and is in a suspended state. Additionally, the hydrodynamic force is slightly greater than that of the permanent magnet bearing. Therefore, the axial displacement is small relative to the gap.




5. Conclusions


The blood pump with a suspension system eliminates the problems of wear, heat, and hemolysis caused by the mechanical bearings and greatly improves the blood compatibility. However, the realization of a stable suspension of the rotor plays a vital role in improving the durability and blood compatibility of the blood pump. In the present study, the magnetic suspension system composed of a blood pump with single-winding bearingless motor and permanent magnet bearing was designed, the axial dynamic model of bearingless motor rotor was established, and the accuracy of the electromagnetic force and the torque theoretical model was verified using a simulation. The radial suspension stability of the rotor was analyzed, the axial dynamics model of the rotor with a magnetic–hydrodynamic double suspension system was established, the suspension stability was analyzed from the perspective of stiffness, and a hydrodynamic bearing was designed to eliminate the influence of axial negative stiffness on the suspension stability. By solving the Reynolds equation, the influence law of the spiral groove structural parameters on stiffness and hydrodynamic force was studied. When the number of grooves was 20, the spiral angle was 45°, the groove width ratio was 0.5, and the groove depth was 0.1 mm, the system exhibited an optimal axial support performance. Finally, the suspension stability under the fluid impact was studied by building an extracorporeal mock circulatory loop. The experimental results showed that the bearingless rotor could float stably and ensured the suspension stability under the impact of external fluid, which laid a foundation for the follow-up active suspension control and practical clinical application. In addition, the structural parameters and axial clearance control of the hydrodynamic bearing affected the blood compatibility of blood pump. Therefore, the structure of magnetic suspension system and hydrodynamic bearing needs to be optimized by integrating the suspension performance and blood compatibility.
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Figure 1. Magnetic–hydrodynamic hybrid suspension blood pump: (a) Structural composition of the blood pump; (b) Three-dimensional casing model. 
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Figure 2. Bearingless motor of the blood pump: (a) Single-winding bearingless motor; (b) Motor stator; (c) Rotor with Halbach array. 
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Figure 3. Hybrid magnetic suspension system with a single-winding bearingless motor and a permanent magnet bearing: (a) Hybrid magnetic suspension system; (b) permanent magnet bearing. 
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Figure 4. Bearingless motor structure and working principle diagram of the blood pump: (a) Rotor and stator of the bearingless motor; (b) Schematic representation of the working principle diagram. 
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Figure 5. Structure composition of the permanent magnet bearing. 
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Figure 6. Variation law of the magnetic field and axial force during the axial offset: (a) Magnetic flux density and magnetic induction line distribution of the permanent magnet bearing; (b) Relationship curve between axial force and axial displacement. 
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Figure 7. Parameter identification platform of the bearingless motor. 
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Figure 8. Variation curve of the electromagnetic torque and axial force during motor rotation: (a) Axial force of the bearingless motor; (b) Electromagnetic torque of the bearingless motor. 
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Figure 9. Relationship curve between the permanent magnetic force and the impeller displacement: (a) Variation law of the permanent magnetic force under axial displacement; (b) Variation curve of axial stiffness with axial displacement. 
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Figure 10. Structure composition of the hydrodynamic bearing: (a) Structural parameters of the hydrodynamic bearing; (b) Cross-sectional view of the hydrodynamic bearing. 
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Figure 11. Pressure distribution of the hydrodynamic bearing surface. 
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Figure 12. Pressure distribution of the hydrodynamic bearing: (a) Radial pressure distribution; (b) Circumferential pressure distribution. 
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Figure 13. Influence of the groove number and groove depth on stiffness and hydrodynamic force: (a) Number of the spiral grooves; (b) Spiral groove depth. 
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Figure 14. Influence of the groove width ratio and spiral angle on the stiffness and hydrodynamic force: (a) Groove width ratio; (b) Spiral angle. 
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Figure 15. Processed blood pump casing with a hydrodynamic bearing. 
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Figure 16. Extracorporeal mock circulatory loop. 
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Figure 17. Axial displacement and current waveform corresponding to different rotating speeds of the blood pump impeller: (a) Axial displacement; (b) Current waveform. 
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Figure 18. Hydraulic efficiency of blood pump corresponding to different speeds and flowrates. 
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Figure 19. Pressure corresponding to external fluid disturbance at constant speeds: (a) Pressure waveform; (b) Axial displacement. 
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Figure 20. Effects of different external disturbances on suspension performance of the rotor at constant speeds: (a) Pressure waveform; (b) Axial displacement. 
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Table 1. Specifications of the magnetic suspension system.






Table 1. Specifications of the magnetic suspension system.





	Symbol
	Explanations
	Size





	Rso
	Outer radius of stator
	20 (mm)



	Rpo
	Outer radius of pole shoe
	15 (mm)



	Rpi
	Inner radius of pole shoe
	8 (mm)



	Rc
	Coil radius
	6 (mm)



	Ri
	Iron core radius
	2 (mm)



	γ
	Angle of pole shoe
	15 (°)



	Rri
	Inner radius of rotor
	7 (mm)



	Rro
	Outer radius of rotor
	16 (mm)



	αr
	Angle of magnet pole
	22.5 (°)



	hps
	Thickness of static magnetic ring
	1.3 (mm)



	hpm
	Thickness of movable magnetic ring
	0.8 (mm)



	hr
	Rotor backplate thickness
	1(mm)



	hch
	Core height
	7 (mm)



	hm
	Magnetic pole thickness
	1 (mm)



	hs
	Thickness of pole shoe
	0.5 (mm)



	hy
	Yoke thickness
	2 (mm)



	R1i
	Inner radius of magnetic bearing
	8 (mm)



	R1o
	Outer radius of magnetic bearing
	10 (mm)



	R2i
	Inner radius of magnetic bearing
	11.5 (mm)



	R2o
	Outer radius of magnetic bearing
	13.5 (mm)
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Table 2. Material parameters of the permanent magnet bearing.






Table 2. Material parameters of the permanent magnet bearing.





	Parameter
	Symbol
	Value
	Unit





	Residual flux density
	Br
	1.3
	T



	Coercivity
	Hc
	960
	kA/m



	Magnetic energy
	BHmax
	40
	MGOe
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Table 3. Motor parameter identification results.






Table 3. Motor parameter identification results.





	Parameter
	Symbol
	Value
	Unit





	Rated voltage
	Vbus
	24
	V



	Rated current
	I
	1.8
	A



	Rated speed
	ω
	4500
	rpm



	Armature winding
	Rs
	1.49
	Ω



	Winding inductance
	Ls
	0.72
	mH



	Polar pairs
	p
	4
	—



	Flux linkage of permanent magnet
	λm
	2.81 × 10−3
	Wb



	Moment of inertia
	J
	4.5 × 10−6
	kg·m2



	Damping coefficient
	B
	2.05 × 10−5
	N·s/m
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
00, s tosoo, 735
o e o o
w 5
g o Few o
s S S >
i~ 2
o 2 00, 2
» 2

o0 2 3
% es w5 ee o w1 ) w

@

()

)





media/file8.jpg
/Static magnetic ring
Az

N N N N

Y, 7

s s s s

N N =X N N

L 8 --

$—8 S
\

“~aMovable magnetic ring





media/file27.png
(a)

T

7.47
7.44
7.41

1738 _
1735 &
. LL:*\

£
1.29
7.26

1923

el

10000

K, (N/m)

8000

6000 1

4000

733
17.34
g
S 7.
i o 1
gl

17.29
17.28
Tl
17.26

30

40

50
B()

(b)

60

70

f it
80

F,(N)





media/file34.jpg
W A
S & o

Hydraulic efficiency (%)
o]
W

w o

= 1800 rpm —— 2200 rpm
—=— 2600 rpm —— 3000 rpm

2 4 6 8

Flowrate (L/min)





media/file13.png
Trim slide Displacement sensor
Power Supply |  Bearing pedestal /

Motor controller / Rotor | Micro-adjusting
Sator Probe platform





media/file31.png
Left atrium simulator ' Left ventricular simulator j / Probe

Micr o-ad]ustmg

' _ i’ "(l

ik
F

’ ﬁuutu v cll\

Ak

Resistance ‘ Blood pump controller






media/file39.png
Pressure (mmHg)

70
35

58
29

48
24

42
21

—Casel —Case2 —CCase 3 Case 4 10.5

| ! ! I Case 1 Case 2
I 10.0F Case 3 Case 4
* | | | §-9'5
3 85F
— | | | = 1 f
B 7 8.0F
2 b W
- = 75F
| | | :E
- 7.0}
[ | | |
60 | | |
5 10 15 20 0 3 4

1 2
Time (s) Time (s)

(a) (b)





media/file12.jpg
Trim slide Displacement sensor
Power Supply Bearing pedestal

Motor controller Rotor Micro-adjusting
Sator Probe platform





media/file18.jpg





media/file9.png
", Static magnetic ring

Az N .

S S

— =X N N

S S
~~aMovable magnetic ring





media/file14.jpg
12

o s s
el At dAs s
P AN 2 VV FY YUY
L
>
(] 2 4 6 8 10 nﬂ L 4 6 8
Time (ney Time sy

(@

)





media/file35.png
~
-

W W
S D

Hydraulic efficiency (%)

1800 rpm —— 2200 rpm
—— 2600 rpm —— 3000 rpm

2 4 6 8
Flowrate (L/min)






media/file20.jpg
x10* Pa

0.8

10.6

0.4






media/file23.png
. 1.1 x 10%
1.2 x 10" - 1 J Pad ~ Spiral groove
/r"\../"*“'“‘m.k._h.‘ h
1.0 x 10* - e |
_ ey _1.0x10*-
£ 8.0x10° - - £
® Pad  Spiral groove \ Pad L
g 6.0x10° 2 /' T g E 90 % 10° -
& 4.0x10°- | E>
20 % 10° - ,}; \ 8.0 x 10° -
| | 1 | | | | | 7.0 103 | | | | | l
0 2 4 6 8 10 12 14 16 : 0 ] 2 3 4 5 6
Length (mm) Length (mm)

(a) (b)





media/file5.png
r 3

[y ¢. Magnetic bearing

=" T T}

(a)






media/file36.jpg
|

0345 0885 135 18IS 2345 2845
Time (5)

@

L ——

2o,

Zok

T TN T o]
9

0

Eua W Vw“‘m‘\ﬂ,\[w

636

&0

b L P,

00 05 1w is 20
Time )

(b)

25 a0





media/file15.png
-3+ ——FEM ——— Theoretical‘

_8 l | | |
0 2 4 6 8 10

Time (ms)

(a)

FEM ——— Theoretical| ]

[
-
|

0 2 4 6 3 10





media/file19.png
Pad Spiral groove

Hydrodynamic bearing

J

(a) (b)





media/file28.jpg





media/file2.jpg
@ ®)





media/file32.jpg





nav.xhtml


  machines-09-00255


  
    		
      machines-09-00255
    


  




  





media/file11.png
40

6.0
Movableirange
Br(T) 55 -
0.9 /-\30 |
0.8 \Z-/ 5 O B n
= Equilibrium
o 89 45 position
o . '\
0.6 2 20 | \
0.5 2
0.4 TE
>
0.3 < 10}
0.2
2;= 0.4 mm ;= 1.72mm 0.1
O 1 1

0.0 05 10 15 20 25 3.0 3.5
Axial displacement g, (mm)

(a) (b)





media/file6.jpg





media/file24.jpg
3
5

o
s

H

o
H

==

P

i

o o
"

(b)





media/file29.png





media/file1.png
Hydrodynamic bearing Inlet

Permanent rings

Impeller

Outlet Upper casing

Lower casing

Magnetic pole Motor casing

Coil- [ron core

(a) (b)





media/file37.png
Pressure (mmHg)
— ) (I = N ®)) ~] oo
O O O O O O O O

-

0.345 0.845 1.345 1.845 2345 2.845
Time (s)

(a)

2800 rpm 2400 rpm

2000 rpm

0.5 1.0 1.5 2.0
Time (s)

(b)

2.5

3.0





media/file10.jpg
o
= -

R 05 10 15 20 25 w0 a5
il dislacement g, ()

@ ®)






media/file7.png
Stator voke

(a) (b)





media/file33.png
—_— —_—
=~ N
é
[e]
()
)
ii;
*
k-
F
1?

—_
[\

Axial displacement (um)

<
oo
T

0.8 + + + "
' WMW/\MW\/\/M l 1800 rpm 2200 rpm 2600 rpm 3000 rpm‘

2600 rpm ——3000 rpm|

— 1800 rpm —— 2200 rpm

027+ 1800 rpm —— 2200 rpm
— 2600 rpm — 3000 rpm ‘

—-“—T:__"-E

0 W 'WA i ‘M 1' ﬂ' | i"r* !
n ih ﬁ J www Lth'ﬁuv “1 W‘

AL L kY

... i ' ﬂr]'w‘HW J‘ WA}

0.0

1.0 1.5 2.0 2.5 3.0 2.6 2.8 3.0

Time (S) - - - Time (S)

(a) (b)





media/file16.jpg
Force (N)

8
3

[+ Theoretial —+— FEM]
4
2
0,

3
i Ly e
=2
-
-
S0 05 o0 05 10 -0l 005 oo oos

Axal displacement = (mm)
(@

Axial displacement = (mm)
(b)

010





media/file38.jpg
Pressure (mmHg)
TN

S Casel Case2 ——Cased  Cased

s o s £l o 3 3 d
Time ) Time )
@ (b)





media/file3.png
. Pole shoe —____Rotor backplate
Magnetic pole .. .

(a)





media/file22.jpg
Pad Spinal

Pressare (Pa)

56 7

0 2 4 6 8 o 12 14 16 3 4
L ) Length ()

(@ (b)





media/file17.png
Force (N)

4 | | | 8 | | |
6 | _
A ‘—-— Theoretical —°—FEMi
Z 27 I -
Q _o—o0—9
% O:_ﬁwzﬁlﬁ—o—.——'——'—‘— R
[
_2 | _
_4 | _
_6 | a
—1.0 —0.5 0.0 0.5 1.0 —0.10 —0.05 0.00 0.05 0.10

Axial displacement z (mm) Axial displacement z (mm)

(a) (b)





media/file4.jpg
4. Magnetic bearing

(b)





media/file30.jpg





media/file25.png
4000

3500

K, (N/m)

3000

10 14 18 22 26 30

K, (N/m)

5000 . - . . 7.4
e Kf —a—Fj 17.37
4400 | 7.34
0
Y|
3800 728 _
&
i 7.25 LQL’."'
3200 7.22
17.19
2600 7.16
17.13
2000 ' ' :
0.05 0.07 0.09 0.11 0.13 0.15
h, (mm)
(b)





media/file0.jpg
Hydrodynamic bearing lnlet -,

[———

Uppe casing

Lovercasing.

Mot casin._
cat

@ ®)





media/file21.png
x10* Pa

0.8

(0.6

0.4






