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Abstract

We have developed a maglev ventricular assist device (VAD) for use in infant patients, which
requires the device to be smaller compared to adult devices. In this research, a miniaturized axial gap
maglev motor for use as a paediatric VAD is reported. In addition, radial position control theory using
P=£2 pole algorithm is proposed, and the feasibility of radial position control with the miniaturized
axial gap maglev motor is examined by using magnetic field analysis. The double stator motor
consists of a top stator, a bottom stator and a levitated rotor set between the stators which have an
identical structure. A double stator mechanism has been adopted to enhance motor torque with a
smaller device size and a large air-gap. The rotational speed and the axial position of the rotor are
regulated independently based on a vector control algorithm. The inclination and the radial position
of the rotor are regulated using P =2 pole algorithm. The designed motor which has an outer diameter
of 28 mm and total height of 41 mm can produce a radial force using P=*2 pole algorithm, and
indicates a possibility of 5 degrees of freedom (DOF) controlled axial gap double stator motor.

1 Introduction

Paediatric ventricular assist devices (VADSs) require the device to be smaller in size and have better durability
compared to adult devices. Additionally, it is necessary to regulate the blood flow by varying the rotational speed of
the rotor over a wide operational range from 2000 RPM to 5000 RPM [1-2]. Active magnetic bearings, which can
eliminate mechanical contacting components such as contact bearings and seals from the device, offer longer device
lifetime and better blood compatibility of the blood pump [3]. Several axial double stator self-bearing motors, such
as a combination of permanent magnets and a reluctance motors [4] or double permanent motors [5-6], have been
developed. Self-bearing motors for use in paediatric VADs are required to be miniaturized, and have large air-gap,
i.e., more than 1.5 mm, in order to avoid the blood damage due to high shear stress. The reluctance motor which
does not have permanent magnets has disadvantage in terms of producing sufficient magnetic suspension forces and
rotating torque with a smaller device size and large air-gap. The double permanent magnet motors require another
passive or active magnetic bearing to support the radial direction or inclination of the rotor. We have developed a
miniaturized 5-degrees of freedom (5-DOF) control axial gap type double stator maglev permanent magnet motor
for use in paediatric VAD. The developed double permanent motor can be miniaturized and have large air-gap
because the permanent magnet produce the high magnetic flux density in the air-gap. Furthermore the developed
motor can actively control 5-DOF of the rotor without an additional passive or active magnetic bearing. In this
paper, the double stator maglev motor is presented and the feasibility of radial position control of the rotor with the
P %2 pole algorithm is examined.

2  Methods

2.1  Structure of 5-DOF control axial gap maglev motor

Figure 1 shows a schematic of the double stator maglev motor. The self-bearing motor consists of a top stator, a
bottom stator and a levitated rotor set between the stators. Both stators have an identical structure and produce
opposing forces it the axial direction. We have developed a double stator mechanism to enhance motor torque with
a smaller device size and large air-gap. The top and bottom stators have two separate concentrated windings are set
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on each tooth. One of these windings controls the axial position and rotating speed of the rotor. The other winding
controls the inclination and radial position of the rotor. The rotor includes permanent magnets on the both its
surfaces facing the top and the bottom stators. The axial position and the rotating speed of the rotor are regulated
independently using a vector control algorithm which can generate an axial attractive force and rotating torque with
a single rotating magnetic field. The inclination and the radial position of the rotor are regulated by using P2 pole
algorithm.

Axial position and
rotation control coil

Tilt and radial
position control coil

Top stator

Permanent Levitated rotor
magnet 1
/ Q1
<
Eddy current / oy
displacement sensor & +

<— Acti trol
Bottom stator ctive contro

Figure 1: Basic structure of double stator maglev motor

2.2 Principle of axial position and rotation control

The axial force and the rotating torque will be regulated by changing the magnitude and the phase difference of the
magnetic flux based on the vector control algorithm [7-8]. Three-phase currents are fed into the motor coils to
produce an attractive force and rotating torque. Figure 2 shows the schematic of the vector control algorithm with
double stator mechanism. The stator electromagnet and the permanent magnets of the rotor are assumed to produce
sinusoidal magnetic fields which have peak flux density of B, and B, respectively. These magnetic fields have phase
difference of w and pole pair number of M. The flux in the air-gap is generated in the axial direction, i.e. along the
z-axis, and has constant values independently of the radial coordinate r.

Be (07 ,1) = B, cos(at —M8; ) 1)
Bp (0, ,t) =B, cos(at —M8; —My) 2

Where 6, is angler coordinate around z-axis and w is rotating speed of the rotor. The coordinate axes are
defined in Figure 2. A demagnetization curve of the permanent magnet is assumed to have a linear characteristic,
and the load line of the permanent magnet has a linear relationship of flux density By in terms of coercivity of Hj, .
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From these equations, the peak value of the flux density produced by the rotor permanent magnet can be calculated
as follows.

B )t ®)
P Br I Ho H cb

Where, the mean core length and the air-gap length between the rotor and the stator are defined as | and z.  yq is the
permeability of the air-gap which is assumed to be same as a vacuum. The remanent flux density and the coercivity
of the permanent magnet are described as B, and Hgy,.

For simplicity, magnetic properties inside the rotor and the stator are assumed to be homogenous and the
reluctance of the core is ignored when compared with that of the air-gap. The peak value of the flux density
produced by the electromagnet can be shown in terms of turn number of windings which defined as n and peak
excitation current I, to produce the flux density B.
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The magnetic stored energy, which is defined as W, can be expressed in terms of the energy density of the magnetic

flux density integrated over the volume in the air-gap of the motor. Then the axial force F, and rotating torque z,
produced by a single stator can be expressed as follows [9-11],
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Where, riand r, are the inner and outer radii of the rotor. To control the axial position and the torque of the rotor
independently, the stator flux density B, is divided into the direct axis component By and the quadrature axis
component By corresponding to the flux components in the direction of the permanent magnets. By and B, are
defined as follows,
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Where we assume that the magnetic flux of the d-axis produced by the top stator and bottom stator are By, and By,
and the magnetic flux of the g-axis produced by the top stator and bottom stator are By, and Bg,. The magnetic flux
have the following relationship to produce the axial attractive force and the rotating torque independently.

By1 =—By2 =By (11)
By =By =By (12)

A resultant attractive force is produced as a differential of the attractive force between the top stator and the bottom
stator. The rotating torque is produced as summation of the rotating torque between the top stator and the bottom
stator [12-14].
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From these equations, the motor and the attractive force is controlled with d-axis current and the rotating torque is
controlled with g-axis current independently.
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Figure 2: Principle of vector control
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2.3 principle of tilt control

The inclination of the rotor can be regulated by using P =2 pole algorithm. Figure 3 shows the schematic of the P =
2 pole algorithm. The stator electro magnet is assumed to produce two sinusoidal rotating magnetic fields which
have peak flux density of Btx, Bty and have a phase difference of 90 degrees among each other to control the
inclination around x-axis and y-axis. These flux densities have pole pair number of N.

B (62 ,1) = By sin(wt —N&; ) + By, cos(at —N6;) (15)

A total magnetic flux density By in the air-gap will be determined as a summation of the flux densities B,and Br. A
restoring torque act on a minute area of the rotor surface is expressed as follow.

2
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A total restoring torque can be generated by an imbalance of the magnetic flux distribution. The restoring torque is
calculated as the integration of Equation (16) in terms of radial coordinate r and angler coordinate 6.

27 pr,
T = I Az drdé 17)
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The restoring torque can be divided into two restoring torques around x-axis and y-axis.
27 pry A 27 pry
T=T,+T, =_|'0 Az sin 6drd9+_|'0 Az cos &drd@ (18)
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Constant restoring torques around x-axis and y-axis can be generated when M—N ==+1.
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Figure 4 shows a relationship between an arrangement of magnetic fields based on P=2 pole algorithm and the
resulting restoring torque. Where, the stator pole is assumed to be positioned above the rotor pole.
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Figure 3: Principle of tilt control Figure 4: Restoring torque production theory
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2.4 Principle of radial force control

We have found a radial force can be generated using P2 pole algorithm. A rotor radial position control method
utilizing the radial force was developed. Figure 5 shows a principle of radial force production using P=£2 pole
algorithm. For simplicity a motor which has four pole rotor magnets is considered. The electromagnet produces a
two pole magnetic field. The interaction between the two fields produced by the permanent magnets and the
electromagnet generate attraction and repulsion forces which contain components in the radial direction. As a result,
a magnetic force can be generated in the radial direction of the motor. The radial force can be generated in the x
direction when the restoring torque is produced around y-axis. On the other hand, the radial force in y direction can
be produced by stator field to control an inclination around x-axis. Figure 6 shows a relationship between an
arrangement of magnetic fields based on P22 pole algorithm and a direction of the radial force. Where, the stator

pole is assumed to be positioned above the rotor pole.
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Figure 5: Principle of radial position control Figure.6: Radial force production theory

2.5 Independency of tilt control and radial position control

The restoring torque and the radial force can be produced independently with the double stator mechanism. Figure 7
shows the principles of the tilt control around y-axis and the radial position control in x direction of the rotor. As
shown in Figure 7(a), when the top and the bottom stators produce the restoring torque in the same direction, the
radial forces produced by the top stator and the bottom stator cancel each other. Therefore the motor can generate a
restoring torque. In case that a restoring torque produced by the top stator and the bottom stator are regulated in an
opposite direction, the motor can generate a radial force as shown in Figure 7(b). Consequently, the inclination and
the radial position of the rotor can be controlled by regulating the magnitude and the direction of excitation currents
fed into the top stator and the bottom stator.

Positive current Positive current

‘ Positive current ‘ Negative current‘

(a) Inclination control (b) Radial position control
Figure 7: Principle of restoring torque and radial force control
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2.6  Three dimensional magnetic field analysis

Three dimensional magnetic field analysis has been performed to confirm the principle of the restoring torque and
the radial force production using P =2 pole algorithm. The restoring torque and the radial force have been evaluated
by changing a combination of the pole number among a rotor and a stator. The rotational angle of the rotor is
changed in increments of 30 degrees of electrical angle. Pole numbers of the rotor fields and the stator fields are
defined as P and E respectively. The combinations of the pole number, i.e. P:E, are determined as 2:4, 4:2, 4:6, 6:4,
6:8, 8:6. A core material of the rotor and the stator is magnetic steel iron (SUY-1) and has B-H characteristics
shown in Figure 8. The material of the permanent magnets is Nd-Fe-B which has a coercivity of 907 kA/m and
residual flux density of 1.36 T. The restoring torque is produced around the y-axis and the radial force is produced
in the x direction.
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Figure 8: B-H characteristics of core material
2.6.1  Confirmation of restoring torque and radial force production theory

In this section, an initial estimate of the restoring torque and the radial force production were determined using
permanent magnets and magnetic steel irons. The stator slots were removed from the simulation geometry and the
stator magnetic field was simulated using permanent magnets. The permanent magnets have thickness of 0.7 mm
are set on the rotor and the stator surfaces based on the proposed P+2 pole algorithm. Figure 9 shows a schematic of
a simulation geometry model and Figure 10 shows four arrangement pattern of permanent magnets at a rotating
angle of 0 degree. A diameter of the model is 26 mm, and air gap length is 1.5 mm.

stator

a OO
2 00

Figure 9: Simulation geometry Figure 10: Pole arrangement of the permanent magnets
2.6.2  Evaluation of the relationship between pole combination and restoring torque and radial force

A 5-DOF controlled maglev motor for use in paediatric VAD was designed to determine the feasibility of an
inclination and a radial position control rotor. The designed motor consists of single stator to simplify the
simulation model. Figure 11 shows a schematic of the simulation model. The stator has 12 slots and concentrated
winding coils which have turn number of 50 turns are wound on each tooth. Stator fields are produced by the
excitation of the electromagnetic windings. Permanent magnets have a thickness of 0.7 mm, and have the same
configuration as shown in Figure 10. The stator and the rotor have outer diameter of 28 mm, total height of the
motor is 19.7 mm. An air gap length is 1.5 mm.
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Figure 11: Analytical model of 12 slots axial gap maglev motor

3 Results
3.1 Confirmation of restoring torque and radial force production theory

Figure 12 shows the relationship between the electrical rotating angle of the rotor and restoring torque. Figure 13
shows a relationship between the combination of the pole number and an averaged restoring. The restoring torque
oscillated according to the electrical rotational angle, and the amplitude became larger with combinations with a
smaller pole number. The averaged restoring torque that could be generated was almost constant, independent of the
combination of the pole number with the exception of combinations with P=2 with E=4 or P=4 with E=2.

Figure 14 shows a relationship between the electrical rotational angle of the rotor and absolute value of radial
force. Figure 15 shows the relationship between the combinations of the pole number. Similar to the result of
restoring torque, the radial force fluctuated according to the electrical rotational angle. The averaged radial force
increased as the smallest pole number of either P or E increased.
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Figure 16 shows a flux density distribution of the rotor and stator core. The magnetic saturation area at the rotor
and stator core with pole combinations of P=2 with E=4 (or P=4 with E=2), was larger than the core with other
combinations.

P2_E4 (P4_E2) P4_E6 (P6_E4) P6_E8 (P8_E6)
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Figure 16: Magnetic flux distribution of the core material

3.2 Evaluation of restoring torque and radial force

Figure 17 and Figure 18 show a relationship between the combination of pole numbers and an averaged restoring
torque, and an averaged radial force. The radial force generated in a negative direction is marked with an asterisk in
Figure 17. The restoring torque and the radial force produced by the motor tended to become larger in the case of
the stator pole number of E=P+2. In particular the motor which has the rotor pole number of 6 and stator pole
number of 8 could produce a maximum restoring torque of 14 mNm/A and a maximum radial force of 0.64 N/A
respectively. In addition, the radial force produced by the motor increased according to an increase of a motor pole
number.
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Figure 17: Pole number and restoring characteristics  Figure 18: Pole number and radial force characteristics

4  Discussion

The magnetic fields produced by the rotor permanent magnets and stator electromagnets based on P 42 pole
algorithm can produce the constant restoring torque and radial force independently of the rotational angle of the
rotor. The double stator structure is a strong candidate to control the 5-DOF of the rotor based on vector control
algorithm and P =2 pole algorithm with a miniaturized axial gap maglev motor.

The restoring torque and the radial force fluctuate against the change of the rotational angle of the rotor as
shown in Figure 12 and Figure 14, and this amplitude become smaller with the larger pole number. The fluctuation
is caused due to the harmonics of the flux density in the air-gap. Increasing the pole number of the motor is
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effective to eliminate the harmonics, and can suppress the fluctuation caused by the change of rotational angle of the
rotor.

As shown in Figure 13, the restoring torque tends to be small as the rotor pole number P=2 and stator pole
number E=4 (or P=4, E=2) compare to the models which have other combinations of the pole number. This is
because the magnetic saturation area in the rotor and stator core become larger if when the pole number is small.

The radial force can be increased according to the increase of pole number of the motor as shown in Figure 15
and Figure 18. The radial force has a similar relationship as the rotating torque and pole number of the motor.
Therefore, the relationship between the radial force and the torque around the z-axis produced by the magnetic field
based on P£2 pole algorithm should be confirm in a future study.

A larger restoring torque and radial force produced by the motor can be obtained with a combination of the
stator pole number of E=P+2 as shown in Figure 17 and Figure 18. This phenomenon could be due to the geometry
of the motor stator and magnetic field produced by the stator electromagnets, as this phenomenon was not observed
with the simulation model that did not have any slots.

5 Conclusion

A double stator axially levitated motor for paediatric VAD and radial position control method by using P2 pole
algorithm has been proposed. The proposed motor actively control 5-DOF of the rotor by using vector control
algorithm and P=£2 pole algorithm. The radial force production can be confirmed from analytical results. This
device shows it is possible to achieve a smaller device size and the analytical results have demonstrated the
feasibility of 5-DOF control of the rotor with axial gap double stator motor.
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