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Abstract—Passive thrust self-bearing motor have been the
subject of extensive research over the last few years, showing
the possibility to reach the fully passive suspension of the rotor.
However, this kind of machine becomes axially unstable above
a certain rotation speed, requiring the introduction of an axial
damping to be used on the full speed range. Recent researches
have shown that when reluctant effects are present in such
machines, it is possible to create an axial force through the D-axis
current component. This open the way to introduce the required
damping directly from the machine and not from an external
system. This paper investigates this possibility by imposing, via
vector control, a D-axis current component proportional to the
axial velocity. It demonstrates the effectiveness of this approach
through quasi-static analyses and dynamic simulations.

Index Terms—Bearingless motor, Magnetic damping, Passive
suspension

I. INTRODUCTION

Passive thrust self-bearing motors (PTSBM) have shown
the possibility of creating a fully passive levitation system
that offers compactness, reliability, and a competitive price
compared to the other bearingless motors. The PTSBM, based
on an electrodynamic thrust bearing, allows creating axial
levitation force thanks to currents induced in the stator wind-
ing when the rotor is axially shifted. These machines have
been deeply investigated through modeling, optimization and
prototyping [1], [2]. However, this kind of motor presents two
main limitations.

The first is related to the evolution of the induced suspension
force with the rotation speed, which prevents levitation at low
speeds. It can be solved by changing the way the power supply
is connected to the windings at low speed, so as to be able to
actively control the axial position of the rotor [3], [4].

The second concerns the stability of the electrodynamic
thrust bearing on which the motor is based. Indeed, [5], [6]
have shown the appearance of dynamic instabilities above
a certain rotation speed, preventing the use of this kind of
machine on the full speed range without an external damping
device. This limitation could find an elegant solution based
on the results of a recent study on the impact of the reluctant
effects resulting from the presence of a ferromagnetic circuit
attached to the rotor [7]. Indeed, the latter shows that the
axial variation of inductance coefficients gives rise to new
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suspension force components directly depending on the D-axis
current.

In this context, this paper investigates the creation of damp-
ing thanks to this new force component to solve the stability
problem of the PTSBM. To this end, Section II presents
the machine structure, while its working principle and main
equations are presented in Section III. The damping strategy
is developed in Section IV, and investigated from a static and
dynamic point of view in the case study of Section V.

II. MACHINE STRUCTURE

The PTSBM can be implemented in axial or radial flux
topologies, as shown in Fig. 1, and creates levitation in the
axial degree of freedom, the radial ones being maintained
thanks to magnetic bearings. The stator of this motor is made
of a three-phase winding, formed by a lower and an upper
winding connected in parallel to the power supply. The rotor
is made of Permanent magnets (PM) and ferromagnetic yokes
surrounding the winding in order to introduce axial variation of
the inductance coefficients. This kind of motor can also have
magnetic saliency introducing an angular variation of these
coefficients, which is not considered in this article.

(d)

Fig. 1: Examples of PTSBM topologies with ferromagnetic
materials. (a) Radial flux rotor with surface-mounted PM and
ferromagnetic yokes. (b) Axial flux rotor with surface-mounted
PM and ferromagnetic yokes. The ferromagnetic yokes are
fixed to the rotor. Only one of the three phases is represented.



III. WORKING PRINCIPLE AND MODELING

This section aims to describe the working principle of the
PTSBM and provides the main equations that evaluate the
force and torque developed by the motor. The following devel-
opments are similar for both axial and radial flux topologies.

When the rotor is axially centered compared to the upper
and lower windings, such as presented in Fig. 2(a), the
flux linkages of both windings are equal, as are their back-
electromotive forces (back-EMFs). In addition, the symmetry
of the machine ensures that the impedance of both the upper
and lower windings are identical. It results in a balanced
distribution of the motor current I, provided by the power
supply between both windings, which creates a motor torque
T but no axial force, thanks to the symmetry.

However, in the case of an axial shift of this rotor, as
shown in Fig. 2(b), there is no more symmetry of the back-
EMFs, which induces a current in the closed circuit formed
by the connection of upper and lower windings. Moreover,
due to the ferromagnetic circuit of the rotor, the inductance
coefficients of both windings evolve in the opposite direction,
which unbalances the impedance and then the distribution of
the current provided by the source. The current imbalance
and the induced current compose the suspension current /g, a
differential current that flows in opposite direction in the upper
and the lower winding. This flowing direction produces a net
axial force F, opposed to the axial shift, but also a parasitic
torque T» which is superposed and generally opposed to the
motor torque.

Firstly, let us describe the total suspension force created
by the motor in quasi-static conditions with the equation (1),
presented on the bottom of the page. The latter introduces
the axial position of the rotor, z, the rotation speed, w, the
synchronous suspension inductance (defined in [7]) and its

Fig. 2: Working principle of the passive thrust self-bearing
machine with an axial flux surface mounted rotor and ferro-
magnetic yokes. (a) Centered position. (b) Off-center position.

gradient, Ls . and L, ., the D and Q-axis motor currents, Ips g
and I 4, and the axial gradient of the flux linkages, Ky ..
Equation (1) shows that the force increases with the rotation
speed up to reach an asymptotic value. This evolution depends
on the electrical pole w, of the machine, defined as:
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with the number of pole pair of the motor, p, and the phase
resistance of an upper/lower winding, R. As the force depends
linearly on the axial shift of the rotor, it is possible to
defined an asymptotic stiffness kg5, which characterizes the
suspension capability of the motor, regardless of axial shift and
rotation speed. Equation (1) shows that this total asymptotic
stiffness has three components: an electrodynamic stiffness
k29, created by the axial variation of the flux linkages, a
reluctant stiffness £77;, which depends on the axial variations
of the inductance coefficient, and a cross stiffness koo .,
which appears when both phenomena coexist.

Secondly, the combination of the motor and parasitic torques
provides the total torque developed by the motor under quasi-
static conditions:
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with the amplitude of the flux linkages, Ky.

Finally, from the stability point of view, the electrical pole
we also represents the rotation speed threshold above which
the machine becomes axially unstable. According to [6], it is
possible to define C. ;,;n, the minimal damping value required
to ensure the stability of the machine on the full speed range:
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To date, it was considered that this damping could only be
provided by the action of an external system.

IV. DAMPING STRATEGY

This section presents the damping strategy investigated in
this paper and its corresponding stability criteria. The control
scheme implementing this strategy is also presented.
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A. Damping strategy and stability criteria

Equation (1) shows that the cross force term, related to
the cross stiffness k2o ., which appears when axial variation
of both the inductance and the flux coexists, are linearly
dependent on the D-axis motor current I, 4. To produce
damping, let us consider this current proportional to the axial

speed of the motor Z such that:
Ing =K, - 2 - sign(z) 5)

with a proportional gain K. The factor sign(z) is required
to ensure a damping force opposed to the axial speed, since
the equation (1) is already proportional to the axial position.
Injecting (5) in (1) allows separating the total force developed
by the motor in two terms:
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The term proportional to 2 is neglected by considering small
axial speed 2. This assumption will be verified int the case
study in Section V. Equation (6) makes appear two force
components, a spring force, proportional to the axial shift z,
and a damping force, proportional to the axial speed Z, the
latter being characterized through a damping coefficient:
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This expression depends on the rotation speed and the axial
position. Considering a steady state with a constant external

force F, applied to the rotor, e.g., the weight, allows to fix
the mean axial position:
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Injecting the latter in (7) suppresses the dependence of the
damping coefficient on the rotation speed and the axial posi-
tion, yielding:

Ld,z

F.
CZ,IMd — | e‘ -\/6'K9,z' 7
S.d

')
ktot

K, ©)

Finally, on the basis of (4), it is then possible to determine
the minimum value of K, guaranteeing stable machine be-
havior around the working point under consideration, over the
entire speed range:
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B. Control scheme

The motor control scheme able to implement this damping
strategy, which will be named I;-damping, is a classical two-
level vector control, with decoupling between the D and Q-
axis motor current and back-emf compensation. However,
conversely to the classical PTSBM, where the D-axis current
reference is set to zero, the latter is controlled to be propor-
tional to the axial speed Z of the rotor, according to (5) and
as represented in Fig. 3. The latter also introduces L ., the
synchronous motor inductance coefficient defined in [7].
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Fig. 3: Speed control schematic used to control the axial and
rotation speed of the PTSBM. Decoupling between d and q
axis current is applied, such as a back-EMF compensation.

V. CASE STUDY

This section aims to validate the proposed damping method
thanks to a case study simulated with Matlab Simulink, based
on the electromechanical model introduced in [7], which
describes the rotor dynamics of a PTSBM. The motor under
study and its dimensions are described in Fig. 4 and Table I
Section V-A and V-B respectively study the stability and the
dynamic behavior of the chosen machine.

Fig. 4: Geometrical parameters of the motor under study with
the three phases represented



TABLE I: Geometric, electric and magnetic parameters of the chosen case study

Parameter Symbol Unit Value Parameter Symbol Unit Value
Geometrical parameters
Number of pole pairs p - 4 Volume of PM Vem em3 32
Mass m kg 0.42 Polar moment of inertia J kg-m?/rad 8.4-107%
Rotor outer radius Rout mm 60 Rotor inner radius Rin mm 20
Winding outer radius Ruwo mm 65 Winding inner radius Rui mm 25
Air gap between PM and winding te mm 0.75 Permanent magnet thickness tpam mm 10
Air gap between yoke and winding  tey mm 0.75 Iron yoke thickness ty mm 3
Angular openin
coegfﬁcientpof w%ndings Co ) 09 Number of phase N ) 3
Winding thickness tw mm 7.5 Number of spire per phase Ng - 12
Winding angular opening Ow rad c]\‘}z =0.23 Winding width lw mm le_i‘iw =77
Electrical and magnetic parameters
Remanent flux of the ferrites Br T 0.6 Upper phase resistance R mi? 70
Flux amplitude Ky mWb 7.4 Gradient of the flux amplitude Ky Wb/m 0.508
Motor inductance L wH 34 Suspension inductance Lgs,. nH 22.4
Axial gradiant of inductances L. mH/m -1.81
A. Stability analysis
The electromechanical model of the PTSBM, presented in (a) 20007
[7], can be expressed under its canonical state space form:
x = f(x,u,v) (11) 1000 1
w
with x, u, and v, respectively the state, input and disturbance = y - |
vectors, defined as: £ OF \g_ |
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where Is g and Ig 4 are the D and Q-axis suspension currents, -5000 -4000 -3000 -2000 -1000 0 1000
Uy and U,, the input voltages, and F, and T,, the external Re(;)
force and torque applied on the rotor.
To investigate the impact of the D-axis damping on the (b) 400r
stability, the eigenvalues of the system can be computed. To
this end, the system of equation (11) is linearized around an 200
equilibrium point defined by a constant rotation speed, an )
external torque T, of 0.4[Nm], and an external force F, of —~ 0
4.1[N], equal to the weight of the rotor. The latter leads, using %
(10) to ensure the stability, to a value of Kp = —113.5[sA/m)] = 200 Frm—
whose negative sign comes from the sign of the axial induc- il S ——-?>
tance gradient L . Solving (11) under these conditions allows 400 - No |,-damping
to determine the equilibrium point, defined by the vectors x*, | [weee Stability threshold used: K =-113.5 [sA/m]
u* and v*, around which the system can be linearized thanks -600 . . | . . |
-3 -2 -1 0 1 2 3

to a first-order Taylor approximation:

x=A-x+B-u+C-v (14)

with the vectors X = (x—x*),0 = (u—u*), and
v = (v — v*). This linearized system is then injected in the
control scheme of Fig. 3, and the eigenvalues of this complete
equivalent system are computed for different K, values.

Fig. 5(a) shows the evolution of these eigenvalues with the
rotation speed while Fig. 5(b) zooms in on the mechanical
eigenvalues. The latter highlights, first, the low rotation speed
instabilities that ensue from the coupling between axial and

Re(\)

Fig. 5: (a) Evolution of the seven eigenvalues \; of the ma-
chine with the rotation speed, for w € [100— 100 000][rad/s].
(b) Zoom on the relevant eigenvalues. The latter are computed
with and without I;-damping to observe the sliding of the
eigenvalues related to the axial dynamics, the most upper and
lower curves of the second figure, in the stability zone. The
other eigenvalues, much less impacted by the I;-damping, are
not represented for the second case.



rotation dynamics, as discussed in [6]. However, they appear
for a speed range for which the induced force is not sufficient
to create the levitation. These first instabilities are therefore not
a cause of concern. However, the blue upper and red lower
curves in Fig. 5(b), linked to the axial dynamics, show the
arising of the instability when the rotation speed increases.
As explained in [5], the eigenvalues related to axial dynam-
ics reach their largest real part, i.e. the most critical value in
terms of stability, when the rotation speed equals w = v/3we.
It also means that, for this rotation speed, using I4-damping
designed with the stability threshold gain (10) should align the
eigenvalues with the imaginary axis. It is verified by the two
doted lines in Fig. 5(b), which represent the evolution of these
eigenvalues in this situation. Both curves have consistently
been shifted towards the left until the rightmost eigenvalue
nearly aligns with the imaginary axis. Interestingly, the value
obtained from equation (10) doesn’t perfectly match the right
limit alignment with the vertical axis. This discrepancy can be
attributed to the simplification made when neglecting quadratic
axial speed terms in equation (6). However, it shows that the
stability criteria for the proportional gain proposed in (10) suits
well to ensure the axial stability in the whole speed range.

B. Dynamic behavior

This section evaluates the dynamic behavior of the PTSBM
on which is applied the strategy of I;-damping. Fig. 6 depicts
the evolution of the axial position and the D-axis current
when, in addition to the weight, an external disturbance force
of 1[N] is applied on the rotor during 10[ms]. The test is
performed for a rotation speed of w = v/3w.. As explained
previously, this rotation speed maximizes the real parts of the
eigenvalues related to axial dynamics, and is therefore the most
critical situation in terms of stability. This instability appearing
without damping is illustrated in Fig. 6(a). The latter also
shows the same test when activating the proposed I;-damping
strategy, designed with the stability threshold gain (10). As
shown in the previous section, it aligns the eigenvalues with
the imaginary axis, which leads to a marginally stable axial
dynamics. Finally in case of higher gain, the PTSBM becomes
stable for all rotation speeds. Fig. 6(b) shows the amplitude
of the D-axis current reached depending on the value of the
gain used. It shows that a gain three times higher than the
stability threshold provides a maximum peak current of 6[A].
Since the constant Q-axis current providing the 0.4[Nm] of
motor torque is equal to 10.2[A], this value is acceptable.

Fig. 7 studies the impact of the rotation speed on the axial
dynamics, in a test similar to the previous, and with a constant
value of K, (—113.5[sA/m]). The rotation speed w = /3w,
at which the rotor shows a marginally stable dynamics with
this value of gain, taken as reference. The figure shows that the
damping strategy manages to stabilize the rotor for both speeds
higher and lower than the reference one, which is consistent
with Fig. 5(b) since the eigenvalues of rotation speeds higher
and lower than \/gwe lead to more stable dynamics. Finally,
as the axial force rises with the rotation speed, the higher this
speed, the lower the mean axial position.
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Fig. 6: Impact of the gain K, - Application of a disturbing
step force of —1[N] on the rotor at ¢ € [0.05 — 0.06][sec],
for w = /3w, = 10 146[rpm] and with a driving torque
of 0.4[N'm]. An external force, corresponding to the weight,
is also applied on the rotor and different values of gain are
tested for the control of the D-axis. (a) Axial position. (b) D-
axis current.
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Fig. 7: Impact of the rotation speed w - Axial position for
similar test condition than the previous figure, but for a
constant value of K, (—113.5[sA/m)]) and different rotation
speeds



The impact of the mean external force applied to the rotor
is studied in Fig. 8 to conclude the analysis. Once again, the
test is similar to what was done for Fig. 6 and 7, but for a
constant rotation speed of w = \/gwe and a constant value of
K, (—113.5[sA/m]). However, kepping this gain constant, the
amplitude of the constant external force applied to the rotor
varies from zero to twice the weight. The upper blue curve of
the figure corresponds to a zero constant external force, and
then an axially centered rotor, which occurs when the weight
is fully compensated by an external device. In this situation,
reaching the stability would require an infinite value of K,
as shown by equation (10). However, the axial oscillation
amplitude does not exponentially increase but reaches a limit
cycle. Indeed, even if the I;-damping strategy does not ensure
the stability in centered position since no damping force occurs
in z = 0, the injection of D-axis current still creates some
force opposed to the axial speed when the rotor is off-centered
during the oscillation, and therefore prevents instability. An
asymmetry of the d-axis current, caused by the non-linear
sign(z)-factor occurring in the control, is also visible in Fig.
8(b). On the other hand, if the constant external
force is higher than the force corresponding to the gravity, e.g.
if the axial load has been incorrectly estimated, the I;-damping
manages to stabilize the rotor. It is explained by (10), as an
increase of the constant external force leads to a diminution
of the minimal required gain value to ensure the stability.

a) Assumption validation

Let us finally verify the assumption made to obtain (6),
which neglects the force proportional to 2 in case of D-axis
current proportional to z. To that end, the ratio between this
force and the force linearly proportional to the speed, from (6),
is computed for the maximal axial speed, Z,4, = 0.02[m/s]
obtained in the simulation:
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It shows that the assumption that neglects the term proportional
to 22 is valid.

VI. CONCLUSION

This paper introduces, for a passive thrust self-bearing
machine subjected to axial reluctance effects, a new damping
strategy based on the injection of D-axis current, the amplitude
of the latter being proportional to the axial speed of the rotor.
It also proposes a design method for the gain of the controller,
based on a stability criteria, which ensures the stability of the
machine on the whole speed range around a working point.
This design method has been validated, first, with the analysis
of the linearized system eigenvalues and, secondly, through
numerical simulation in dynamic conditions.

Future works will aim to validate experimentally this new
damping strategy, but also investigate the possibility to esti-
mate the axial speed and position of the rotor used to create
the damping, through sensorless method.
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Fig. 8: Impact of the constant external force - similar test
condition than the two previous figures, but for a constant
value of K, (—113.5[sA/m]) and w = /3-w. = 10 146[rpm].
The amplitude of the constant external force varies from zero
to twice the weight of the rotor. (a) Axial position. (b) D-axis
current.
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