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Abstract—This paper presents a current limitation technique
for a multiphase bearingless machine featuring a combined
winding system. This winding structure allows each machine
phase to produce both suspension force and motoring torque.
Compared to more conventional systems where two separate
windings are adopted for the force and torque generation,
the combined winding one leads to higher compactness and
simpler manufacture. The main challenges with the combined
winding configuration consist of decoupling the force and torque
generation and designing a proper current limitation algorithm.
The former topic has been already tackled and presented in
previous publications, instead the latter will be addressed in this
paper. In particular, the so called smart limitation technique
will allow to prioritize either the suspension force or the torque
generation. In this paper the priority is given to the rotor
levitation, hence the suspension force rather than the torque
is essential. The technique can be extended to give priority
to the torque generation in further work and can be applied
to any multiphase bearingless machine with similar winding
structures. Finally, simulation results and experiment validation
are provided.

Index Terms—Current limitation, Bearingless, Multiphase Ma-
chines, PM Synchronous Machines

I. INTRODUCTION

The lifetime and maintenance of electrical machines are
often strongly affected by mechanical bearings. The rate of
bearing failure is related to rotor vibrations caused by the
eccentricity, the unbalance magnetic pull and other forces
of different nature [1]. Furthermore, several industrial ap-
plications, especially chemical processes, require a perfect
sterile environment. Therefore, mechanical bearings, which
need lubricant to operate, would not be suitable as they would
contaminate the substances [2], [3]. Bearingless machine,
which are capable to generate levitation force and motoring
torque in a single device, would overcome the aforementioned
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problems thanks to their contact-free operations. Furthermore,
this technology would increase the operational speed of the
machine beyond the limit of mechanical bearings leading to
higher power density drives [4]-[6].

Conventional bearingless machines have two sets of inde-
pendent windings, one responsible for the suspension force
and the other one for the torque generation [7], [8]. The
two windings have different current ratings, hence it is
straightforward to determine the maximum achievable force
and torque once the current to force and current to torque
relationships for the suspension force and torque windings
respectively are known. The two separate winding solution
has the drawback of presenting an increased size due to the
additional suspension force winding. Furthermore, it is still
not a completely embedded solution. More recently, combined
winding systems have been developed, mainly with multiphase
winding arrangements. Several works can be found in the
literature presenting different winding topologies and force and
torque control techniques [7], [9], [10]. However, very little
can be found regarding the current limitation issue. Indeed,
when each machine phase produces both suspension force and
torque it is not straightforward to determine the limits as they
depend on the operating condition.

This paper presents a smart current limitation technique that
can be applied to any multiphase machines with similar
winding structures. The one installed in the considered bear-
ingless machine consists of three three-phase windings, named
sectors, hence the name Multi-Sector Permanent Magnet Syn-
chronous Machine (MS-PMSM). Each sector is connected
to an independent three-phase inverter. One machine sector
occupies one third of the stator circumference and there
is no overlapping between them [11]-[13]. Drive systems
reliability requirements depend on the application, however,
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Fig. 1. Cross section of the machine.

for a bearingless machine, especially when operating at high
speed, the shaft touch down could be fatal, hence it has to be
avoided. Therefore, the limitation strategy has to prioritize the
suspension force production. On the other hand, some indus-
trial processes such as mixing of chemical substances where
low speed bearingless motors are employed [2] may require
to prioritize the torque generation accepting a potential shaft
touchdown on the backup bearings. In this paper the smart
limitation technique aims to guarantee the rotor suspension,
at the expense of the torque generation. In a further work
the technique will be extended considering the possibility of
prioritizing the torque production.

In the next part, theory is presented. Then, the technique is
verified with simulations in the Matlab-Simulink environment
and with experimental tests.

II. THEORETICAL INVESTIGATION
A. Force and torque generation

Fig. 1 shows the crossing section of the bearingless MS-
PMSM considered in this work. This is a 18-slot-6-pole
surface mount permanent magnet synchronous machine with
newly designed winding. A three three-phase winding is
installed in the stator. Each three-phase winding occupies one
third of the stator, named sector. Each sector is supplied by
an independent inverter to achieve independently suspension
force and torque control. The structure and main dimensions
of the machine are described more in detail in [11]-[13].
Furthermore, in the same paper the force and torque generation
principles are described. Following the procedure presented in
the aforementioned paper, the machine current reference vector
I - 5 in the o — (8 reference frame can be computed as in (1)
for each rotor electrical angular position 9.

[op = Kp( )W (M)
we=1[fx [ T*]T is the wrench vector defined by piling
the reference force components f; and f; and the reference

torque T*. K} (9.) is the pseudo inverse of the electro-
magneto-mechanical coefficient matrix which describes the
relationship between winding currents and the wrench vector.
The considered MS-PMSM has three sectors, hence I ;/3 €
R(6*1) and K} (9.) € R6*3), The limitation technique aims
to limit the machine phase current, therefore it is useful
rewriting (2) in the phase current domain as follow:

j’tjvw = K?:vw(ﬂe)W* (2)
where
kuxl (196) kuyl (196) kutl (1963)
Kajmu (Je) = ksas (19@) Kasys (79@> Kgts (196) 3)
kw:z:?»(ﬁe) kwyS (196) kwt?)(ﬁe)

K}, (¥e) is obtained by applying (4). kyas(9e), kpys(Ve)
and ks (0.) are the z—axis, y—axis force and torque coef-
ficients respectively and # stands for phase u, v or w and s
stands for sector 1, 2 or 3.

K, () = TKEL(Ye) 4)

uvw

where T. is the nine-phase amplitude invariant Clarke-
Transformation. The expression of the generic reference phase
current is reported in

s = kapas (Vo) o + Fgpys (Ve) fiy + kgpts ()T (5)

It can be noticed that each machine reference phase cur-
rent is made of two components: the first is related to
the reference suspension force which can be represented by
ags(Ve, fr, f,) expressed in (6), the second to the reference
torque ks (Ve)T™ in (5).

Qs (196, f;v f;) = k#xs(ﬁe)f; + k#ys(ﬁe)f; (6)

In the next part the current limitation technique will be
described.

B. Current limitation technique

Fig. 2 shows the block diagram of the control of the bearing-
less MS-PMSM. The reference force components f; and f,
output of the position controllers are limited in the Suspension
Force Limitation (SFL) block. Indeed, the following inequality
has to be verified:

(f2)? + (f3)? < Frnaa (M

Fipaz 1s the maximum force magnitude that can be produced
when T* = 0 Nm. In the machine considered F},,, = 180 N.
Therefore, when the inequality (7) is true the outputs of the
SFL block are f* = fr and Iy = [y instead, when (7) is
false the output are f} = F},q. cosfy and f; = Frazsinty,
where 0 is the suspension force direction.

The limited suspension force components f and f; together
with 9, are the inputs of the Torque Limitation (TL) block
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Fig. 2. Diagram of multi-sector permanent magnet synchronous motor levitation system.

in Fig. 2. The block calculates on-line the value of the
maximum torque that the MS-PMSM can produce with the
rated current (I,.q;.q = 13 A) while generating at the same
time the suspension force components f and f; It should
be noticed that maximum torque will change according to
the suspension force required by the bearingless motor. Fur-
thermore, a positive value +7},,,, and negative one ~T},qz
have to be computed. The procedure can be summarized as
follow. At first, for each machine phase ay,(Ve, f5, f;) is
calculated as in (5) replacing f; and f; with f; and f;. For
the considered MS-PMSM nine values are obtained. Then, for
each machine phase the maximum value of the positive and
negative torque, +T#S and ~ T, can be calculated in (8) and
(9), respectively. Fig. 3 is the function image of (8) and (9).
ags(Ve, fr, f,) is the point of intersection of function image
and y-axis. k4s(Ue) determines the slope of function image.
The maximum positive and negative torque produced within
rated current can be obtained by the points of intersection of
function image and both of +1,.,:.q for each phase.

if kyrs(9e) >0
if kpes(¥e) <0

Zf k#ts(ﬂe) >0
Zf k#ts(196) <0
In total nine values of *T#S and of T4, have to be
determined. Finally, ¥7T},4,; and ~T},., can be obtained in
(10) and (11), respectively.

Irated— Qs
k#ts (’196)
—Irated—Ops
kf#ts (799)

Ty (e ) ®)

—lrated—Cugs

kyes(Ve)
Trated— Qs

k#ts (195)

_T#s (198) a#s) (9)

+Tmaw(19ev a#s) = min (+Tu1(79€7 aal) e

(10)
+T#s(196, Oé#s) ce +Tc3(1967 awS))

_Tmal'(qgev a#s) = max (_Tul (196; aal) e
7T#S(1963 Oé#s) ce 7Tw3(19e> QCS))

The torque T output of the speed controller has to be
limited in the TL block between ~Tjnqq(Ye,ys) and
T Taz(Ve, aps). The outputs of the TL block are the nine
ays(De, f3, fy) and T* that multiplies the gain ks (V).
The sum of ays(Ve, fy, f;) and kys(9e)T™ gives the limited
phase reference current i} . The limited reference current

vector I, is built piling the nine currents Z;;LS and it is the

(1)

a)

b)

-1 rated

Fig. 3. Function image of Equation (8) and (9). a) kys(9e) > 0. b)
k‘#ts('@e) < 0.

input to the current controller block that generates the voltage
vector V* to control the three three-phase inverters.

III. NUMERICAL SIMULATION RESULTS

The simulation model implemented in the Matlab-Simulink
environment is represented by the block diagram in Fig.
2. The current loop and speed loop fit conventional PI
controllers while a PID controller is applied in position loop.
The machine considered has been designed to be overloaded
for limited time, hence a maximum phase current of 20 A
is chosen in the simulation. The values of rated current,
maximum current during overload and maximum force during
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Fig. 4. Simulation results: a) x — y axis rotor position; b) x — y axis force
components and force disturb; c)Rotor speed; d) Generated torque, load torque
and torque limits

overload are listed in Table I.

TABLE I
Parameter Values
Rated phase current [A] 13
Maximum phase current in Simulation [A] 20
Maximum allowed radial force in simulation (Fy,qz) [IN] 273

In the simulation, at first the rotor is brought from its resting
position [0; —0ynqz], Where dpqr = 150 pm is the backup
bearing clearance, to the centre of the stator [0;0]. The
transient lasts about 10ms as can be observed in Fig. 4 a).
During this time the maximum force F,q, is applied on the
y—axis in order to lift the rotor as can be appreciated from
Fig. 4 b). The speed reference w* = 3 krpm is commanded
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Fig. 5. Simulation results: a) Phase current of sector 1. b) Phase current of
sector 2. ¢) Phase current of sector 3.

at the same time as shown Fig. 4 c¢). It can be noticed in
Fig. 4 d) that during the position transient the available
torque, given by ~T},4. and TT,,4., is remarkably reduced
while the required levitation force is at its maximum. When
the position transient is over the suspension force required
is equal to the rotor weight force (about 20 N), hence the
torque available increases to almost its maximum value
8 Nm so that the rotor can accelerate. During the speed
transient a load of 7.5 Nm is applied decreasing the rotor
acceleration. Then, a force disturb of 200 N is applied on the
r—axis. It can be observed that the motor can produce the
suspension force required and maintain the rotor levitation
with a short position perturbation at the expenses of the
torque production. Indeed, the available torque is lower than
the required one, hence the speed starts to decrease. The
force disturb is removed at 35ms and the load is reduced
to 1 Nm at 40ms so that the rotor can accelerate again
reaching the reference speed at around 60ms. Fig. 5 shows
the simulation results of phase currents of three sectors. Phase
currents never exceed the maximum value of 20 A while
suspension forces are prioritized during all the simulation time.



Fig. 6. Experimental rig: a) Bearingless MS-PMSM (left) and DC load (right);
b) Three three-phase inverters (left) and DC servo drive (rigth); c) Control
board (uCube).
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Fig. 7. Measured position of experimental tests: a)Without smart current
limitation technique. b)With smart current limitation technique.
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limitation technique. b) Torque reference without smart current limitation
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IV. EXPERIMENTAL VALIDATION

The current limitation technique has been validated with
a prototype bearingless MS-PMSM. The experimental results
are displayed in this section.
Fig. 6 shows the experimental rig used for the validation. A
DC permanent magnet motor is mechanically connected with
the bearingless MS-PMSM machine through a universal joint
(Fig. 6 a)). The three three-phase inverters that supply the MS-
PMSM and the DC servo drive that supplies the DC motor are
shown in Fig. 6 b). Fig. 6 ¢) shows the custom made control
platform (uC'ube) based on the off-the-shelf Microzed board
from Avnet [14].
In this experimental validation the performance of the bear-
ingless drive with and without the proposed smart saturation



a)
1200 T
T w 0.34s -
s 1000 - E E
T 8o0r i h
o ! i
o ! i
w 600 ! .
= 1
2 |
ns: ! Measured speed
300 1 | | Speed reference
0 005 01 0.2 0.3 0.4 0.5
1200
E 1000
T 800
o
=%
»n 600
1
]
n% =~ Measured speed
300 | | | — Speed reference
0 0.05 01 0.2 0.3 0.4 0.5

Time [s]

Fig. 9. Speed responses of experimental tests. a) The system without smart
current limitation technique. b) The system with smart current limitation
technique.

-

25 . . . .
0 0.05 01 0.2 0.3 0.4 0.5

3 S -
ol s

Time [s]

Fig. 10. Measured phase currents of experimental tests without smart current
limitation technique: a) Sector 1. b) Sector 2. ¢) Sector 3.

a) Phase U

25 I I I I = Phase V

Phase W

< 10F | ! J
= N

é 0 \M LY/ ﬂ'y’* 4’{2“1'&?&".‘:’&%{”»‘

3
o0 ‘ 1

-25 - - - - -
0 0.05 0.1 0.2 0.3 0.4 0.5
b) Phase U
25 I I I I ———Phase V
Phase W
< 101 | 1
PR % D ettt
5 0 \JQl H ,‘0'»4, v
8 -10 - 1
-25 - - - - -
0 0.05 0.1 0.2 0.3 0.4 0.5
c) = Phase U
25 [ [ [ ~———Phase V
Phase W
< 100 1
§ 0 (/ )’(}’&)‘;‘t”u}ﬂf“y‘&-‘Wp’#‘
S0t \ ‘ ‘ 1
-25 - - - - -
0 0.05 0.1 0.2 0.3 0.4 0.5

Time [s]

Fig. 11. Measured phase currents of experimental tests with smart current
limitation technique: a) Sector 1. b) Sector 2. ¢) Sector 3.

technique will be presented. For the conventional system, with-
out the smart saturation, the force and torque limits are fixed
during operations. In order to satisfy the maximum machine
current of 20 A the force and torque are limited to 240 N and
4 Nm, respectively. Indeed, these are the suspension force and
motoring torque values that can be generated simultaneously
without exceeding the machine ratings.

In the performed test, at first the rotor is lifted from its
resting position [—100;100] wm to the centre of the stator
[0;0] in 0.05s for the conventional system (see in Fig. 7
a)) and the upgraded system (see Fig. 7 b)). During this
time the maximum allowed suspension force is applied to
the rotor: 240 N for the conventional system and 273 N for
the upgraded system as shown in Fig. 8 a) and in Fig. 8 c¢),
respectively. Fig. 8 b) shows that the output torque of the
conventional system is 4 Nm during the speed transient. On
the other hand, it can be noticed from Fig. 8 c) and Fig. 8
d) that during the position transient the generated torque of
the upgraded system is reduced while the required suspension
force is at its maximum. When the position transient is over
the suspension force required is significantly reduced so that
the torque can increase to almost its maximum value 8 Nm.
From Fig. 9 it can be found that the speed transient of the
conventional system is longer than the one of the upgraded



system because the maximum allowed torque of the upgraded
system is bigger. Fig. 10 shows measured phase currents of the
conventional system. The phase currents reach 20 A only at the
time when both the maximum radial force and the maximum
torque are required. In the upgraded system, phase currents
reach 20 A during all the speed transient as shown in Fig.
11. It can be concluded that the system upgraded with the
smart saturation technique allows to always exploit the full
potential of the bearingless drive because it guarantees that
the generated torque is always the maximum available.

V. CONCLUSION

A smart current limitation technique that prioritises the
suspension force generation is presented and validated with
numerical simulations and experimental tests. The algorithm
has been applied to a bearingless MS-PMSM featuring
a combined winding structure. The results show that the
technique allows to maintain the rotor levitation and therefore
avoid a potentially destructive touchdown at the expenses of
the torque generation. Future work that has been identified as
promising would consist of extending this technique to give
priority to the torque production at the expense of the force.
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