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Abstract

For permanent magnet (PM) motor structures in rotating systems, it is typical to retain the magnets in the rotor.
This constrains the rotor structure and limits applicability, e.g., for high-speed and high-temperature conditions.
Flux-switching PM (FSPM) motors can overcome this limitation. Recently, the FSPM bearingless motors have
been developed for special applications. The FSPM concept can be adapted to liner motors. For the linear motors,
magnets or windings placed on the mover significantly decrease complexity and cost for longer distances. Still,
to separate control of airgap and torque (thrust) two sets of windings or multiphase windings have been required
for both rotating FSPM and linear PM machines. The linear FSPM bearingless motor solution, which integrates
the magnets, winding structure and all the driving and control electronics on the mover is desired for many
applications. However, because of electromagnetic unbalances the machine design is entangled with the control
limitations and requirements. We reveal a modelling methodology for accurate derivation of bearingless machine
dynamic and static force parameters as a function of airgap, control currents and track position in extended
operational range. Model-based control simulations based on the accurate derived plant models determine the
achievable machine performance and levitation limitations. The design and modelling methodology is general
and can be applied to different PM bearingless motors. In the case study of linear FSPM bearingless motor the
airgap control is possible in the equivalent to classical AMBs manner where it is independent from the thrust
control.

Keywords : Linear flux-switching PM motor, Bearingless motor, Self-bearing drive, Magnetic levitation, Digital
control, Linear actuator

1. Introduction

In recent years, the interests among electrical engineering community for the topologies where the rotor magnets are
located in the stator and not rotor has been growing. Already in 1955, Rauch and Johnson (1955) on an example of single-
phase machines have shown the principles of flux switching permanent magnet (FSPM) rotating machines. FSPM motors
offer high power density, simple rotor construction (with magnets located in the stator) suitable for high temperature
operation and low manufacturing costs (Rotevatn, 2009). Various geometries of FSPM machines have been proposed
and tested (Chen and Zhu, 2010). Generally, for the machines with odd number of stator poles / even number of rotor
poles, e.g. 5/6, 11/12, 13/12, the electromagnetic unbalance has been problematic. The typically selected and well-studied
configurations include 12/10 and 12/14 configurations (Rotevatn, 2009), (Cao, et al., 2014). The linear FSPM (LFSPM)
motors produce thrust force without need of conversion from rotational torque. The 12/14 LFSPM configuration offers
higher torque with smaller ripple compared to 12/10 configuration (Chen and Zhu, 2010). In the case of LFSPM
machines, two additional teeth at the mover ends balance the magnetic circuit. Otherwise, the operation of the classical
LFSPM motor is the same as its rotational protagonist. The electromagnetic design of LFSPM motors is more challenging
compared with the FSPM motors because of end effects and high relative thrust force ripple.

In the industrial applications, we can observe the continuing trend to develop more integrated, affordable and
intelligent solutions. Bearingless motors offer both the motoring and magnetic levitation functionality using one actuator.
This solution decreases component number, overall machine size and potentially offers robust control that features built




in monitoring and diagnostics. Gruber, et al. (2014) and Amrhein (2015) proposed 6-phase 12/10 FSPM bearingless
rotating motor. In the machine, the additional phases are necessary for a levitation control. Similarly, to rotating machines
the magnetic levitation functionality can be supplemented to the linear machines. Kim, et al. (2010) proposed levitated
mover with two opposing armatures and PM array installed on the rail. Hwang, et al. (2014) developed opposite system
with multiple winding modules installed along the track and the PMs located only in the mover. Hwang et al. (2014)
studied a vector control for multi-phase transverse flux PM linear synchronous motor in order to control airgap and
position without separate windings. These PM linear synchronous motors are attractive in many industrial applications
such as machine tools, automation systems, transportation (propulsion) and levitation systems (Lee, et al., 2014), (Gieras,
et al., 2012). However, they have inherent slot (cogging) and end effects, non-balanced phases, high saturation effects
and significant force ripple dependent on track position. For minimum cost, both the coils and the PMs as well as
electronics should be installed on the mover while the number of phases should be minimized. The use of one three-
phase winding is possible but challenging because of coupling, nonlinear and end effects. Therefore, the design of
bearingless linear PM machine has to combine the accurate modelling and control simulations to assess performance.

For bearingless machines, nonlinearities and coupling effects make modelling and control very challenging.
Assessment of levitation performance requires a feasible control model. This work focuses on application of finite
element method (FEM) and control modelling methodology for bearingless linear PM machines. First, the proper dg-
reference frame current angles are determined. Second, the accurate fluxes, inductances and forces of case study 3-phase
12/14 LFSPM bearingless machine in moving dg-reference frame are calculated. The FEM obtained parameters vary
with currents, airgap and track angle (position). Third, the results are used to construct the accurate simulation control
models. Finally, exemplary levitation controllers of the test case machine are designed and tested in simulations for
different operating conditions. The levitation performance and limitations of LFSPM bearingless motor that has both
PMs and windings integrated on the mover are evaluated. The presented modelling methodology is general and applicable
for wide range of bearingless motors.

2. Basic FEM analysis

The LFSPM motor has been analyzed using JMAG FEM software. The mechanical model of the machine is imported
form SolidWorks. Motor construction data is exemplary and based on a conventional geometry as presented by Cao, et
al. (2014). The summary of the most important parameters has been given in Table 1.

Table 1. Design specification of case study LFSPM bearingless motor with item names according to Cao et al. (2014).

Items Parameter values Items Parameter values
PM material (NdFeB) | NMX-S34GH Hitachi Metals Mover tooth wide 10.7 mm
Lamination steel type | Sura M270-35 Mover height 61.3 mm
Turns per slot per coil | 360 Mover yoke height 8.2 mm
Rated speed 1 m/s Magnet height 55 mm
Phase Resistance 10 Ohm Magnet width 10.85 mm
Weight of the mover 500 kg Rail tooth width 16.3 mm
Mover stack length 55 mm Rail teeth yoke width | 30.1 mm
Mover pole pitch 50.4 mm Rail yoke height 10 mm
Rail pole pitch 46.4 mm Nominal airgap 1.25 mm
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Fig. 1 Coil and magnet arrangement follows the 12-slot/14-pole structure of LFSPM motor, e.g. as in (Cao, et al., 2014),
which is equivalent to rotating 12/14 configuration FSPM presented e.g., by Rotevatn (2009) but changed to the
linear case. In all simulations 360° electrical corresponds to the rail pole pitch.




The assumed magnetic circuit, winding arrangements and magnetic pole structures are shown in Fig. 1.

Figure 2(a) shows that emf-voltage in one phase is slightly higher than in two other phases. This is due to effects of
armature end tooth structure (end effect), which reduces emf-voltage in both u and v, phase, but not in w phase. The
waveform is triangular because of strong magnetic saturation. The interaction between mover and rail poles creates
cogging torque along the movement. The cogging force behavior in no-load situation is shown in Fig. 2(b). The net thrust
force has about £35 N. The net normal force of one motor seems almost constant along the movement due to high value.
However, when mean value is subtracted the remaining ripple of net normal force is £155 N. The cogging forces and end
effects can be reduced (if required based on performance studies) e.g. by using rail pole skewing analogically to stator
skewing (Jastrzebski, et al., 2015), introducing flux barriers (Cao, et al., 2014), (Jin, et al., 2009), shaping assistant teeth
(Wang, et al., 2009), optimizing of rotor pole width (Zhu, et al., 2005) or changing motor slot/pole number.
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Fig. 2 (a) Back emf at no-load open circuit during movement of the armature to the left (according to Fig. 1)
corresponding to two stator pole pitches. Symmetrical  and v (apart for the initial transient) but non-symmetrical
w phase because of end effect. (b) Forces during no load back-emf test (moved for 720 deg).

3. Thrust and normal force analysis

The vector control of PM flux-switching machines requires definition of d- and g-axis for the system. For special
machines, e.g. for odd number of slots and even number of poles or for complex winding arrangements these axes do not
correspond to location of poles or magnets and are not immediately identifiable.

Here, we propose the method of determining the axes (or current vector positioning) of LFSPM motors based on
FEM analysis of thrust and normal forces. We compute thrust and normal forces as functions of starting i, phase current
angle. Then, we record the mean values where initial transients are removed for better accuracy (Fig. 3(a)). Based on the
mean values, we define the d-direction as corresponding to zero value of the thrust force. Alternatively, the assumed d-
direction corresponds to the minimum value of the normal force (for opposite direction of d-axis). Based on performed
simulations, such determined dg-axes are structure dependent and are the same regardless of the steel and magnet
materials used.

After we define the axes, the magnetic forces of a single armature can be computed. When applying two opposite
armatures as e.g. in (Jin, et al., 2009), the total thrust force is not significantly dependent on the airgap displacement of
the mover. The thrust force is linearly dependent on the i, current component at nominal and below values, as shown in
Fig. 3(b). The nominal current is 3.6 Arms. The thrust force is fully independent of iy current. This gives freedom to
control the normal force by changing is currents, but no disturbance is created to the thrust force, since it is fully decoupled
(in the studied operational region) from iz by nature.

Bearingless operation of the linear machine requires controllable normal force. The normal force is mostly dependent
on magnetizing current component iq (Fig. 4(a)) but there is also coupling to force current component #, when not in the
nominal point (Fig. 4(b)). Both, the thrust force as well as the normal force saturate with high current amplitudes. The
normal force variations are significant for very small airgaps. When opposite armatures have same i, current and the air
gap displacement from the middle point is zero, the normal forces of armatures cancel each other and the total normal
force is independent on #, current. Therefore, the opposite motor/armature transposition/shifting is not recommended as




a mean to reduce the thrust force ripple (It would introduce the normal force ripple).
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Fig. 3 (a) Average forces as a function of starting i, phase current angle. The current angel changes about 1.4 electrical
period 500 deg. In this case, the maximum net thrust force angle is 143.4 deg and mean net normal force angle is
53.4 deg. These correspond to g- and d-axis angles for the current vector control of the machine. (b) Total thrust
force of two opposite armatures as a function of i, (i;=0A) with different displacements from nominal airgap.
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Fig. 4 (a) Total normal force of two opposite armatures as a function of iy current (i,=0A) when i, currents at opposite
armatures are changed with opposite current values. (b) f, as function of different displacements from nominal
airgap for various #, current (i;=0A).

4. System modelling and control simulations
Analysis of levitation control requires dynamic modeling of the system. In the basic configuration, the 1DOF

levitation and thrust are modelled as a point mass m. The force relations are linearized in the operational point using
current stiffness kigx, kiay, kigy and position stiffness k,. For the thrust, the derivation of the PM flux linkage ¥pwm is applied.

d?x d?y
fe=maz fr =mas (1)
a¥py . , _ . )
fx = ox lq = kiqxlq, fy = kyy + kidyld + kiqqu- (2)

The forces and inductances used in the simulation model consist of 4-dimentional look-up tables computed in FEM for
currents transformed to the moving dg-reference frame. Figure 5 shows the magnetic forces of a single armature. For




balancing magnetic pull, two opposing armatures are applied following e.g. Kim, et al. (2010) and Hwang, et al. (2014).
Figure 6 shows Ly and L, inductances and My, and M,; mutual inductances averaged over different track angles. Myq as
well as the influence of the iy current on f; can be neglected in the linearized model. The dg-axes voltages are

Vg = Rig+ Lg S8+ My =3 vy = Rig + L S0 + Mgy 22 3)
The inductances are computed as, €.g. L, = (d>q (x, ig y) = Pq(x,ig =0, y)) /iq, from the peak values of fluxes @ and
currents. The inductance values at /=0 are interpolated from other points. Alternative methods for computing machine
inductances would be to use signal increments instead of peak values or to use first harmonic values after FFT of the
signals. The accuracy of FFT is dependent on number of samples. An interesting alternative is to replace the inductance
model with the flux model and derivatives in eq. (3). The fluxes and inductances vary considerably with the track angle.
The model assumes some sensor delay (100 ps). The discretization time is 100 ps, which is typical for motor inverter
current control loops. The linearized parameters at the nominal airgap are: ki=650 N/Arms, kig,=-1217 N/Arms, ki;,=0
N/Arms, k,=712000 N/m, L,~=0.32 H, L,~0.43 H, M,~0 H, M,~0 H, R=8.5Q. The sign and value of the mutual
inductance M4, depends on i,. The position stiffness k, also vary with i,.

The initial step from one side to the middle point requires at least iy =7 Arms current, which creates positive normal
force (Fig. 4(a)), to move the mover to the zero airgap displacement position. In practice, the airgap can be limited
reducing the current loading during the initial lift up. The simulation diagram is shown in Fig. 7 and the simulation results
are shown in Fig. 8. The model-based linear quadratic Gaussian control and controller loop transfer recovery for the outer
position controller synthesis are applied. The observer comprises estimation of inner current control loop, position control
loop and augmented constant disturbance estimator. The inner current control is of P type.
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Fig. 5 Force characteristics of single armature averaged over different track angles as a function of current and the airgap in the
operational range. Normal force dependent on i, (a) and i, (b). Thrust force dependent on i, (c) and i, (d).
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(b) Plant model with actuator based on 3D LUT models.




In Figure 8 the coupling effects of thrust force and i, current on normal force £, can be observed. The track position
has significant effect on the currents, positions and voltages. Potentially, it can excite some of the mechanical resonances
of the real system. Therefore, the electromagnetic machine design should be updated to minimize the cogging effects.

«10°

1 6
0.8 4
2
0.6 _
= =
= 0
> £
0.4
2
0.2 .
0 -6
0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
time [s time [s
(a) [s] (b) fs]
1 200
100
0.5 \Mf
= =
= = 0
8 3
a 0 ]\I\\»
§ -100
05 -200
1 -300
0 01 02 03 04 05 08 07 0 01 02 03 04 05 08 07
i time [s]
(C) time [s] (d)
12 «107 8
6
1
4
0.8 -
= <
E.o‘s 0
> =
2
0.4
-4
0.2 6
0 -8
0 01 02 03 04 05 06 07 0 01 0z 03 04 05 08 07
(e) time [s] () time [s]
400 200
350 150
300 100
5250 50M
[}
E ;
> 200 Z 0
S
& 150 -50
100 -100
50 -150
0 -200
0 01 02 03 04 05 06 07 0 01 02 03 04 05 08 07
time [s time [s]
(8) I=) (h)

Fig. 8. Following a trapezoidal reference position yr.r. At #=0.3 s a 3.5 A step i, current is applied. (a) y output for mover,
which is not traveling in x direction. (b) iz current. (c) Angle. (d) Voltage. (e) y output for mover, which is traveling
with nominal speed in x direction. (f) iy current. (g) Angle. (h) Voltage.

5. Conclusions
In the performed levitation control, the effects of inherent machine force ripple and quality of feedback on dynamical
behavior of position control are studied. The model-based control provides stable and robust suspension. The system




arrangement has similar features compared to the levitation control in active magnetic bearing systems.

The mean normal force f, resulting from the single armature is nonlinearly dependent on i and airgap y in the wider
operational range. For two opposing armatures at no load the current stiffness and negative position stiffness are close to
linear in normal operation range (for the current equal + 4 Arms and for displacement from mid position £0.5 mm). The
normal force f; ripple is below 3 % for iy from 0 to 1pu and at no-load and at no airgap displacement. The coupling
between the normal force and thrust force increases with increased airgap displacement.

The influence of the iy current on the mean thrust force f; can be neglected. However, the thrust force ripple (shape)
for variable track position x depends on iy. The influence of the airgap on the thrust force of the pair opposing armatures
can be neglected in the normal operation range. The presented modelling and control design methodology led to
successful evaluation of levitation performance of LFSPM machine.
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