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Abstract

The thesis presents solutions to improve the performance of a partially levitat-
ing bearingless permanent magnet synchronous machine with a multi-three-
phase winding. A combined winding topology, which consists of three inde-
pendent three-phase sub-windings, is installed in the stator where each phase
contributes to both the suspension force and the motoring torque. This work
focuses on control algorithms, including fault-tolerant controls, a current lim-

itation technique, and a current-sharing technique.

Firstly, the thesis presents an analytical formulation of the force and torque
generation in healthy operative conditions. Following, the three-phase and
single-phase open-circuit fault conditions are also analysed. The analytical
model of the machine is presented in a generic matrix form so that it can
be applied to any machine with a multi-three-phase winding structure if the
coupling among sectors is negligible. The fault-tolerant control algorithms
address the issues of open-circuit faults of an entire three-phase sub-winding,
of a single-phase in a three-phase sub-winding, or of two phases belonging
to two different three-phase sub-windings. The theoretical analysis is verified

with both Finite Elements Analysis and experimental tests.

Then, the thesis proposes a current limitation technique. The main challenges
with the combined winding configuration consist of decoupling the suspen-
sion force and torque generation and designing a proper current limitation

technique. The latter is required in order to maintain the machine in safe



operative conditions according to its current-voltage rating and its operative
thermal limits. This thesis addresses the limitation technique based on the an-
alytical models, considering both healthy and faulty conditions. In particular,
the proposed current limitation technique allows prioritising the suspension
force, which is considered a safety-critical output with respect to the torque in
order to avoid the rotor touchdown. Numerical simulation results and experi-

mental validation are provided to validate the algorithm.

Finally, the thesis proposes a modular approach for a current-sharing control
of the machine. A thorough explanation of the methodology used is presented,
as well as control algorithms to consider the torque and force control combined
with the current-sharing management of the machine. Particular emphasis is
also placed on validating the modelling hypotheses based on a finite element
characterisation of the machine electro-mechanical behaviour. The proposed
control strategy is also extended to cater to the possibility of one or more
inverters failure, thus validating the intrinsic advantage of the redundancy
obtained by the system’s modularity. An extensive experimental test is fi-
nally carried out on a prototyped machine. The obtained results validate the
current-sharing operation in either healthy or faulty scenarios, both at steady-
state and under transient conditions. These outcomes show the potential of
the proposed strategy to increase the versatility of fault-tolerant drives applied

to this machine topology.
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Abbreviations

AMB  Active Magnetic Bearing
MS Multi Sector

BM Bearingless Machine
PMSM  Permanent Magnet Synchronous Machine
PM Permanent Magnet

FE Finite Element

FEA Finite Element Analysis
TPOC Three-Phase Open-Circuit
SPOC  Single-Phase Open-Circuit
DSP Digital Signal Process
THD Total Harmonic Distortion
DQZ Direct-Quadrature-Zero
DQ Direct-Quadrature
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Nomenclature

s the s sector, s € [1,2, 3]

N the quantity of sectors, ny, = 3 in the thesis

t time

Ug phase u of the s sector

Vs phase v of the s sector

W phase w of the s sector

Ly angular position of the 1! sector, with respect to the z-axis
(rad)

2y angular position of the 2"? sector, with respect to the magnetic

axis of the sector 1, 2% in the thesis (rad)

y angular position of the 3" sector, with respect to the magnetic

axis of the sector 1, 4F in the thesis (rad)

Vv 9-phase voltage vector in the uvw reference frame

Tuvw 9-phase current vector in the uvw reference frame

Auvw 9-phase flux linkage vector in the uvw reference frame

i 9-phase flux linkage vector contributed by phase currents
Apum 9-phase flux linkage vector provided by permanent magnet
R 9-phase resistance matrix

Toh phase resistance (Ohm)

> phase s or s-axis, » € [u,v,w,a, 3,d, (]

U, voltage of the s sector, phase » or s axis (V)

15 current of the s sector, phase s or » axis (A)

A, flux linkage of the s sector, phase » or s axis (Wb)

Se,, back-EMF of the st sector, phase s or s axis (V)

Lyn 9-phase inductance matrix

L 3-phase inductance matrix

M matrix of mutual inductances between sectors
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°F,

self-inductance of phase u (H)

self-inductance of phase v (H)

self-inductance of phase w (H)

mutual inductance between phase u and v in one sector (H)
mutual inductance between phase u and w in one sector (H)
mutual inductance between phase v and u in one sector (H)
mutual inductance between phase v and w in one sector (H)
mutual inductance between phase w and u in one sector (H)
mutual inductance between phase w and v in one sector (H)
mutual inductance between phases of different sectors (H)
rotor pole pair, 3 in the thesis

rotor mechanical angular position with respect to the winding
magnetic axis (rad)

rotor electrical angular position, 9, = pv,, (rad)
electromagnetic mechanical force acting the z-axis of the rotor
(N)

electromagnetic mechanical force acting the y-axis of the rotor
(N)

motoring torque (Nm)

wrench vector consisting of the suspension forces F, F),, and
the torque T'

the s'* sector contributed electromagnetic mechanical force
acting the z-axis of the rotor (N)

the s sector contributed electromagnetic mechanical force
acting the y-axis of the rotor (N)

the s sector contributed motoring torque (Nm)

the s sector contributed wrench vector consisting of the sus-
pension forces °F;, °F,, and the torque *T

«a — 3 axis current vector of the entire MS PMSM

vi



S

Zaﬁ

"Kap(Ve)

Sk#%(ﬁe)

sk#%ynth
s@#%,nth
K 5(0e)

sk;%(ﬁe)
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Kuvw (7-96)

sKuVW (ﬁe)

a — 3 axis current vector of the s sector.

wrench-current coefficient matrix of the st sector, the corre-
sponding current vector written in a stationary af reference
frame.

wrench-current coefficient matrix of the entire machine includ-
ing three sectors for the prototype machine, the corresponding
current vector written in the stationary af reference frame,
Kos(Ve) = [Kap(Ve) Kap(Ve) Kas(Ve)]

element involved in *K,z(Ue), Kag(Pe), Kuvw(Ve), Kuvw(Ve),
Kaq(Ve), or Kaq(Ve), # € [2,9,T], . € [u,v,w,q, 3,d,q]
magnitude of the n'* order harmonic of *ky,,(J.)

phase angle of the n'" order harmonic of *ky,.(J,).

pseudo inverse of the wrench-current coefficient matrix
Kos(Ve)-

clement involved in K ;(de), K&, (), or Kj, (7)), depending
on the reference frame, 4 € [z,y,T], .. € [u,v,w,, 8,d,q].
wrench-current coefficient matrix of three sectors, with a three-
phase open-circuit fault occurred in the s sector, the corre-
sponding current vector written in a stationary a/f reference
frame, s € [1,2, 3]

current vector in the stationary af reference frame, with a
three-phase open-circuit fault occurred in the s sector, s €
[1,2,3]

wrench-current coefficient matrix of the entire machine, the
corresponding current vector written in the uvw reference
frame

wrench coefficient matrix of the s sector, the corresponding

current vector written in the uvw reference frame, K (%) €

Kuvw (ﬁe)
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SKuVW,f% (ﬁe>

Kuvw,fsw(0e>

TPk (796)
quwe>

nine-phase amplitude invariant Clarke transformation matrix
three-phase Clarke transformation

wrench-current coefficient matrix of the s sector, with a
single-phase open-circuit fault occurred in the phase s, the
corresponding current vector written in the uvw reference
frame, s € [1,2,3], 5 € [u, v, w]

wrench-current coefficient matrix of three sectors, with a
single-phase open-circuit fault occurred in the phase s of the
sector s, the corresponding current vector written in the uvw
reference frame, s € [1,2, 3], > € [u, v, w|

Park transformation matrix

wrench-current coefficient matrix of three sectors, the corre-
sponding current vector written in the direct-quadrature co-
ordinate in a rotor rotational reference frame

wrench coefficient matrix of the s** sector, the corresponding
current vector written in the direct-quadrature coordinate in
a rotor rotational reference frame, *Kgq(9e) € Kaq(e)
pseudo inverse of Kgq ()

d — q axis voltage vector of the entire MS PMSM

d — q axis current vector of the entire MS PMSM
proportional gain

integral gain

differential gain

Rotor rotary speed

rotor x-axis radial position

rotor y-axis radial position

the maximum x-axis achievable force

the maximum y-axis achievable force

the maximum achievable torque of the st sector
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Kd (196)
Ky (V)

the limited x-axis suspension force

the limited y-axis suspension force

the limited motoring torque

current-sharing coefficient matrix

current-sharing coefficient

suspension force generated by g-axis current

suspension force vector generated by g-axis current, Fq =
Fra Fyal

suspension force generated by d-axis current

suspension force vector generated by d-axis current, Fy =
[Fea Fyal

suspension force provided by both d-q axis currents, F' = Fy+

Fq
odd columns and the first rows of Kgq(?e)

even columns and the first rows of Kyq(?e)
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Chapter 1

Introduction

This chapter provides the background and definitions of bearingless machines
(BMs). Meanwhile, the objective and motivation of the thesis are also pre-

sented. A summary of each chapter is listed in the end.

1.1 A brief introduction and definitions of bear-
ingless machines

AC drive systems have been applied worldwide since the 1970s due to their
outstanding features over DC machines, such as compactness, lower cost, and
higher performance [1]. Developments in power electronic devices help AC
machines operate at higher electrical frequencies, so higher rotational speeds.
The higher rotational speed leads to reduced lifetime of mechanical bearings
[2]. Furthermore, the bearings require lubrication and renewal, a task which
is very difficult to implement in outer space or extreme environments with
radiation or poisonous substances. Meanwhile, lubrication oil is unsuitable in
extreme temperatures and perfectly sterile environments such as food, artificial
hearts, and pharmacy processes [!, 3-8]. Hence, active magnetic suspension
bearings are developed to overcome the disadvantages of conventional mechan-
ical bearings.

Figure 1.1 shows a schematic diagram of a machine equipped with radial and
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Figure 1.1: Structure of the machine with radial and azxial active magnetic bearings.

axial active magnetic bearings (AMBs) [I]. The figure displays an example
of the structure of AMBs, while the structure varies depending on the design
and requirements. The motoring winding takes responsibility for the torque,
while AMBs independently regulate radial and axial positions of the shaft on
r1— Y1, To — Yo, and z axes. In the figure, each radial AMB (z1 —y; or xo —y9)
consists of four coils, with each axis (z1, y1, T2 or ys) equipped with two coils,
one in the positive direction and the other in the negative direction. Each coil
generates an attracting force, and the net force in the corresponding axis is the
vector sum of the forces provided by two coils. The thrust AMB is composed
of two coils. The contactless structure features reduced friction, reduced noise,
and no mechanical losses. However, the overall length of machines with AMBs
is longer than conventional machines. Hence, the concept of BMs is proposed
to overcome the disadvantage that occurred in AMBs.

The concepts of BMs can be traced back to early 1970s [9]. However, an
increased interest in the topic has started only from the 1990s [10, 11]. Till
now, a lot of solutions have been proposed to realize the rotor levitation.
Figure 1.2 illustrates the structure of a BM. Bearingless units can generate
suspension forces and torque simultaneously. Therefore, bearingless units allow
the control of the shaft radial positions on x; — y; and x5 — y» and provide
the motoring torque. The rotor position in the z-axis is controlled by a thrust

AMB. In some applications, one of the bearingless units can be replaced by an
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Figure 1.2: Schematic diagram of BMs.

AMB. It is possible to appreciate the definition of BMs from two perspectives
[1]. The first describes the definition from an electrical machine perspective,
a motor with a magnetically integrated bearing function. The second defines
the principle from a mechanical prospective described as a magnetic bearing

with a magnetically integrated motor function.

1.2 Objectives of the PhD project

The PhD project aims to explore the performance improvements of a bearing-
less multi-sector (MS) permanent magnet synchronous machine (PMSM), in-
cluding three-phase open-circuit (TPOC) and single-phase open-circuit (SPOC)
faults control (chapter 3), current limitation techniques (chapter 4), and con-
trol with faulty power sources (also known as current-sharing, chapter 5). In
detail, the winding of the investigated BM consists of ng sets of 3-phase wind-
ings (referred to as ”sector”). Each sector is supplied by a power electronic
inverter, realizing the decoupled suspension force and torque control. The de-
sired suspension force is the net vector sum of the suspension force vectors
generated by all sectors. Since the principle of the healthy machine has been
studied and presented in [12—15], the project will investigate the fault-tolerant
control when a sector (a 3-phase sub-winding) open-circuit fault or a SPOC

fault occurs in the BM. Moreover, the short-circuit fault-tolerant control ap-
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proach will be investigated in future work. Another problem of the proposed
BM is the current control algorithm cannot exploit the full power of the ma-
chine. Therefore, the project presents a current limitation technique to fulfil
the potential power of the healthy and faulty machine. Furthermore, when
faults occur in power electronic devices, an identical backup component may
not be replaced on time. As a result, the machine has to be supplied by
different power inverters or power sources with various power rating. Hence,
it is necessary to develop a control algorithm applied under different power
supplies, known as current-sharing techniques. In detail, the technique allows

setting unequal g-axis current reference among sectors.

Y2

_Vertical plane
“A

¥ Horizontal
plane

Figure 1.3: The investigated BM in the PhD project.

Figure 1.3 displays the investigated BM in the PhD project. The bearingless
unit regulates the radial positions on the xy — y; axes. The other rotor side is
suspended by a self-aligning ball bearing that allows rotor rotation on all axes
but not translation in any directions. The displayed structure can verify the
validity of the proposed principle that can generate the appropriate suspension
force and torque. Once the algorithm is validated, with an AMB added, it is
possible to extend the same methodologies to a fully levitating system.

The techniques have been studied and verified on a prototype machine within
the Power Electronics, Machine & Control (PEMC) group at the University
of Nottingham. This work focuses mainly on fault-tolerant control, current

limitation techniques with healthy and faulty conditions, and current-sharing
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techniques. All proposed algorithms have been successfully tested on the ex-

perimental setup.

1.3 Motivation

The requirements of electrical machines vary depending on applications, but
the general requirements are lower cost, lower acoustic noise, and lower mainte-
nance [15—18]. The latter is strongly affected by mechanical bearings. Further-
more, in several industrial applications, especially chemical, pharmaceutical,
and electronic components manufactures, the machines operate in perfectly
sterile environments. Mechanical bearings, which often requires bearing lubri-
cant to operate, would not be suitable as they contaminate the environment
[3—7]. Bearingless machines, which can generate the suspension force and mo-
toring torque in a single device [1, 19], would overcome the problems mentioned
above thanks to their contact-free operations. They are also particularly suit-
able for high-speed drives such as compressors, flywheels, and spindles [20-25],
where the mechanical bearing is often a limitation in terms of losses and poten-
tial failures. Although AMBs also feature suspension force control generation
capability, BMs present an enhanced power density thanks to the integration
of the levitating features in the power generation/motoring structure [1].

Several winding arrangements have been summarised and analysed in the lit-
erature review chapter. Chiba and Jia investigate BM solutions with two inde-
pendent winding sets which separately produce suspension force and motoring
torque [10, 25]. Two-winding solutions significantly reduce machines’ power
density, as typically 30 —40% of the slot area is filled with suspension winding
conductors. However, the required suspension force is much smaller if the force
disturbance is not significant during normal operations [!]. In other words,
much less winding area is needed for suspension in normal conditions. In con-
trast, combined winding solutions, which consist of multiple phases (more than

three), have the advantage of combining the force and the torque production



Chapter 1. Motivation 6

in a single winding set. Furthermore, multi-phase BMs possess a better fault-
tolerant capability than standard three-phase ones [20]. In particular, modular
multi-phase winding structures have more advantages, such as being easy to
extend to larger machines with more modules. M. Ooshima presents the results
of successful operations for a bearingless multi-phase machine with a multi-
three-phase winding structure [27]. However, the suspension force and torque
generation relies on the d— and q— axis currents of each sub-winding, respec-
tively. The coupling effects of the force and torque production are neglected,
leading to additional copper losses. Instead, the techniques implemented in
[12—14, 28] includes the coupling effects, which leverages the pseudo-inverse
matrix to compute the current reference values while minimizing the copper
losses. Both solutions proposed in [29] and [12—14, 28] are developed to achieve
fault-tolerant controls under a TPOC fault [29, 30]. However, they did not con-
sider SPOC faults. When a SPOC fault occurs in a machine sector, the sector
can still generate a suspension force. Compared to the solution of opening the
circuit of the entire sector in order to reduce the undesired effects induced by
the fault, SPOC fault operations can increase the machine’s efficiency. Hence,
it is necessary to explore the algorithm for the SPOC fault condition. Addi-
tionally, the control algorithms of healthy and faulty conditions are different.
In general, control boards detect the fault within a period of time after a fault
occurs. The control algorithm does not match the machine condition during
the detection instant. In order to explore the effect caused by mismatched
control algorithms, it is worth adding a fault detection method.

In a generic drive system, both machine and power electronic devices have an
intrinsic current limit. If this limit is exceeded for an extended period, perma-
nent damage can occur. A standard and simple method to avoid the problem
is limiting the inverter current reference. The two-winding structure has dif-
ferent 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
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known. However, in sectored multi-phase BMs, the relations among phase
currents, torque, and forces are complex: saturating the phase currents could
result in uncontrolled torque and forces, which, in turn, can lead to a rotor
touchdown. An alternative approach is to limit force references and torque ref-
erence separately in order to fulfil the maximum current limit. This technique
limits the system performance, as the maximum current capability is exploited
only when rated torque and forces are simultaneously required. Furthermore,
the machine can deliver the rated power in a healthy condition. In contrast, in
the open-circuit faulty conditions, the system delivers reduced output power.
Maximum torque and forces must be further reduced in faulty conditions, re-
quiring a more advanced scheme to handle current saturation. Therefore, an
appropriate current limitation technique is needed to guarantee the maximum
output power (rated power in a healthy condition and reduced power under
faulty conditions) of the machine.

An intrinsic feature of multi-three-phase machines is the possibility of inde-
pendently managing the power flows among the different three-phase sub-
windings, achieving the so-called current-sharing operation [31, 32]. The tech-
nique provides the possibility that three-phase sub-windings can be simulta-
neously supplied by diverse inverters, due to the structural layout of a drive
that, for example, can present more independent power sources. Particularly,
the current-sharing technique is important in applications requiring a high
level of reliability [33]. Therefore, the project further explores current-sharing

operations under healthy and faulty conditions.

1.4 Summary of each chapter

e Chapter 2 summarizes the literature on the topics of investigation during
the PhD, such as structures of BMs, fault-tolerant control approaches,
current-sharing techniques, analytical method of calculating the air-gap

flux density, and fault detection techniques.
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e Chapter 3 describes the structure and voltage equation of the machine
studied in the project and presents fault-tolerant control algorithms of
the proposed BM. The principle of the suspension force and torque gen-
eration in the healthy condition is introduced. Then, the fault-tolerant
control algorithms, including the SPOC and TPOC faults conditions, are
proposed. The Finite Element (FE) simulation and experiments verify
the validity of the proposed approach. In the experimental section, the
control strategy of the levitation system is described. The section also
shows the experimental setup used to verify the algorithm, consisting
of a BM, inverters, a load, a control board and proximity transducers.

Finally, experimental results are presented and discussed.

e Chapter 4 explores the healthy and faulty operations with a current lim-
itation algorithm which allows fully exploiting the machine capabilities.
Firstly, the problem is explained, showing that the conventional methods
cannot exploit the maximum capabilities of the proposed BM structure
while ensuring the appropriate suspension force and the torque. Sec-
ondly, a current limitation technique that exploits the maximum power
of the machine and prioritizes suspension force production at the expense
of torque generation is detailed. Finally, the proposed method is com-
pared with two conventional methods in Matlab Simulink environment
and experimental tests. The results show how the proposed approach

overcomes the disadvantages bought by conventional methods.

e Chapter 5 describes a current-sharing technique that allows active power
flow among sectors. The current-sharing control approach is expressed at
first. Then, the proposed algorithm is verified by FE simulation. Finally,

the technique is validated in the experimental test.

e Chapter 6 summarizes the achievements of the PhD project and the

future work.



Chapter 2

Literature Review

2.1 Introduction

In this chapter, a literature review regarding the studied subject is presented.
At first, a brief introduction of bearingless machines’ history is proposed.
Then, several types of bearingless drives, fault-tolerant control methods, and
current-sharing techniques are analysed. Next, the analytical method for cal-
culating the air gap flux density and radial forces are indicated. Finally, the

fault detection methods are explored.

2.2 Developments of bearingless machines

BMs’ history can be traced back to the middle of the 1970s. P. K. Hermann
proposed a primitive electromagnet with stator windings, embedding magnetic
bearings in a motor [9, 31]. However, the lack of technologies about digital
signal processors, inverters, and field-oriented control techniques limited the
development of BMs [1]. In 1988, R. Bosch presented a disc type motor at
an international conference in Pisa, Italy. The axial force of the machine was
regulated by the exciting current [35]. According to [!], the first use of the
word ”Bearingless” is at that conference. In 1988, Chiba proposed a general

concept of bearingless motors [36]. He found that most electrical motors can

9
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be turned into bearingless drives by applying an inverter fed suspension wind-
ing. M. A. Rahman provided strong support for the theoretical development
of the bearingless concept [37]. Then, several types of machines have been
developed for bearingless operations. Since the middle of the 1990s, bearing-
less motors have quickly developed in Switzerland, Austria, Germany, UK,
France, Canada, USA, China, Korea, and other places. T. Higuchi and T.
Fukao presented the switched reluctance bearingless motors in 1989 and 1997,
respectively [38, 39]. N. Barletta from the Swiss Federal Institute of Technol-
ogy in Zurich successfully developed a bearingless slice motor [10]. In 2002, a
consequent-pole bearingless motor was designed by Chiba [11]. Due to the ad-
vantages of BMs in biomedical engineering, medical device manufacture, and
semiconductor industries, BMs attract the attention of researchers from all

over the world.

2.3 Bearingless machines and their structures

Several types of BMs have been developed, such as reluctance motors, induc-
tion motors, and PMSMs. These machines are composed of combined windings
or separated windings. In a BM equipped with separated windings, the sus-
pension force and torque are provided by suspension winding and motoring
winding, respectively. On the other hand, combined windings generate sus-
pension forces and torque with a single set of winding, for example, a single
three-phase winding structure with a parallel path [I1, 12—16], multiphase

windings (more than three phases) [17-50], and multi-three-phase windings

2.3.1 Bearingless switched reluctance motors

Chiba proposes a synchronous reluctance machine, and the principle of its sus-
pension force production is illustrated in Figure 2.1 [10]. The rotor consists

of four salient poles marked by the numbers 1, 2, 3, and 4 in the figure. The
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Figure 2.1: The principle of the suspension force production [10].

4-pole winding N4 stands for the equivalent windings in which the current
represents the exciting current of the synchronous reluctance machine, while
the 2-pole windings Ny and Ny stand for the transformed windings from sta-
tionary coordinates to the rotor rotational coordinate. By feeding a positive
current in Ng winding, the flux W4 is produced, as illustrated in Figure 2.1.
If the currents in Ny and Ny are zero and the rotor is centred, the winding
Ng produces balanced flux resulting in equal flux densities in 4 poles (1, 2, 3,
and 4). When a positive current flows in N, the flux density in pole 1 will
be decreased, while the flux density in pole 3 will be increased. A suspension
force Fy is produced, as displayed in Figure 2.1. Since Ny, Ny, and Ny stand
for equivalent windings synchronised with the rotor rotation, the machine can
produce the desired suspension force at any rotor angular position. The trans-
forms from stationary coordinates to rotor rotational reference frames (Ng, Ny,
and Ny) are presented in detail in [10], and the transforms vary depending on
the machine structure and control approach. The above shows a basic princi-
ple of the suspension force production, related with the unbalanced magnetic
field produced by two sets of windings. Furthermore, [51-60] present several
control strategies or winding structures of reluctance machines. Bearingless
switched reluctance machines have the advantage of the manufacturing cost is

lower than the permanent magnet machine because permanent magnet mate-
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rials are not required. However, their noise and vibrations are higher than the

PM machines.

2.3.2 Bearingless induction motors

Bearingless induction motors [61-63] feature a simple structure, high reliabil-
ities and easy field weakness capabilities. The space vector control technique
paves the way for developments of bearingless induction motors, allowing the
machines to realize stable suspension under operating conditions which fea-
tures external disturbance [62, (4]. The problem of understanding how the
inaccuracy parameters caused by magnetic saturation influence the rotor lev-
itation under overload conditions[65] has gained wide interest. Due to the
lack of exciting windings, the magnetising current and the torque current are
provided by a winding (can be called the torque winding). The torque and

suspension force controls are coupled, resulting in a complex control strategy.

2.3.3 Bearingless permanent magnet synchronous ma-
chines
Bearingless PMSMs have advantages of high power density and efficiency. A

six-phase bearingless PMSM with its fault-tolerant approach is presented in

[50]. S. Kobayashi proposes a multiphase bearingless PMSM consisting of

three sections [27], with its fault-tolerant control method developed in [29]. V.
Giorgio proposes a sectored bearingless machine structure [12] similar to the
one presented in [27], while the principle of the suspension force production is

different. S. Kobayashi implements the suspension force and the torque by d-
axis and g-axis currents, respectively [27]. The approach does not consider the
coupling of the d-axis and g-axis current. Hence, compensation currents must
be injected into the current reference to reduce the suspension force ripple. In
contrast, V. Giorgio proposes a mathematical model that computes the current

reference by sinusoidal functions of the electrical position [12]. The model is
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obtained by an analytical method and the results are verified by FEA. By
applying the Moore—Penrose pseudo-inverse, the method minimizes the joule
losses. In addition, V. Giorgio develops a suspension force and torque control
approach which considers the rotor displacement [13]. The suspension force is
applied to reduce the rotor vibrations or to realize rotor levitation [14, 15, 28].
Furthermore, the algorithm is extended to a single sector open-circuit fault

operation [30)].

2.4 Fault-tolerance control of bearingless ma-

chines

2.4.1 Fault-tolerant control in modular PMSMs

BMs equipped with multi-phase windings or multi-three-phase windings fea-
ture fault tolerance. A modular BM solution is proposed in [27], and then
its fault-tolerant control approach under a section failure is developed in [29].
Figure 2.2 a) presents the cross-section of the modular permanent magnet
synchronous bearingless machine proposed in [27, 29]. The winding consists
of three three-phase windings, section-a, section-b, and section-c, fed by three
inverters. The conventional d — q axis current approach for the field-oriented
control can be applied to this machine by applying standard three-phase in-
verters. Figure 2.2 b) indicates the suspension force generation principle, un-
balanced flux density in the air gap. For example, if a suspension force along
the x—axis is desired, section-a needs to implement field strengthening con-
trol, while section -b and -¢ must implement field-weakening control. The net
force vector sum of three sections directs to the positive z-axis. Similarly, the
suspension force can be generated to arbitrary radial direction by adjusting
the electromagnetic forces provided by three sections.

The rotor radial position control approach presented in [27] decomposes the

rotor radial position into a vector in two directions, represented by z and y
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Figure 2.2: a) Cross-section of the modular BM. b)Principle of the suspension
force generation in a modular BM. [27]

components in a stationary reference frame. Consequently, the suspension
force is decomposed into a vector in two components, F, and Fj, as shown
in Figure 2.3. Since the suspension force F' is the net force vector sum of
electromagnetic forces provided by three sections, a coordinate transformation
is needed to derive the relationship between the x — y stationary coordinate

and the abe stationary coordinate, shown in Figure 2.3 and expressed in (2.1).

E, 1 0
2 F;
Bl=3]-3 % (2.1)
Y
R |4 -4

F,, F,, and F,. represent the electromagnetic force generated by section-a,
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Figure 2.3: a-, b-, c-, x-, and y- axis .

-b, and -c, respectively, when the rotor angular position is 0. The a—axis
corresponds to the x—axis. The directions of b—axis and c—axis are rotated
by 120° and 240° in an anticlockwise direction, with respect to a—axis.

From the principle of suspension force generation as illustrated in Figure 2.2,
the electromagnetic forces are generated along the a—, b—, and c—axes, respec-
tively, when the rotor mechanical angular position 9, is 0. In fact, Figure 2.3
displays such the scenario. According to [27], the magnitudes of forces are
proportional to the stator d—axis currents in a linear region without magnetic
saturation. Therefore, if sections are considered magnetically independent, it

is reasonable to introduce the force coefficient k,, expressed in (2.2)

Fa(O) = knida
Fyo) = kntap (2.2)

FC(O) = knidc

where 144, iqp, and iq. represent the stator d-axis currents transformed from
three sections’ three-phase currents by the standard Direct-Quadrature (DQ)
transformation [66]. The d—axis current of each section is independently con-
trolled and synchronised with rotor rotational reference frame. F ), Fy), and
F(0) represent the electromagnetic forces generated by section —a, —b, and —c,

respectively, when the rotor mechanical angular position is 0. k, is constant
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in a linear region without magnetic saturation. Then, with the substitution of
(2.2) into (2.1), the mathematical relationship between d—axis currents and

the suspension force is obtained, expressed in (2.3).

lda 1 0
21 F,
| =33 1 (2.3)
n \[ Fy
w | f
A FE simulation implemented in [27] validates that i4,, i, and iq. obtained

from (2.3) can generate the desired suspension force when the rotor angular
position is 0. Meanwhile, the simulation verifies that the interactions among
sections are negligible.

Then, let us analysis the the scenario when the rotor angular position is not
0. Directions of electromagnetic forces F,, Fp, and F, vary depending on
the rotor angular position 1,,, as shown in Figure 2.4, and how the rotor
angular position influences the directions of electromagnetic forces is presented

in detail in [51]. At a varied rotor angular position, [27] applies the above

120° F

a — aris

¥
c— azris Fe

Figure 2.4: a-, b-, c-, x-, and y- azis (U, #0).

method (2.3) to calculate the current references with a constant force reference
and implements a Finite Element verification by using the obtained currents.

They find that the approach introduces a suspension force error between the
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force reference and the generated force, including the magnitude and direction
errors. The magnitude error is due to the difference of the suspension winding
Magnetomotive Force in each rotor angular position, and the direction error is
caused by the variation of the d—axis in accordance with the rotor rotation[27].
Therefore, it is necessary to compensate for the force reference to obtain a
desired suspension force.

When the rotor angular position is v,,, the magnitude and direction of the net
suspension force of three sections, obtained through FE simulation, are defined

as Fly,,) and ¥y,,), respectively. In contrast, Fg) and 9 (o) are the magnitude

m)’
and direction of the net suspension force, respectively, when the rotor angular
position is 0. The magnitude ratio of Fig) to Fy,,) is defined as compensation
factor ke(g,,), expressed in (2.4).

F,,)
Ketom) = (0)

(2.4)

Additionally, the difference between (o) and ¥ (y,,) is defined as compensation

angle J.y,,), expressed as

Ve(om) = Vp(om) = V0)- (2.5)
Then, the compensated force reference F w(9,,) 1s obtained, expressed in (2.6)

F*

=k zc

cm) = |
Fr.

(2.6)
1 1 cosVe(9,)  SinVcw,,) | | Fa

= R} F*=
Ke(om) (Fm)

Keo.m) —sinte,,) cosVew,,) | |Fy

where ;. and F), are defined as the z— and y— axis components of the
compensated force references, respectively. k@,,) and ¥.,,) are functions of

the rotor angular position ,,, and their waveforms can be found in [27]. Ryy,,)
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is a rotation matrix defined as

cos Ve,,) — sinVew,,)
Ry, = . (2.7)
sin 190(19771) COS 196(197”)

Figure 2.5 displays the compensation block diagram. F; and F} are the force
references obtained from rotor radial position controllers. They are the actual
forces that the machine requires to suspend the rotor. kc(ﬁm)* and ﬁc(ﬁm)*
are the input in accordance with rotor angular position. F},. and I}, are the

compensation force references which are used to calculate the d—axis current

references by (2.3).

F; Fz.
PID - F] _ 1 | eosBe,)"  sinde,)” [F o
controller __ ¥ | Fje | kew,)" | —sindew,)” cosdey,)” | LFy | ¥

Figure 2.5: Compensation block diagram [27].

The approach presents the principle of the no-load condition. Furthermore,
[51] develops the approach to stably operate the machine under a loaded con-
dition. If the motoring torque is required, the magnetic field provided by
the q—axis currents influences the generation of the suspension force, where
g—axis currents are in the rotor rotation reference and transformed from the
three-phase current by DQ transformation [66]. Therefore, the d—axis currents
are used to compensate for the electromagnetic force generated by the q—axis
currents, which causes additional copper losses.

Reference [29] realises the stabilised suspension control at the failure of a mo-
tor section. The coordinate transformation changes since only the remaining
sections contribute to the suspension forces when a machine section is open-

circuited. (2.8) and (2.9) present the new transformation when section-c is
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lost.
1
Fy = Fy+ Fyeos120° = F, = o F, (2.8)
3
ﬁ;:ﬁwm1m°:%;ﬂ, (2.9)

Solving the equation (2.8) and (2.9) results in the expression of F, and Fy,.
F,=F,+Y°F, (2.10)

2v 3
_ s,

F 5

(2.11)

Then, the obtained force references F, and Fj, are applied to calculate the
current references. Under the faulty conditions, the compensation method
presented in (2.6) is still required.
The proposed algorithms decouple the d— and q— axis currents [27, 29, 51],
not considering the minimum copper losses. A similar solution, considering
the coupling between d— and q— axis currents, is presented in [12, 13, 28].
The articles propose a sectored BM equipped with three three-phase windings.
A fault-tolerant control method of the proposed machine under one sector
open-circuit fault is developed in [30].
Figure 2.6 displays the cross-section of the sectored machine proposed in [12,
, 28, 30]. Tt is an 18-slot 6-pole surface-mounted PMSM. The red dashed lines
divide the machine into three equal portions, respectively occupied by three-
phase windings (named sector). Each three-phase winding is star-connected
with a galvanically isolated neutral point and is supplied by a standard three-
phase inverter. The suspension force is realised by controlling the currents of

three sectors. A coefficient K,3(?.) is applied to describe the relationships
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Figure 2.6: Cross-section of the modular BM proposed in [12, 13, 28, 50]

between the suspension force, torque and current, expressed in (2.12),

_lia_
12,3
F,
— 27/0‘
F,| = Kaﬁ(ﬁe>iaﬁ = 1Ka,8 (Je) 2Kaﬁ () SKOZB (Ve) 9. (212)
g
T
B,L'a
3Z,B

where F, and F, represent the suspension forces generated along z— and
y—axis, respectively, in a stationary x — y coordinate. T stands for the mo-
toring torque. i, is a current vector containing three sectors’ stator v — 3
axis currents transformed from three-phase currents by Clarke transformation.
K.5("Y.) is composed of 3 sub-matrices “K,z (9.) which describe the relation

between [F, F, T] and the current of the s sector. The sub-matrix “Kz(J,)
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is a function of the rotor electrical position 9, and is expressed in (2.13).

Skm(ﬁe) Skmﬁwe)
Kas(Pe) = [ *kya(te)  “kyp(Ve) (2.13)

SkTa (ﬁe) SkTﬁ’(ﬁe)

The sub-matrix 'K,z3("J.) is obtained via the analytical method. Then, the
analytical results are verified by FE simulations. The coefficient sub-matrices
related to the generic s sector with s # 1 are obtained by a rotation matrix.
The waveforms of the coefficients are presented in detail in [12].

In the bearingless control system, the suspension force references are generated
by radial position controllers and are applied to compute the current reference.
Therefore, the inverse of the coefficient matrix is required. However, the coef-
ficient matrix, in general, is a rectangular matrix. Hence, the pseudo inverse,
which guarantees the minimum copper losses, is applied to calculate the inverse

of the coefficient matrix, expressed in (2.14) [12]

Fy Fy
ing = Kip(0e) [Kag(0e)Kig (Do) 7 | Fr | = Ks(0e) | Ey (2.14)
T T

where K7 ;(v.) is the Moore-Penrose inverse of the matrix Kog(ve).
When a three-phase sub-winding is in an open fault condition, for example,
sector 1 open-circuit fault, the suspension forces and torque are provided by

the remaining sectors, resulting in the following equation:

lag = |03x3 “Kag(Ue) “Kap(de) F (2.15)

It is noted that the sub-matrix 'K(¥,) is set to 0. Similarly, if the three-phase

open-circuit fault is in the sector s, the corresponding sub-matrix *K(d,) will
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be set to 0.

2.5 Current-sharing techniques

The modular or sectored machines consist of ng independent m—phase sub-
windings supplied by n, separate inverters. Therefore, the machines have
an opportunity of connecting sub-windings to different inverters and power
sources. The latter varies depending on the system configuration or bud-
get. In fact, when m = 3, conventional three-phase converters can be em-
ployed to supply the multi three-phase windings [07]. An interesting feature
of multi three-phase machines is the possibility of independently managing
the power flows among the different three-phase sub-windings. This control
possibility, also known as the current-sharing technique, is important in many
highly redundancy-required applications and is analysed in recent researches
[33, 53, 68, 69]. References [33, 08] present current-sharing techniques for in-
duction machines, allowing setting unequal current reference among the con-
verters. Reference [53] proposes a current-sharing technique for a multi-three-
phase bearingless PMSM, realizing the power flowing among sectors. In [53],
the proposed machine is composed of three three-phase windings supplied by
three separate inverters that operate in different powers. For example, as
shown in Figure 2.7, two sub-windings provide the torque, while the last one

is a generator. The approach considers the machine as an entire system and

‘ Mechanical Load

Figure 2.7: Principle of the current-sharing technique [55].

does not develop fault-tolerant control. However, the multi-sector machine
has the potential of higher redundancy if compared to the conventional ma-

chines. Hence, it is worth developing a fault-tolerant control technique for the
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multi-three-phase bearingless machine.

2.6 Analytical method calculating the suspen-
sion force and torque

In the concept of BMs, the suspension force production is achieved by generat-
ing and controlling the amplitude and direction of unbalanced magnetic force.
The latter can be predicted through the flux density that occurred in the air
gap. The solution computing the air gap flux is needed to obtain an accurate
mathematical model of the sectored machine. According to the Maxwell stress
tensor, the radial 7 and the tangential o stresses in the air gap are derived in

[70, 71] and expressed in (2.16)

B; - B

2410
2.1
i (2.16)

Ho

T =

g

where B, and B; are the flux densities in the radial and the tangential di-

rections, as shown in Figure 2.8, respectively. p is the vacuum permeability.

Figure 2.8: The flur density of the air gap.

The directions of 7 and ¢ are along the directions of B, and By, respectively.

The electromagnetic forces along the z-axis (F}) and the y-axis (F,) can be
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separately calculated from the stresses.

2 la 2
F.. = rla/ T cos(a)da = r / (B? — B?) cos(a)da (2.17)
0 210 Jo
2m rl 2m
F., = rla/ 7sin(a)da = — / (B — B?)sin(a)da (2.18)
0 2410 Jo
2w rl 2
F. = —rla/ osin(a)da = ——= (B, By) sin(a)da (2.19)
0 Ho Jo
2m rl 2m
Fy, = rla/ o cos(a)da = —* (B, B;) cos(a)da (2.20)
0 Ho Jo
F,=F,+F, (2.21)
F,=F,, +F, (2.22)

In the above equations, r is the position where B, and B; are calculated and
lo is the active length. Finally, F, and F} are the electromagnetic forces acting
on the rotor. For a PMSM, B, and B, account for both permanent magnet
and armature contributions.

References [72, 73] present a method to compute the magnetic field distribution
of permanent magnets under an assumption of the linear magnetic behaviour
of the materials. In the air gap, the no-load magnetic field can be predicted

by the following equations, (2.23) and (2.24).

Bopy= Y Kp(n)- fo.(r)- cos(npf) (2.23)
n=1,3,5---
Bipy = Y. Kp(n)- fp(r) - sin(npf) (2.24)

where p is the number of pole-pair while n means n** harmonic order. 6 stands
for the mechanical angular position with respect to the axis of a pole, (i.e. the

centre of a magnet), as shown in Figure 2.9. Then, when np # 1
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Stator

Figure 2.9: B, py and By pyr provided by the magnet.

we (np)*—1

(Agn — 1) +2 (g; (Agn + 1) ( . )an (2.25)

- [ (e
() e

(np—1) (np+1) (np+1)
fBe=— (}%) : (Zm> + (%) (2.27)

where the dimensions R, R,,, and R,, are illustrated in Figure 2.9, and u,

KB(TL)

oo}

o)
3

) (np+1)

S

=
3

is the relative recoil permeability. The air gap length is the actual length g
in a slotted machine or the sum of both the air gap length g and the radial
thickness of the windings in a slot-less stator. r is the radial position, the
middle of the air gap where the flux densities are calculated. Additionally, in

(2.25)-(2.27),

As, =np (2.28)
M, = M,, + npM,, (2.29)
and
Bies in =5~
M., =2 04p8127ra§ (230>
Ho T2
M, =0 (2.31)

where B,.s is the remanence, and «, is the magnet pole-arc to pole-pitch
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ratio. The above analytical solution is only valid when the magnet is radially
magnetised, as shown in Figure 2.10, while the calculation is different in the

parallel magnetisation distribution magnet.

Figure 2.10: The radial magnetisation distribution of the magnet.

References [71, 74] present an approach that predicts the magnetic field pro-
duced by the winding currents. The method is only valid for a balanced three-
phase symmetrical winding and in linear region of magnetic behaviour. The
magnetic flux density can be decomposed into two components, the radial di-
rection B, yinding and the tangential direction By yinding, and expressed in (2.32)

and (2.33),

2W 1

B’r,winding(av r, n) - MOT{'—(S Z - Kson : Kpn : Frn(r)'

[iu - cos [n(a)] + iy - cos [n (o — )] + iy - cos [n (a + )]

(2.32)

2W 1
Bt,winding(&7 T, n) = MUW n_;’ E : KSO?’L ’ Kpn ’ Ftn<r)'

[z’u -sin [n ()] + iy - sin[n (o — ¢)] + iy - sin [n (a + ¢)]
(2.33)
where W is the number of coil turns while « is the angular position with
respect to the axis of a phase (i.e., the centre of the phase coil). § = g + Ay,
is the effective air gap length. i,, i, and i, are phase currents. ¢ is the
mechanical angular position of the phase axis with respect to the axis of phase
u. For example, Figure 2.11 shows the mechanical angle ¢ between phase u

and phase v. K, is the slot opening factor, expressed in (2.34),
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Figure 2.11: Mechanical angular position ¢ between phase u and phase v.

sin n =20

Kyop = — 22 (2.34)

bo
Uby

where by is the slot opening. If by — 0, the slot opening factor K,,, reaches 1.

The winding pitch factor is given by (2.35)
K, = sinn% (2.35)

where o, is the winding pitch, coil span. F,,(r) and Fy,(r) are functions of
the radial position r and harmonic order n, expressed in (2.36) and (2.37),

respectively.

(2.37)

Fonlr) = 67 <Ris>n % (2.36)
(=)
(%)

2.7 Fault detection techniques

In the above section, the structure of the magnetic field under healthy oper-
ating conditions is presented. However, when open-circuit faults occur in the
winding structure, it needs to be detected in order to arrange an ad-hoc con-
trol strategy which enables the generation of the field distribution that allows
the machine to maintain safe operating conditions. Several fault-tolerant con-
trol strategies of BMs have been introduced in the literature. In general, the

control approaches for the healthy and faulty modes are different. The system
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first detects a fault and then switches to the faulty operating mode. There
is a time gap before the controller switches to the faulty mode. The control
method and the machine condition are not consistent during the time gap,
which may cause undesired behaviours. Therefore, a fault detection technique
is required to replicate the real control scenarios, though the project focuses
on the control method under faulty operations rather than the fault detection.
Reference [75] proposes a fault detection technique based on the d —q machine

model in the rotor reference frame (without zero sequence components).

. ; (
1.5

05~

Current / (A)
o

.5 e

2 i
0.1 0.15 0.2 0.25
Time /(s)

Figure 2.12: PMSM stator three-phase currents during a single-phase open-circuit
fault (experimental) [75].
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Figure 2.13: iq and iq behaviour during and after a single-phase open-circuit fault
(experimental) [75].
Figure 2.12 and Figure 2.13 separately display the phase currents and the

d — q axis currents of a PMSM equipped with an isolated neutral point during
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and after the fault. In healthy conditions, the quadrature and the direct axis

currents are expressed in (2.38) and (2.39), respectively.

2 2 4
iq =3 [cos (0e) i + cO8 <19e — %) iy + cos (ﬁe - ?ﬂ) iw:| (2.38)
4m

2
’id = g |:Sil'l (196) iu + sin <19e - ?ﬂ) iv + sin (06 - ?) ZW:| (239>

i, tv, and i, are the stator three-phase currents, and 1, is the electrical po-
sition. In a single-phase open-circuit fault condition, i.e., phase w fault, the
values of three-phase currents become i, = 0 and 7, = —iy, as shown in Fig-
ure 2.12. Consequently, the d —q axis currents in the faulty mode are updated,

expressed in (2.40) and (2.41).

(2.40)

(2.41)

The ratio of faulty d — q currents (2—:) can be expressed in (2.42), (2.43) and

(2.44) for an open fault in phase u, v, and w, respectively.

4 tan (196 - 3%) = —tan (¥, — m) (2.42)

Z.—q = —tan <19e - Q—W) (2.43)

14 3

o=t (v )

B Vo — — 2.44
= —tan (9. - 3 (2.44)

The difference between the actual rotor electrical position . measured from

the resolver and the quantity tan™' (—iy(t)/iq(t)) identifies the faulty phase,
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expressed in (2.45)

£S) = £(0:(t)) — £ (tan—l (Zé?)) (2.45)

where S; can be 7, 2?”, or z for the fault in phase u, v, or w, respectively,

and t stands for time. The experimental test presented in [75] shows that
the detection time varies depending on the rotation speed, 500us to 103ms
(750 to 150 r/min, respectively). A long detection time may lead to the rotor
touchdown in a BM control system.

Some single-phase fault detection techniques are also analysed, but they have
problems of algorithm complexity [76-30], of delays due to RMS calculation
[81-83], of a long detection time [78-81]. Since the project mainly focuses on
fault-tolerant control rather than fault detection, the project will implement a
simple fault detection method to promptly and accurately switch the system

from healthy mode to three-phase or single-phase faulty modes.

2.8 Summary of the Chapter

The chapter firstly introduces the history of bearingless machines. Then, sev-
eral types of BMs and fault-tolerant control of modular BMs are analysed.

Finally, techniques required for developing the project are explored.



Chapter 3

Fault-Tolerant Active
Suspension Force Control in
Multi-sector Permanent Magnet

Synchronous Machines

3.1 Introduction

The proposed multi-sector BM consists of a multi-three-phase winding. Its
structure is firstly introduced in section 3.2.1, and its voltage equation, which
is different from the conventional three-phase machines due to the winding
arrangement, is presented in section 3.2.2. Then, the MS BM is modelled
assuming the healthy, TPOC, and SPOC faulty conditions. The healthy op-
erating condition has been investigated and validated in [15, 81]. Hence, the
TPOC and SPOC faults are the main focuses of the section. In section 3.3.1,
the machine’s electro-magneto-mechanical model (the relationships between
the suspension force, torque, and phase currents) is built through the FEA
analysis. Then, the model is developed for TPOC and SPOC conditions in
section 3.4. The proposed approach leads to a generic matrix formulation of

the machine models that can be applied to any machine with a multi-sector

31
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winding structure if the coupling between sectors is negligible. Finally, con-
trol strategies are verified by FEA in section 3.5, and they are experimentally

validated on a prototype bearingless MS PMSM in section 3.6.

3.2 Structure of the bearingless machine and

voltage equation

3.2.1 The machine structure

Rotor magnetic

axis

Figure 3.1: Cross-section of the MS PMSM

An 18-slot 6-pole surface-mounted PMSM that is available within the facilities
of the Power Electronic Machine and Control (PEMC) Group of the University
of Nottingham is adopted as a prototype machine. The original three-phase
winding is replaced with three three-phase windings, as depicted in Figure 3.1.
The red dashed lines divide the machine into three equal portions, respectively

occupied by three-phase windings (named sector). Each three-phase winding
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is star-connected with a galvanically isolated neutral point. +ug, +v,, and
+wy, indicate the phase and current direction of the machine. The symbol
+ and — mean the current direction is flowing out and into the cross-section
plane, respectively. The subscript s € [1,2,3], located at the bottom right
corner of each phase, is adopted to define the numerical order of the sector.
For example, +u; means the current direction of sector 1 phase u is flowing
out the cross-section plane. *y represents the angular position of the s sector
with respect to the z-axis, 'y = Odeg and 2y = 120deg on the figure. 9,
is defined as the rotor angular position with respect to the winding magnetic
axis, while the electrical position is ¥, = pt},,, where p is the pole pair of the

machine. Finally, the main parameters of the machine are listed in Table 3.1.

Table 3.1: MS PMSM Parameters

Parameter Value

Pole number (2p) 6

PM material NdFeB

PM remanence flux density B, 1.24T

PM relative permeability g, 1.031

Power rating 1.5kW
Rated speed (nyateq) 3000r /min
Rated torque 5N-m
Rated current (peak value) 13A
Turn/coil 22

PM flux of one sector (*Apas) 0.0284Wb
Torque constant (kr) 0.128N-m/A
Line to line voltage constant (ky) 15.5V/krpm
Outer stator diameter 95mm

Inner stator diameter 49.5mm
Axial length 90mm
Airgap length 1lmm
Magnets thickness 4mm
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3.2.2 State representation of the voltage equation

The voltage equation presented in this section is under assumptions of the
linear magnetic behaviour of the materials and centred rotor, which will be
validated in section 3.3.1 and 3.5. The equation is expressed in a nine-phase

form, as shown in (3.1):

- aXllVW
Vuvw = Rigyw + (3.1)
ot
where
/
Uuvw = [vu e M 2oy 20y vy By Suy 3vw]
/
Luvw {%u L, iy Zy % Hy iy Sy 3ZW:|
(3.2)

The subscript ’ is the transpose operator. rp, stands for the phase resistance,
and I is a 9 x 9 identity matrix. Tuyw, tuvw, ald Auyw represent the nine-
phase voltage vector, the nine-phase current vector, and the flux linkage of
the machine, respectively. Ay consists of two components: phase currents
contributed \; and permanent magnets provided Apy;. The phase inductance
matrix is defined as Ly, and (3.1) then can be expressed in the following

equation:

— = 8Xz aXPM = 87;uvw —
Vuvw = RZUVW + E ot = R'Luvw + Lph— +eé (33)

where € is the vector of nine back-EMFs of the machine, expressed in the
following equation :
ONpu /

= _ — |y, 1, 1, 2, 2, 2
=5 ~|len e lew Zew ey ey Sen Pey Bew| - (3.4)
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In the proposed machine, the phase inductance matrix Ly, (Je) varies depend-

ing on the electrical position ¥, as expressed in the following equations [34]:

LW.) M M
Lpn(@e)=| M L@,) M (3.5)
M M L)

where
Luu(ﬁe) Mvu<19e) Mwu(ﬁe)
L) = | My(¥e)  Lyw(Pe) Myn(Ve) (3.6)
Muw(ﬁe) MVW<196) wa(ﬁe)
and
~M, M., M,
M= | M, —-M, —M.]|- (3.7)

M, —M. —M.

L(V.) reported in (3.6) contains the self and mutual inductances of a single
three-phase winding, while M expressed in (3.7) consists of mutual induc-
tances between phases employed in different sectors. As the voltage equation
is presented under the assumption of the linear magnetic behaviour, values of
mutual inductances between phases belonging to different sectors are identi-
cal. If the magnetic saturation is considered, the values of mutual inductances
between phases belonging to different sectors are slightly different. The nu-

meric values of elements involved in (3.6) and (3.7) are listed in the following



Chapter 3.  Active suspension force control in a healthy condition 36

equations:

Luu(e) = Ly + Ly cos(27.)

Ly(¥e) = Ly + Ly cos (2(Je — 27/3))

Lyw(¥e) = L1 + Ly cos (2(Je — 47/3))

My (90) = Myu(9) = My + My cos (2(0, — 7/3)) (3.8)
My (9e) = My (0e) = My + My cos (2(9e + 7/3))

My (Ve) = My (Ue) = My + Maa cos(27.)

M, = constant

where the parameters in (3.8) are reported in Table 3.2. Since the lamination
of the rotor is salient rather than a circle, the phase inductance values are

composed of a DC term and a sinusoidal term.

Table 3.2: Phase inductances [34]

| L L M, M, Mia  Ma M,

Value (mH) H 0.447 0.126e-2 -0.123 0.304e-2 0.0404 0.303e-2 0.0407

Due to the phase arrangement of each sector, the phase inductance L(%,) is
different from the one of conventional three-phase machines, M4 # M;. In
detail, phase u overlaps with phases v and w two slots, whereas phase v and

w overlap with each other one tooth, which is easily observed in Figure 3.1.

3.3 Active suspension force control in a healthy

condition

3.3.1 Modular approach to the production of the sus-

pension force and torque in the MS PMSM

The definition of the machine model is required to analyse the electromagnetic
behaviour of an electric motor, whose understanding is essential for the devel-

opment of a suitable control algorithm. Owing to the modularity of the MS
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PMSM, the model can be easily defined as function of the o« — 3 axis electrical
variables of each three-phase sub-winding (with the a-axis aligned with the
centre of the north pole of the rotor magnets). It is noted that the o — 8 axis
electrical variables are transformed from the three-phase current of each sector
by the Clarke transformation.

The key inputs of the MS PMSM model are the @ — § axis currents of each
sector while the outputs are the mechanical suspension forces and torque acting
on the rotor, hereinafter referred as wrench W. The wrench can be defined
as a vector of the x — y components of the suspension force (F;, F},) and the

torque T acting on the rotor:

W = [F,,F,,T) (3.9)

The relation between the o — 3 axis currents of the generic s sector (%4, *ig)
and their respective contribution to the wrench of the MS PMSM is a function

of both a@ — 3 axis currents and rotor electrical position, as follows:
W =[F,°F,*T) = f(%ia, ig, Vo). (3.10)

Under linear operating conditions and neglecting the coupling among sectors,
the wrench produced by the entire machine can be considered as the sum of

the effects of all the n, sectors supplied with the respective o — 3 currents:

W= =3 F(%ia, %ip, ). (3.11)

s=1 s=1
The functions °f can be evaluated by accurate analytical models which have
been presented in section 2.6 or, for a better accuracy, through FE simulations.
Although analytical approaches are computationally efficient, their results need
to be FE validated [$5]. For this reason, the characterisation of the considered

machine, whose details are reported in Table 3.1, is elaborated on via 2D

FEAs [31]. Figure 3.2 reports the wrench components of the first sector of the
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Figure 3.2: Wrench components of the first sector of the machine with respect to
the rotor electrical position. a) Suspension forces acting on the z-axis of the rotor.
b) Suspension forces acting on the y-axis of the rotor. c¢) Torque acting on the rotor.

machine considered throughout this study (whose first phase is placed on the x-
axis). In particular, Figure 3.2 a), b) and ¢) show the wrench components (F,
F, and T) as function of the rotor electrical position when supplied by 14 «
and 3 axis currents, respectively. Blue lines represent the wrench generated by
1A a—axis current of sector 1. Red lines represent the wrench generated by 1A
f—axis current of sector 1. a— and [ axis currents are separately injected into
the first sector of the machine. Figure 3.3 reports the flux density distributions
analysed by FE with non-linear material (silicon steel sheet B35AV1900) when

supplying positive « axis currents of 0A, 13A, and 25A, respectively. From



Chapter 3.  Active suspension force control in a healthy condition 39

No-load

lig=13A; % =0 A lig =25A; g =0A

”

Shaded Plot
Bl smoathed
i

24
182
144
086
048
1}

Figure 3.3: Flux density at no-load operation condition, at Irqeq (13A), and 25A
a— azis current supplied to sector 1 [5]]

these flux maps it is possible to appreciate that the soft magnetic material is
mainly operating in its linear range within the rated current [$4]. Figure 3.4
depicts the amplitudes of wrench components (£, and F,) as function of the
both a and § axis currents, respectively. In the meantime, Figure 3.5 shows
that the torque linearly depends on the quadrature current (i,) which is on
the direct-quadrature coordinate under the rotor rotation reference frame. It
can be noticed that force contributions vary almost linearly with the currents
up to the rated value (i.e. 134,;). Above this value, the saturation of the flux
path has a relevant effect only when supplied with positive a—axis current (i.e.
when straightening the PM flux). Consequentially, the wrench contribution of
each sector can be assumed linearly dependent on the respective currents, and

so the matrix equation (3.10) can be written as followed:

W (Yig, g, Vo) = "Kap(Ve) (3.12)

where "K,5(J,) is a 3 x 2 matrix of wrench coefficients, and its detail is reported

in (3.13).

1KC¥,3 (196) = 1kya (ﬁe) 1kyﬁ (?96) (313>

The variable 'k, (9.), where # € [z, y, T], and » € [a, 3] describes the
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Figure 3.4: Magnitudes of the generated forces as functions of the a-8 currents of
the first sector. a) Magnitudes of F, generated by the a— axis current. b) Magni-
tudes of F, generated by the f— axis current. c¢) Magnitudes of F, generated by the

a— axis current.

d) Magnitudes of F, generated by the B— axis current.

relationship between the z-axis, y-axis forces, and torque acting on the rotor

and the ¢ axis

current of the 1% sector.

In fact, the elements involved in
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Figure 3.5: Magnitude of the generated torque as a function of the q-axis current.

(3.13) are the functions plotted in the Figure 3.2, and they can be expressed

as functions of the electrical position through the Fourier series expansion:

—+00

1kma<19e) - Z lkxoa,nth COS(TM?e + l%a,nth)
Kpp (Vo) = Z Ky nen cOS(N¥e + ' 0up pn)

1]{;ya(196) = Z 1kya7nth cos(nd, + 1gpya7nth)

. (3.14)

"Kys(de) = Z ey g min €08(n0e + 10y pin)
n=0,1,2--
“+oo

1kTa(19€) = Z 1/{Ta7nm cos(nd, + 1%0Ta’nth)
n=0,1,2---
“+o00

Yors(0,) = Z 1kTﬁ7nth cos(nve + 1(,0T67nth)
n=0,1,2--
where n means harmonic order. 1k#%7nth and ¢y, o, which can be ob-
tained by applying Fast Fourier Transform (FFT) on the curves shown in
Figure 3.2, stand for the magnitude and phase angle of the corresponding co-
efficient 11{:#%(196), respectively. Figure 3.6 displays the FFT analysis of the
curves shown in Figure 3.2 a) and b). Compared to the first order harmonic
of each coefficient, the magnitudes of higher harmonic orders are quite small
and can be neglected. Hence, 'k, (1) finally consists of only one harmonic
and its magnitude and phase delay are displayed in Table 3.3. Particularly,

the magnitudes of 'kp, (0.) and 1k'TB(196) are not analysed in Figure 3.6, while
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Figure 3.6: FFT analysis of the curves shown in Figure 3.2.

they are obtained from the torque constant kr. In fact, d-q axis currents can

be converted to o — 3 reference, then the torque provided by the 1% sector can

be expressed as the follows:

. Lig I cos(Ve)  sin(de) | |Yia
. —sin(d,) cos(Ve)| |ig

i i
= | —kpsin (¢d) kg cos (ﬁe)] (3.15)
i Lig
~ l/la
= | kra(de) lkTﬁ(ﬁe)] L
L Zﬁ

Obviously, 'kra(¥.) and lkm(ﬁe) can be expressed by functions composed of

kr and electrical position, as presented in (3.16).

1k7Ta('l9e) = —k’T sin(ﬁe)
(3.16)
1]{:T5(196) = ky cos(Ve).

This approximation is strictly valid when working within the linear region
Table 3.3: Wrench coefficient [31]

Coefficients || 'kua(Ve)  'kup(Pe) 'kya(Pe) 'kys(9e) hra(¥e) krs(Ve)

Magnitudes 8.28 8.91 0.92 4.37 0.1282 0.1282
Phase angle s 5 -3 s 3 0

of the wrench-current relationship as reported in Figure 3.4 and Figure 3.5.



Chapter 3.  Active suspension force control in a healthy condition 43

Outside this area, each coefficient of the matrix would mainly depends on the
respective current. In principle, the same identification procedure should be
carried out for all sectors of the machine. However, being each sector rotated
with respect to the adjacent one, under an assumption of neglecting the inter-
action between sectors, the wrench of the generic s sector can be evaluated
by simply taking into account the mechanical shift *y of the considered stator

sector, as follows:

_ o
"W (%ia, %ig, Vo) = “Tror Kap(Ve) (3.17)
S,lﬁ
where °T,,; is a rotational matrix defined as:
cos(®y) —sin(®y) 0
"Trot = |sin(*y) cos(*y) 0 (3.18)

0 0 1

Finally, for the prototype machine in the thesis, the overall wrench produced

by all the sectors is obtained from (3.11) and (3.17), as follows:

~ ns=3 sia -
W= Kas(V) = Kop(9e) g (3.19)
s=1 S’iﬁ

where the K,3(?Je) is a 3 x 6 matrix built by stacking the columns of the
*K,5(V.) matrices obtained by (3.17) while the total current vector is ins =
Yie, Yig, Zias 218, Pia, Yig) . In detail, K,p(Je) can be written in the following
expression:

Kos(e) = 'K op(0e) Kap(Pe) “Kap(e)| - (3.20)

The assumption underling (3.11) and (3.17), i.e., neglecting the mutual inter-
actions among the machine sectors, will be further analysed and validated in

section 3.5.
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3.3.2 Control strategies of the suspension force and torque

Once the wrench-current function is identified, its inversion needs to be carried
out in order to control the machine, i.e. finding the current set points which
generate a given reference wrench (WW*). Being the wrench-current relationship
(3.19) an underdetermined system, its inverse problem has more than one
solution. Among all the possible solutions to this kind of control problems,
the result that minimises the stator copper loss is recognised as a valuable one
within the field of multi-phase machines control [32]. In fact, supposing that
the solution to the underdetermined system (3.19) has to satisfy the objective
of minimising the joule losses (Pj), the solution can be expressed as:

_, pa—
min Py =1, R -1,
ot = Pob ’ (3.21)

s.t. W* = Kag(ﬁe> : Eag
where R is the diagonal matrix of the phase resistances. (3.21) is a classic
quadratic optimisation problem which can be solved applying the Langrange

multiplier method, leading to the well-known result:

-k

tap = K, B(ﬁe)[KQﬂ(ﬁe) /045(1%)]_1‘7[/* = Kgﬁ(ﬁe)W* (3.22)

«

where K7 ;(7,) is the Moore-Penrose inverse of the matrix Kqs(v,). In gen-
eral, the Moore-Penrose inverse represents the solution of an underdetermined
system of equation minimising the square of the input variables, which in this
case is proportional to the stator Joule loss Pj ..

The current reference Ezﬁ obtained from (3.22) is based on the assumption
that the interactions between sectors are neglected, so the results obtained
from (3.22) should be verified by FEA. The validation will be presented in

section 3.5.
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3.4 Active suspension force control in faulty

operations

3.4.1 Algorithm for generating the suspension force and

torque with a three-phase open-circuit fault

The MS-PMSM is supplied by three independent inverters. Power electronic
inverters may break down because of some unforeseeable reasons such as over-
load and capacitor breakdown [36]. As a result, the MS-PMSM loses the con-
tribution of the faulty sector to the suspension force and torque generation, as

shown in Figure 3.7. However, the forces and torque can still be generated by

DC Inverter

DC Inverter MS BM

DC  |Inverter J

Figure 3.7: Schematic diagram of the system with a TPOC fault. The MS BM
loses the contribution of the faulty sector.

the remaining two healthy sectors, and the bearingless drive continues to op-
erate. In a TPOC fault condition, the three-phase current of the faulty sector
drops to zero. Therefore, the matrix formulation can be written in case of a

TPOC fault in sector s simply setting the related sub-matrix *K,z(ve) to 0,
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shown in (3.23)

Kaﬁ,fl ('ﬁe>

I
o
[\
~
Q
@
—~
>
)
~—
w
~
Q
@
—~
N
D
~—

0 0 %kua(e) Zhup(Ve) “kpalVe)
=100 Qkyawe) Qkyﬁwe) 3kya(19e)
0 0 %kra(¥e) krs(¥e) hra(de)

1k:vo¢ (ﬁe) 1kx6 (ﬂe) 0 0 Skxa (ﬁe)
= | kya(Ve) hys(¥e) 0 0 ya(de)
1kTo¢ (ﬁe) 1kTﬁ (ﬁe) 0 0 nga (ﬁe)

Ko (Ve) = |["Kos(¥e) Kap(¥e) 0

3kxﬁ (196)
3kyﬁ (19e)

“krp(Ve)

Kpa(Pe)  kep(We)  hpa(Pe) kpp(¥e) 0 0
- 1kya(19e> 1kyﬁ(19e> 2kya(19e) 2ky5(19e) 00
Yera(We) krg(9e) Zhra(e) Zkrs(¥e) 0 0

(3.23)

for a TPOC fault in sector 1, 2 and 3, respectively. Matrices K,p(?e),

Kosr(Ye), and Kus(0) are also rectangular; hence, their pseudo-inverses

can still be computed with (3.22) replacing K,5(¢) with K,z (VJe). Finally,

the current reference can be calculated by (3.24)

535 - K:B,fs(ﬁe)W*

where fs means that s-th sector is in TPOC fault condition.

(3.24)

The control

effect of the algorithm designed for the TPOC fault will be validated by a FE

simulation in section 3.5.
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3.4.2 Algorithm for generating the suspension force and

torque with a single-phase open-circuit fault

To derive the model of the SPOC fault it is convenient to re-write K,z3(?.) in

the uvw three-phase reference frame, as expressed in (3.25)

W = Ko (Fe)iuvs (3.25)

where

Kuvw (o) = Kop(9e) T - (3.26)

Tuvw 18 the nine-phase current vector and Tg is a nine-phase amplitude invari-

ant Clarke transformation matrix written in the following equations:

T. 0 0
2
0 0 T.
where
Lo} -
T, = ) (3.28)
0 V3 _ V3
2 2

When a SPOC fault occurs in a sector s, the current of the faulty phase
goes to zero while currents of two remaining healthy phases have the identical
amplitude but opposite direction due to the series connection. i.e.: Figure 3.8

depicts a three-phase winding with a phase u SPOC fault. In the figure, the

—>
Phase u J\/\/\/\/
51
vy

Sif

S -

7’W)
Phase w —\/A\/\/\,

Figure 3.8: Schematic diagram of a three-phase winding with an open-circuit fault
in phase u.
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faulty phase current *i, is 0, while the series current is defined as ®i;. Then,

the three-phase current vector can be expressed as:

514 0
Siv = 1 Sif (329)
si 1

and the wrench vector of corresponding sector is obtained by the following

equation:

siu 0
SW — sKuvw(ﬁe) siv = SKqu(ﬁe) 1 Sif - SKuVW,fu(ﬁe) Sif : (330>

S —1

It is possible to note that a new wrench coefficient sub-matrix Ky fu(Ve) €
R3*! applied for sector s phase u open-circuit fault, is obtained by the healthy
wrench coefficient matrix and an auxiliary vector [0 1 —1)". The latter is repre-
sented by F in the following text. Generalising the above considerations, the
SPOC fault in the generic sector s can be then modelled through introducing

the auxiliary vector F,.:

F, = {1 0 —1}/ (3.31)

when the faulty phase is u, v, and w, respectively. The wrench coefficient

sub-matrix of the faulty sector, which is defined as *K,yw.t.(7e), is obtained
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by applying the auxiliary vector:

Skxf (196)
SKuvw,f% (796) = SKuvw (ﬁe) F% = Skyf(0e> (332)

Ska (ﬁe)

where the subscript ¢ stands for u, v, and w depending on the faulty phase.
*kue(0e) (where # € [z, y, T,]) represents the coefficient of the fault sector.
It is now possible to construct the coefficient matrix (Kyyw gss(Je)) of the en-
tire machine for any open circuited phase. For instance, the wrench-current

coefficient matrix for an open-circuit fault in phase s of sector s becomes:

KUVW,fS%(ﬁe) = 1I<uvw(19e) e SKuvw,fﬂ(ﬁe) T nSKuvw<19e) =
1k1’u (ﬁe) 1kwv (196) 1kxw (ﬁe) e skxf(ﬁe) e nskxu (/196> nskxv (/196>
lkyuwe) lkvae) lkywwe> T Skyf(ﬁe) T nskyu(0e> nskvae>
1kTu(ﬁe) lkTV(ﬁe> 1kTW (796) T Ska(ﬁe> Tt nSkTu(ﬁe) nskTV (ﬁe) nSkTW(ﬁe)
(3.33)

Matrix Koy sc(6:) € R¥>*G%=2) is in general rectangular; hence, its pseudo-
inverse K| o (Je) € RE™=2X3 is computed by means of (3.22) in order
to obtain the faulty reference phase current vector %i* € RBms=2)x1 44

uvw

expressed in (3.34).

fss % o + x
bavw = Kuvw,fsu(,ﬂe)w —
: (3.34)
T 1. 1:% Sk Ns % Ng % Mg %
|: [ (2 [ lp . gZu SZV ng:|

Then, the reference phase current vector if,. € RG™)*1 can be obtained

uvw

through applying the auxiliary vector, as expressed in (3.35).

/
Tk . 1 1- 1- / . . . .
b = [z{‘; it ViU FL i e e nsZ;ﬂv} (3.35)
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For example, if the faulty phase is in sector 1 phase u, the faulty coefficient and

faulty reference phase current vector are Ky f1a(9Je) and 193%  expressed in

uvw?

(3.36) and (3.37), respectively.

Kuvw,flu(196> - lKuvafu(ﬁe) ZKuVW(,&e) 3Kuvw(/l96)
1kxf(ﬂe) 2kmu (ﬁe) 2kmv<19e) qu;w (ﬁe) 3kxu (ﬁe) kav (ﬁe) 3kxw (ﬁe)
= | Tyt (00) a0 k(0 (00 R0 (00 (D)
lka(ﬁe> 2kTu<ﬁe> 2kTV<79e> 2kTW(196> 3kTu(19e) 3kTV<79e) 3]{ZTW(ﬁe)

(3.36)
ﬂugrww = Kjvw,flu(ﬁeﬂ/T/*
/ (3.37)
= [li; A M M 3¢;;]

Consequently, the nine-phase current is obtained by applying the auxiliary

matrix F,, expressed in (3.38).

!/

In a similar manner, the SPOC fault in two sectors can also be represented.
i.e.: for the proposed machine, if SPOC faults occur in the phase u of the
1% sector and phase v of the 2"¢ sector simultaneously, the wrench coefficient

matrix of the machine is reported in (3.39).

KUVWﬂUQV(ﬁe) = |:1Kuvw(ﬁe)Fu 2I(uvw(ﬁe)FV 3Kuvw(ﬁe):|

= |:1Kuvw,fu(7~96> 2Kuvw,fv(196) 3Kuvw(19e)
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It is possible to note that the size of the coefficient matrix of the healthy
machine is 3 x 9, whereas the size of the matrix Ky f:(Ye) depends on the
number of the faulty phase. Two columns will disappear with each single-phase
open-circuit fault, i.e.: Kyyyw riu(Pe) € 3 X 7 and Kyyw fruzv (Pe) € 3 X 5.

To obtain the reference current vector, the pseudo-inverse of Kyyw fruzv(Ye) is
derived by applying (3.22). Consequently, with a wrench vector reference, the
1t and 2" sector series currents and the 3"¢ sector three-phase currents are

obtained and expressed in (3.40).

uvw uvw,flu2v (2 u v w

/
f1u2vg* — K+t (ﬁe>W*: [%F 2% 3k 3x 32'*} (3.40)

Finally, by substituting F,, into fluzvas nine-phase reference current vector

uvw)

is evaluated from (3.35):

-k

/
iuvw = |:F{1 11; F:} QZF 32* 32* 3Z*:| . (341)

u v w

3.4.3 The implementation for controlling the suspen-

sion force and torque

Models of the healthy machine, the TPOC faulty machine, and the SPOC
faulty machine have been introduced in section 3.3.1, 3.4.1, and 3.4.2, respec-
tively. The wrench coefficient matrices can be transformed to uvw three-phase
frame through the transformation matrix introduced in (3.26), though they
are expressed in the o — 3 stationary frame for healthy and TPOC fault con-
ditions in the previous sections. By applying (3.22), the inverse of the wrench-
current coefficient is obtained in uvw three-phase reference frame. Under the
three-phase reference frame, the dimensions of the wrench coefficient matrices
vary depending on faulty conditions, resulting in various dimensions in their

pseudo-inverses. i.e.:

o K, () is a 3 X 3ng matrix and its pseudo-inverse is a 3ng X 3 matrix.
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For the proposed BM in the thesis, ny = 3, the dimensions of matrices

are 3 X 9 and 9 x 3, respectively.

o Kivwu(Ue) is a 3 X 7 matrix while its pseudo-inverse is a 7 x 3 matrix.

In order to plot and compare the elements of the coefficient in different faulty
scenarios, it is better to extend all SPOC faulty coefficient matrix to 9 x 3. The
inverted coefficient corresponding to the faulty phase can be filled by 0, while
the remaining two rows can be occupied by k% (J.) and — *kf () depend-
ing on the auxiliary matrix, where the subscript + means the corresponding
variable is an element of the pseudo-inverse matrix. For example, the pseudo-
inverse of Ky fiufy (Je) is expressed in (3.42), and it can be extended to 9 x 3,

as shown in (3.43).

i) 'kh(0e)  Tkfe(de)

hi(0e)  Phf(0e)  Chfe(Ve)
Kt (00) = [ Pk5,(00) Pk (00) ki, (0e) (3.42)

ket (0e) Pk (0e) Pk (Ve)

3k;_w(198) 3k;_w(196) 3k7tw(196)_

0 0 0

EhWe) kW) MR(0e)
— kR —k(We) =k (Ye)
(o) k(o) Phki(0e)
K vw truray (Ve) = 0 0 0 (3.43)
=5 (0e) = PkE(0e) = 2kf(0.)
kW) kL) R (0)
L We) kL) k(D)
) kR0 Pk, (0)

Each element of KT,

+w(Ue) is a function of the rotor electrical position and its

graphical representations is shown in Figure 3.9. Blue, red, yellow, and purple
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lines stand for the coefficient in healthy, sector 1 TPOC fault, sector 1 phase

u SPOC fault, and phase u;vy SPOC fault, respectively. It can be noted that

o o
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Figure 3.9: Graphical representation of Sk:;;%(ﬁe).

blue lines are non-zero curve in all sub-figures, while lines of other colour have
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Figure 3.10: Time harmonic spectrum of Sk;%(ﬁe) corresponding the Figure 3.9.
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zero value in the faulty phases. Indeed, the red lines of the first three rows
keep zero due to the sector 1 TPOC fault while the yellow lines and purple
lines have zero value in the first row and the first and fifth rows, respectively.
Figure 3.10 displays the harmonic spectrum of the pseudo-inverse matrix co-
efficients corresponding to the ones in Figure 3.9. It can be noted that while
coefficients of the healthy pseudo-inverse matrix appear in all sub-figures, the
others are not present in the rows related to the faulty phases. In detail, the
first three rows do not display red bars as the three-phase current of sector 1
are equal to zero for a TPOC fault in the same sector. Instead, the first row,
and the first and fifth rows do not contain yellow, and pink bars, respectively.
It is observed that in healthy condition, harmonic orders higher than one are
very small, and can be neglected. Instead, higher order coefficients cannot be
neglected in case of a TPOC fault and SPOC fault in one sector or two sec-
tors. The harmonic amplitudes of the 3" and 5" orders are remarkable and
in some cases comparable with the first harmonic order (see pink bars in (7,2)
and (9,2)).

Finally, the phase current is computed by combining the reference wrench

vector and *k,, (v,) which contains several order harmonics, shown in (3.44).

+o0o
Spk S1.+ s, -+ *
i = E (( km,nth cos(nde + ¢m%7nth))Fm
n=0,1,2,...

3.44
—I—(Sk+ COS(?’Lﬁe +5§0+ ))F* ( )

yr,nth ys,nth Y

+ ( Sk;}t,nth COS(’I’LQ% + Sw;%,nth )) T*>

+

T

The Sk; o 18 the magnitude shown in Figure 3.10, and ¢, is the phase

angle of the corresponding harmonic. Then, the coefficient K (), func-
tion of the rotor electrical position, can be stored via look up tables (LUT)
on the real time hardware in order to compute the current reference. The

fact that the harmonic content in faulty conditions is higher causes heavier

computation in the DSP. Hence, harmonics with small magnitudes should be
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neglected. Indeed, for healthy operating conditions, the harmonics higher than
the first order can be neglected, whereas for TPOC or SPOC faulty operating
conditions, the harmonics higher than the third order can be neglected. The
influence in the force and torque generation of higher harmonic orders in the

coefficients will be analysed in section 3.5.

3.5 Validation through simulation

FEA is a good approach to simulate the magnetic and mechanical behaviour of
the machine. This section shows the FE simulation results obtained to verify
validities of the proposed TPOC and SPOC fault control algorithms and to
check if the neglected interaction between sectors, as mentioned in (3.11),
(3.17), and (3.22), strongly impacts the force and torque generation. Multi-
static non-linear simulations have been performed with the FE commercial
software MagNet 7.8.3. The results are presented split into two parts.

The first part aims to verify that the proposed algorithm can carry out a
set of appropriate current references (9 phase currents) to provide the desired
wrench vector. The magnitude of the reference force vector |F,| is set equal
to 100 N while the direction ¢p with respect to the x— axis of Figure 3.1 is
set equal to Odeg. The reference load torque is set equal to 2 Nm. With the

: : + +
above wrench reference, the pseudo-inverse matrices, K, (Je), K, 11(Ve),

and KT,

uvw,flu

(Je), obtained from (3.22), are applied to calculate the current
reference. In this part, all harmonics of pseudo-inverse matrices are consid-
ered when the current reference is computed. Figure 3.11, Figure 3.12, and
Figure 3.13 show the three-phase current references in the healthy condition,
in the phase u; open-circuit fault condition, and in the 1%¢ sector open-circuit
fault condition, respectively. The current reference is considered as the input
of the FE model, and the generated wrench vector is displayed in Figure 3.14.
From Figure 3.14, it is worth highlighting that the small deviations between

the reference and FE calculated wrench components exist when considering
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Figure 3.11: Three-phase currents of three sectors in the healthy condition. a)
Sector 1. b) Sector 2. c¢) Sector 3.
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Figure 3.12: Three-phase currents of three sectors in case of SPOC fault of phase

ui. a) Sector 1. b) Sector 2. c¢) Sector 3.
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Figure 3.14: FFE simulation results for the suspension force and torque generation
in healthy condition, SPOC fault of phase vy and TPOC fault of sector 1: a) Force
generation. b) Torque generation.

the full harmonic spectrum of all k%, (¥,). From the previous analyses, these
differences are mainly attributed to the mutual interaction among the stator
modules. In the meantime, the torque ripple is almost caused by the cogging
effect (no load torque). As it can be observed, the proposed SPOC and TPOC
fault tolerant techniques are also capable of producing the required suspension
force and torque without significantly increasing their ripples. This can be
quantified in terms of Total Harmonic Distortion (THD) of |F,| and of the
torque 7" and maximum error of ¢ from the reference direction. Observing
the first three rows of Table 3.4, it is possible to note that the THD values
of |F,| and T slightly increase from healthy to TPOC fault and SPOC fault,
the latter presenting the highest THD value among the three cases considered.
However, the SPOC fault posses the advantage of reduced derating of the bear-
ingless drive if compared to the TPOC fault. Indeed, the drive would not lose

the contribution of a whole sector to the suspension force and motoring torque
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Table 3.4: Force and torque generation quality

THDy, Err,, THD;
(%) (deg) (%)

Healthy 7 1.3 27.6
TPOC sector 1 7.7 1.1 29.7
SPOC uy 9.5 1 31.5
SPOC u; and vy case 1 8.5 1.5 27.7
SPOC u; and vy case I 18.2 7.4 40.2
SPOC u; and vy case III  45.5 11.3 40.9

generation but only of one sector phase. This can be observed in the total
machine Joule losses which are equal to 12.9W, 18 W and 26.4 W in case of
healthy condition, SPOC fault of u; and TPOC fault of sector 1, respectively,
when the rotational speed is 3000rpm. Overall, the simulation verifies that
the proposed healthy, TPOC, and SPOC fault control algorithms are valid.
And, the neglected interaction between sectors does not significantly impact
the suspension force and torque generation. These errors can be compensated
by the outer loop position and speed controllers.

The second part of the simulation examines how the harmonics involved in the
pseudo-inverse matrices influence the generated force and torque results. The
wrench reference is the same as the one in the previous simulation. Figure 3.15
shows the suspension force and torque generation in case of SPOC fault in
two sectors: phase u; (sector 1) and vy (sector 2). Three different harmonic
compositions of the force and torque coefficients, mentioned in (3.44), have
been considered. In particular, quantities with suffixes I, II, and III have been
generated including the 1%, 3", and 5 harmonics, the 1% and 3" harmonics,
and only 1% harmonic, respectively in the force and torque coefficients. The
aforementioned harmonics in the coefficients are presented in Figure 3.10 in
section 3.4.3. It is straightforward to notice how the quality of the produced

force and torque significantly deteriorates when a simplified expression of the
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Figure 3.15: FFE simulation results for the suspension force and torque generation
in case of SPOC fault of phases wy and vy: a) Force generation. b) Torque genera-
tion.

coefficients is adopted. This can be quantified in terms of T'H D|g| and T'H Dy
and maximum error of ¢ by observing the last three rows of Table 3.4. Indeed,
THDyp and THDry increase from 8.5% and 27.7% % to 45.5 and 40.9 %
respectively from case I to III, leading to an unacceptable force and torque
quality.

Additionally, Figure 3.16 shows the harmonic spectra of the simulation results
presented in Figure 3.15. It can be observed that cases II and III result in
undesired harmonic generations in both force and torque compared to case I.
It is therefore possible to conclude that an accurate estimation of the force
and torque coefficients is necessary in order to guarantee acceptable perfor-
mances during an open-circuit fault. However, more harmonics mean heavier
computations. Therefore, the harmonics involved in the DSP should balance
the control performance and the computational load.

Finally, Figure 3.17, Figure 3.18, and Figure 3.19 display the corresponding
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current references obtained by three different harmonic compositions. In detail,

51, %! and *i! in Figure 3.17 represent the current references obtained by the

coefficients composed of the 15, 3" and 5 harmonics. %L %I and %!

u v )
in Figure 3.18 stand for the current references obtained by the coefficients

composed of the 1** and 3" harmonics. *i!ff %1 and

siIII
u v \

in Figure 3.19
represent the current references obtained by the coefficients composed of the

1%t harmonic.
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3.6 Experimental validations

The suspension force and torque control strategy of the proposed BM is intro-
duced and simulated in the previous sections. The FE simulations show that
the approach can generate the desired suspension force and torque. Hence, it
is now possible to verify the algorithm in experimental tests. In this section,
the system diagram of the BM control system is first introduced. Then, the
system is built on a prototype MS PMSM that is located at the PEMC Group,
University of Nottingham. The TPOC and SPOC fault control strategies are
separately validated with under representative load conditions. To switch the
control algorithm from healthy condition to faulty conditions, a current fil-
ter and an open-circuit fault detector are designed and implemented. Finally,
experimental results show the good performance of the proposed control tech-

nique.

3.6.1 Bearingless machine control system diagram

Figure 3.20 a) shows the diagram of the implemented BM control system.
Green dashed wires are feedbacks measured from the experimental rig, while
red wires are supply cables to the machine. Black wires are the signals pro-
cessed in the DSP. It can be noted that the shaft movement is measured in
two directions, z-axis and y-axis. Indeed, the two degrees of the freedom of
the shaft is allowed at the drive-end, but it is limited by a backup bearing
with a clearance of 150um. At the non-drive-end of the BM, a self-alignment
bearing avoids the axial and z-y displacement of the shaft. Moreover, the sys-
tem consists of an inner current loop and outer loops, including position and
speed loops. The outer loop controllers receive as input the speed and posi-
tion measurements as well as references, and gives as output the wrench vector
reference that can be applied to calculate current reference by the wrench co-
efficient matrix displayed in Figure 3.20 b). The reference current calculation

block selects the appropriate wrench coefficient matrix according to the fault
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Figure 3.20: Control diagram of the MS-PMSM. a) BM control system diagram.
b) Schematic of the reference current calculation block.

signal from the fault detector. Six independent conventional PI current con-
trollers are designed and implemented in the current loop, regulating the d-q

currents of each sector. When the position controllers and the speed controller
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are designed, the assumption is that the current loop guarantees that the feed-
back to follow the reference with a minimal delay. Consequently, the natural
frequency of current controllers should be much faster than that of the speed
and position controllers. Finally, voltage references, which are also the outputs
of the current controllers, are realized by Sinusoidal Pulse Width Modulation
(SPWM) technique with conventional 2-level three-phase power inverters. The
currents are measured through the power inverters.

The design of position, speed, current controllers and fault detectors are de-

tailed in the appendix.

3.6.1.1 Open-circuit fault detector

The fault detection technique is an important aspect in fault-tolerant oper-
ations and several methods of fault diagnosis for motor drives have already
been presented in the literature [87-89]. Especially when dealing with BMs,
the fault diagnosis needs to be able to detect the fault in a very short time.
Indeed, the control algorithm has to switch from healthy to faulty mode before
a rotor touchdown which would result in a potential damage of the rotor and
backup bearing element. Moreover, there is a time gap before the controller
switches to the faulty mode. The control method and the machine condition
are not consistent during the time gap. Therefore, a fault detection technique
is required to replicate the real control scenarios. This subsection presents the
fault detection strategy designed and implemented in this work.

In modern drive systems, high performance current controllers ensure that the
current feedback follows the current reference with only a few sample times
of delay. Once an open circuit fault happens, the current of the faulty phase
drops to zero but the reference may still be large. If the difference between
the current reference and feedback is large while the current feedback signal is

zero, it can be assumed that this phase is open circuited.
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Both conditions shown in (3.45) and (3.46) must be true for reporting a fault.

5] < Znoise (3.45)

> ‘Z%‘kh + Z.noise,dyn (346)

[lise] = 122

If the current feedback i, and the current reference ¥, (s € [u, v, w]) satisfy
(3.45) and (3.46) for a specific period of time which is longer than the designed
settling time, fault detector will report a fault signal. In general, current
sensors introduce some noise in the current measurement; hence, 7,, may not
be zero even when the phase is open circuited. 7,4 i designed as a noise
tolerance for current measurement. In this work, 7,4, the value reported in
Table 3.5, varies depending on the machine rotational speed to achieve the

reliable detection performance covering the full speed range. kj can be set to

Table 3.5: Values of inise

Rotational speed wy, (rpm) | Value (A)
wm < 100 0.05
100 < wy, < 200 0.3
200 < wpy < 300 0.8
300 < wy, 1.3

50% or lower. Measured current cannot follow ¥ exactly. A small error occurs
between i,, and ¢}, during the healthy operation. & is designed to avoid fault
reporting in healthy condition. However, |i,|k;, is almost zero when an open
circuit fault happens because |i,,| is really small in open circuited condition.
inoise,dyn 15 designed to avoid reporting a fault when the machine is at low
speed and no-load conditions, which have a small value of 7,,. In the proposed
system, Znoise,dyn 15 set to 0.05. ingise and ky, decide the sensitivity of the fault
detection technique.

In order to avoid the noise from the PWM that existed in the current feedback
influencing the detection, a low pass filter is required before the fault detector

aiming to improve the sensitivity while introducing time delays and phase
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shift in the sensing loop. Figure 3.21 shows a Butterworth IIR low pass filter

that implemented in the experimental system. The parameters of the filter

T (2
ki1

kgi !

Figure 3.21: The system diagram of current filter.

are listed in Table 3.6. It should be noted that the low pass filter is only
employed before the fault detectors, whereas the current controllers, which are

introduced in section A.3, still use unfiltered current feedback. Additionally,

Table 3.6: Parameters of the Butterworth IIR low pass filter

Variate Value
Sample frequency 20000Hz
Cutting frequency 1000Hz
k1 0.13672873599731955
ko -0.72654252800536101

the low pass filter leads to a small delay. Hence, the current reference is also
filtered by the same filter described above so that the reference and feedback
of the current have the same delay. It is worth highlighting that a significant
delay will make the detector fail to report the fault. The performance of the
proposed low pass filter are detailed in section 3.6.3.

The fault detector block receives as input the feedback and reference currents
to perform an on-line monitoring of the drive health condition. This block
reports the faults to the reference current calculation block by a fault code
consisting of three numbers, jkz. The first number j, the second number &
and the third number z are states of sector 1, 2, and 3, respectively. The value
of each number, 0, 1 ,2, 4, and 7, stands for healthy condition, phase u, v, w

SPOC fault condition, and TPOC fault condition, respectively. Table 3.7 lists
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some fault codes for open-circuit faults in different locations. A schematic rep-
resentation of the reference current calculation block is shown in Figure 3.20
b). A switch will select the appropriate path for the force and torque refer-
ences based on the fault code therefore having the reference currents computed

accordingly.

Table 3.7: Fault code for different fault location

Open—c1r01.11t Sector 1 Sector 2 Sector 3 Sector 1 & 2
fault location

Healthy 000 000 000 000
Phase U 100 010 001 110
Phase V 200 020 002 220
Phase W 400 040 004 440
Three-phase 700 070 007 None

3.6.2 Description of the experimental set-up

The experimental set-up is presented in this sub-section. The stator of the
proposed bearingless PMSM is displayed in Figure 3.22. It is clearly observed

that three three-phase windings are galvanically isolated. Figure 3.23 shows

Figure 3.22: The stator of the BM.
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the instrumented test rig. The BM and the load motor are connected through
an universal joint. At the non-drive-end of the BM, a self-alignment bear-

ing avoids the axial and  — y displacement of the shaft. The two degrees

Proximity
= trangdcer

4 }[

e ’,'.A

oy - -

S "7 9 ] = : . o N
Figure 3.23: E'xpem’menta‘l. rig. a) The BM and the load machine. b) The universal
joint and the proximity transducers.

of the freedom of the shaft is allowed at the drive-end but it is limited by a
backup bearing with a clearance of 150um. The rotor radial  — y positions
are measured via two 3300 XL NSv proximity transducers based on eddy cur-
rent sensing technology, as shown in Figure 3.24. The main parameters of
the proximity transducers are 10kHz bandwidth, a linear range from 0.25 to
1.75 mm and an Incremental Scale Factor of 7.87V/mm. The offset is can-

celled in the DSP. A solid cylinder of AISI 4140 is mounted on the shaft to
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Figure 3.24: Proximity transducers in x and y azxes.

maximise the measurement performance, being the sensor calibrated in the
factory for acting on this material. Each sector of the BM is supplied by a

2 kW three-phase power inverter, as shown in Figure 3.25. The inverters are

Figure 3.25: Three inverters.

SPWM modulated, and the voltage references are obtained from conventional
PI current controllers. The power inverters (PS21A79) are manufactured by
Mitsubishi Semiconductor, and their switching frequency is set to 10 kHz.

The custom-made control board (uCube) is based on the Microzed Xilinx Zyng-
7000 All Programmable SoC from Avnet [90], as shown in Figure 3.26. The
sample time of the control board is 50 ps. The communication between in-

verters and the control board is realized by means of fibre optic cables.
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Figure 3.26: Control board

3.6.3 Experimental results

A 7switching off” command is created at software level in the control board so
that each leg of three inverters can be disabled. The experimental validations

are completed in three steps, listed as follows:

e First, the proposed BM operates with a 2 Nm load rotating at 3000rpm
in the healthy condition. The step verifies that the proposed algorithm
can handle the machine realizing the levitation while being coupled to a

load.

e The second step validates the TPOC and SPOC fault-tolerant controls
at the steady state. The randomly selected phases are disabled while the
machine operates at 3000rpm with a 2 Nm load. This step is designed

to test the performance of proposed fault-tolerant control approaches.

e The third step tests the control effects during the speed transient. Two
experimental tests have been performed to validate both the TPOC and

SPOC fault operating conditions.
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3.6.3.1 Experimental test results in the healthy condition

The experimental tests are performed at steady state at nominal speed of
3000 rpm with a 2 Nm load. 0.1 second results are recorded, as shown in

Figure 3.27, Figure 3.28, Figure 3.29, and Figure 3.30.
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Figure 3.27: Rotor radial position of the experimental test for the proposed BM
in the healthy condition. The position is decomposed into two directions, x- and y-
aTis.

Figure 3.27 displays the rotor radial position which is measured in two direc-
tions, z- and y- axis. The rotor displacement is within 20 um during the test,

which is much smaller than the clearance of the backup bearing, 150 um.
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Figure 3.28: Rotor radial position of the experimental test for the proposed BM in

the healthy condition, displayed in the Cartesian coordinate system. The blue line
shows the rotor position trajectory.

In order to clearly show the control performance of the levitation system, the
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rotor radial position trajectory is displayed in Figure 3.28. It is important to
highlight that the rotor position remains limited in a small neighbourhood of

the centre of the rotor/stator geometrical centre.
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Figure 3.29: Ezxperimental results in the healthy condition, three-phase currents of

three sectors. a) Three-phase current of sector 1. b) Three-phase current of sector
2. ¢) Three-phase current of sector 3.

Figure 3.29 and Figure 3.30 show the three-phase currents and the d-q axis

currents of three sectors, respectively. It is noted that the three-phase currents
are not as smooth as for the conventional three-phase machine, since the d-

axis currents are not 0 when the suspension force is generated, displayed in
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Figure 3.30.
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Figure 3.30: FExperimental results in the healthy condition, d-q axis currents of

three sectors. a) d- and g- azis currents of sector 1. b) d- and ¢- azis currents of
sector 2. ¢) d- and ¢- axis currents of sector 3.

Furthermore, it is worth highlighting that the proposed control approach con-
siders the coupling between the d-axis current and the g-axis current as de-
scribed in the section where the control algorithm is presented. Hence, the
g-axis currents, which contribute to both the controllable suspension force and
torque generation, contain high order harmonics, as displayed in Figure 3.30.

Additionally, based on the measured three-phase currents during the experi-
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ments, with a 0.080hm resistance, the copper loss is computed, 11.16WV .

3.6.3.2 Experimental test results in the faulty conditions

Two experimental tests are implemented to address the performance in faulty
conditions. Firstly, the MS-PMSM transits from a healthy condition to the
sector 1 TPOC fault condition. In the second one, the machine transits from
a healthy condition to the phase u; and vo SPOC faults condition. The exper-
imental tests are performed at steady state nominal speed of 3000 rpm with a
2 Nm load.

Figure 3.32, Figure 3.31, and Figure 3.33 show the state of the fault signal,
the phase currents of the three sectors, and the x — y axis position of the
rotor, respectively. For the first 20 ms the drive is healthy, and then the
inverter connected to sector 1 is disabled. This can be observed from the three-
phase currents of sector 1 in Figure 3.31 a) dropping to zero. As Figure 3.32
shown, the fault detector takes 4 ms to detect the fault of sector 1 while the
fault signals of the two remaining healthy sectors remain equal to zero, so
the fault code is 700. The detection time is not long enough to cause a rotor
touch with the backup bearing, though the current filters installed in the fault
detectors introduce a phase angle delay of the current. From Figure 3.33,
it is observed that the rotor x — y position is stable during the experiment,
even after one inverter was disabled. Only a small increment of the position
ripple can be detected during the transition, before the control algorithm has
switched from healthy to faulty mode. Indeed, the maximum displacement is
21 pm during the transition and 15 pwm during the rest of the test while the
maximum displacement allowed given by the backup bearing is 150 um.

The TPOC fault causes a lack of contribution to the suspension force and
torque generation from sector 1. Meanwhile, the operating conditions (load
torque and rotational speed) are controlled to remain during the experimental
tests of the healthy and faulty operations. Therefore, sector 2 and sector 3

generate higher currents to compensate for the lost contribution of sector 1.
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Figure 3.31: Ezperimental test results for the TPOC condition: the phase current
feedback from power inverters. a) Sector 1; b) Sector 2; ¢) Sector 3.
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Figure 3.32: FExperimental test results for the TPOC condition: fault signals from
fault detector. Fault code is displayed by three separated lines.
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Figure 3.33: Experimental test results for the TPOC condition: the position feed-
back in x-axis and y-axis.

Table 3.8 lists RMS values for each phase current of sector 2 and sector 3. It
is observed that the RMS values increase by 35.5%-68.4% in the TPOC fault
considered. Meanwhile, the copper loss increases from 11.16W to 17.37W from

the healthy condition to the faulty condition.

Table 3.8: The RMS values of the phase currents in the healthy condition and the
TPOC faulty condition.

Sector Phase | Healthy (A) Faulty (A) Increased (%)
2 u 3.79 6.16 62.8
2 v 3.63 5.44 50.0
2 w 3.56 5.99 68.4
3 u 3.69 5.88 59.0
3 % 3.93 5.95 51.6
3 w 4.34 5.87 35.5

Concerning the second experimental test, Figure 3.35, Figure 3.34, and Fig-
ure 3.36 show the state of the fault signal, the phase currents of the three
sectors, and the x — y axis position of the rotor, respectively. The drive is
healthy for the first 20 ms and then the legs corresponding to phase u of sec-
tor 1 and phase v of sector 2 are disabled having the relative currents drop to
zero as can be observed in Figure 3.34 a) and b). After 3.5 ms the fault detec-
tor reports the correct fault and the control algorithm switches from healthy
to the corresponding faulty mode as shown in Figure 3.35. It can be observed
that the rotor x — y axis position keeps stable during test time even when
SPOC happens, as shown in Figure 3.36.

In the SPOC faulty condition, the current amplitudes of the remaining healthy
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Figure 3.34: Fxperimental test results for the SPOC condition: the phase current
feedback from power inverters. a) Sector 1; b) Sector 2; ¢) Sector 3.
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Figure 3.35: Ezxperimental test results for the SPOC condition: fault signals from
fault detector. Fault code is displayed by three separated lines.
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Figure 3.36: Ezperimental test results for the SPOC condition: the position feed-
back in x-axis and y-axis.

phases increase after the fault has occurred in order to compensate for the lack
of forces and torque generated by the faulty phases. Table 3.9 lists the RMS
values of the phase currents. Meanwhile, the copper loss increases from 11.16WW/

to 23.19W from the healthy condition to the faulty condition.

Table 3.9: The RMS values of the phase currents in the healthy condition and the
SPOC faulty condition.

Sector Phase | Healthy (A) Faulty (A) Increased (%)
1 v 4.03 4.57 13.2
1 3.66 4.50 23.1
2 u 3.84 5.52 43.8
2 w 3.50 5.44 55.5
3 u 3.68 7.20 95.9
3 \ 3.98 6.74 69.4
3 w 4.27 8.06 88.7

In both TPOC and SPOC fault conditions, it is observed that the harmonic
content of the phase current for a SPOC fault in two sectors is higher than
that for a TPOC fault in one sector. Figure 3.37 displays the harmonic spectra
of the phase currents of sector 3 for healthy, TPOC fault, and SPOC fault op-
erating conditions. The phase currents for the SPOC fault contain significant
37" and 5 order harmonics which are predicted from the force coefficient in
Figure 3.10, whereas it is possible to observe that the main harmonic contri-
bution of the phase currents for healthy and TPOC fault conditions is the 1%
order as expected from the results presented in Figure 3.10.

In both experimental tests, the output torque of the machine remains constant
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Figure 3.37: Sector 8 phase currents harmonic spectra of healthy, TPOC, and
SPOC conditions. a) Phase u. b) Phase v. ¢) Phase w.

to the value of 2 Nm also during faulty conditions. Hence, there are no thermal
restrictions, and the machine can operate continuously. Indeed, the tests are
performed with a 2 Nm load, while the rated machine torque is 5 Nm. If the
machine has to deliver its rated torque, it could only operate for a limited time
due to the higher current flowing in the winding under faulty conditions.

Some conclusion can be drawn from the above presented experimental results
for the BM operation under TPOC and SPOC fault conditions. The rotor
position remains stable in all the performed tests, validating the suspension
force and torque control strategy. The phase current waveforms are analysed

by Fast Fourier transform to verify the prediction presented in section 3.4.3.
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3.6.3.3 Experimental test results in the speed transient

This experimental test verifies the dynamic performance of the proposed con-
trol strategies. 4 seconds of experimental results are recorded, and the test is

performed following procedure described below:

e The rotor is levitated before 0s, as shown in Figure 3.40.

e The machine accelerates from 0 rpm to 3000 rpm, starting at 0.2s, as

displayed in Figure 3.38.

e At 2s, the sector 1 phase u open-circuit fault happens, so the correspond-

ing current drops to zero, as shown in Figure 3.41 a).

e The fault detector takes approximate 3 ms on detecting the fault, as
displayed in Figure 3.39. Then, the control strategy switches to the

faulty mode.

e The rotational speed of the machine reaches 3000 rpm at 3.8s.

w
T

N
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|

|

1
0 0.5 1 1.5 2 2.5 3 3.5 4
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Figure 3.38: Experimental results: speed transient. Sector 1 phase u open-circuit
fault happens at 2s, and the output torque is limited at 2 Nm.

Since the open-circuit happens during the speed transient, the torque output
is limited at 2 Nm during the test, which is the torque limit achievable under
fault conditions to avoid overload currents. Indeed, even in a healthy condi-
tion, the torque output cannot reach its rated value because the phase current
provides the suspension force and torque simultaneously. This negatively af-
fects the angular acceleration of the machine. The problem will be addressed

and tackled in the next chapter.
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It is observed that the fault detector takes 3 ms detecting the open-circuit fault.
The machine condition and the control strategy are mismatched during the
detection time, but this does not cause an increment in the rotor displacement,
as shown in Figure 3.40. In contrast, the increase of the rotational speed leads
to an increase in the rotor displacement, such displacement does not show an

significant increases after 1500 rpm.
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Figure 3.39: Ezperimental result during the speed transient: fault detector signals
which are displayed by three lines.
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Figure 3.40: Ezperimental results during the speed transient: rotor radial position.
Sector 1 phase u open-circuit fault happened at 2s.

The lack of sector 1 phase u leads the corresponding d-q axis currents to contain
a huge significant order harmonic content (Figure 3.42 a)). From Figure 3.41
b) and c), it can be found that high order harmonics appear in the phase
current after SPOC fault, which is predicted in Figure 3.10. Meanwhile, the
high order harmonics contained in d-q currents of healthy sectors also increase
after SPOC fault, as displayed in Figure 3.42 b) and c).

The sub-section presents the experimental validation during the speed tran-

sient checking the performance of the SPOC fault control strategy. The results
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Figure 3.41: Ezperimental results during the speed transient: three-phase currents.

Sector 1 phase u open-circuit fault happened at 2s. a) sector 1. b) sector 2. c¢) sector
3.

show that the proposed approach could implement the rotor levitation and
achieve stable control performances. Even if the SPOC fault happens dur-

ing the rotor angular acceleration, the fault does not strongly affect the rotor

levitation.
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Figure 3.42: FEzxperimental result during the speed transient: d-q axis currents.

Sector 1 phase u open-circuit fault happened at 2s. a) sector 1. b) sector 2. c)
sector 3.



Chapter 3. Conclusion 89

3.7 Conclusion

The Chapter firstly proposes the machine’s structure and the voltage equation.
Then, a suspension force and torque generation principle is presented. Based
on the healthy model, a control method for TPOC fault condition and a control
strategy for SPOC fault in one or two sectors are developed. A fault detector
is also designed in order to replicate the real control scenarios. The control
theory is verified by FEA and experimental tests. The FEA simulations show
that the proposed fault-tolerant control algorithm can generate the desired
suspension forces and torque. Furthermore, the FEA results also highlight the
importance of an accurate estimation of the force and torque coefficients to
guarantee good performances during an open-circuit fault. The experimental
test has verified the performance of the BM control system including the force
control algorithm in healthy and faulty conditions.

However, the section also exposes the disadvantage of the proposed techniques,
that the output torque is limited to lower than the rated value during the faulty
conditions. Therefore, a smart current limitation technique will be presented in
the next chapter showing the solution that exploits the maximum capabilities

of the MS PMSM.



Chapter 4

A Novel Current Limitation
Technique Exploiting the
Maximum Capability of Power
Electronic Inverters and

Bearingless Machines

4.1 Introduction

As mentioned in section 3.7, the fault tolerance technique allows the opera-
tion of the MS BM in open-circuit fault conditions, but the technique cannot
achieve the rated torque output during the faulty operating conditions to avoid
the machine reaching its thermal limitation. In order to maintain the max-
imum performance of the machine, this chapter presents an algorithm that
can exploit the maximum capability of the proposed MS BM in healthy and
faulty conditions. In other words, the algorithm attempts to exploit the sus-
pension force and torque as much as possible while the technique guarantees
the current does not exceed the physical limits of the power inverters and the

machine.

90
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In a general drive system, both machine and power electronics have an intrin-
sic current limit. If this limit is exceeded for an extended duration, permanent
damages can occur. A standard and simple method to avoid the problem is
limiting the inverter current reference. However, in sectored multiphase BMs,
the relations between phase currents, torque, and forces are complex: saturat-
ing the phase currents could result in uncontrolled torque and forces, which,
in turn, can lead to a rotor touchdown. An alternative approach is to limit
force references and torque reference separately in order to fulfil the maximum
currents limit. This technique limits the system performances as the maximum
current capability is exploited only when rated torque and forces are simulta-
neously required. Furthermore, maximum torque and forces must be further
reduced in faulty conditions, thus requiring a more advanced scheme to han-
dle current saturation. The work proposed in this chapter is built upon [91],
presenting a more detailed theoretical analysis, in particular in the presence of
TPOC and SPOC faults. The model of suspension force and torque genera-
tion in case of TPOC and SPOC faults is introduced in the direct-quadrature
domain in order to reduce torque ripple during current saturation. Both these
standard current saturation methods are tested against the proposed method
in order to show the advantages of the latter. Drive systems reliability re-
quirements depend on the application. However, especially when BMs are
operated at high speed, shaft touchdown could lead to catastrophic system
failure. Therefore, in this chapter, the novel suspension force and torque con-
trol strategy prioritizes suspension force production at the expense of torque
generation in order to guarantee rotor suspension.

The proposed approach is tested and compared against traditional current
saturation techniques both in simulation and experiments using the prototype

MS PMSM.
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4.2 Coordinate transformation

In section 3.4.2, the pseudo-inverse matrix K . (J.) is written in the three-

uvw

phase reference frame. To achieve the smooth force and torque limitations, the
matrix can be transformed to the direct-quadrature reference frame, presented

in detail in the following steps:

e Split the matrix K (¥) into three sub-matrices:

uvw

K (Ue)

uvw

Kl (o) = | 2KE  (0,) (4.1)

uvw

K (V)

uvw

where

Eh (o) kL) KT, (V)

xrua yu
Kl (We) = |, (0e) K (0e) ' (V)
Ut (Do) kL (0e) ki (V)

o) k(Do) A (De)

Kavw (o) = | 25, (0) 2k (00) ki (00) (4.2)
k(Do) Pk, (0e) ki (De)
33,00 ki) K00

Kl (We) = [, (0) ki (0e) Pk, (V)
kit (0e) Pkl (D) ki (0e)

e Each sub-matrix K (J.) can be transformed to DQZ reference frame

by applying the Park transformation matrix Tpy (%) where the Z-component

is neglected, as presented in (4.3):

ki (0e) k(D) Ky (De
SK(—i‘rq(ﬁe) _ Tpk(ﬂe)sK+ (196) _ acd( ) yd( ) Td( )
Kl (We) ki (0e) “hig(Ve)

uvw

(4.3)
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where

2
Tpy(Ve) = 3

—sin(v,)

cos(¥)  cos(We —

—sin(d —

3

3

Z) cos(de + &)

Imy —sin(de + %”)

(4.4)

e Finally, the inverted wrench-current coefficient matrix in the direct-

quadrature reference frame consists of all sub-matrix, expressed in the

follow:

1Kj1_q(199)
K, (o) = 2K, (0,)
3K3_q(7‘9€)

(4.5)

Similar to the representation introduced in (4.3), the inverse of the coefficient

matrix can be written in different reference frames by applying the Park trans-

formation or the Clarke transformation.

4.3 Force limitation

X-axis y-axis
oo o Speed
position position
controller
controlle controller
F; 12 T
Y h 4 smart current limitation Xt
F -1 o @ . B Toas T
r > = el
block ‘\\ }rb calculating block 7 block
T . Tmam
FF T
+
= . > qu (ﬂe) <€ =

v

=5

'qu

Figure 4.1: Flow chart of the smart current limitation technique.

This section presents the force limitation approach of healthy and faulty op-

erating conditions. Figure 4.1 shows the flow chart of the technique. The

position controllers output the force references F;" and Fy, and then the refer-
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ences are limited by a force limitation block. Once the limited force references

F; and F; are obtained, the limited force references are applied to calculate

the torque limits. Finally, the limited force references and the limited torque

reference are used to calculate the stator current references.

4.3.1 Force limitation of the healthy operation

From Figure 4.1, it is clearly observed that the force limitation is required to
calculate the torque limitation, therefore the limitation of the suspension force

is explored at first.

For the considered machine, i* = = K _(J.)W* can be converted to the direct-

) Yuvw uvw

quadrature reference frame, expressed as

] [0 ka0 @)

R M) k0| T

| a0 a0 @) | | w6
|0 ) K@) |

KX 3k3:d(19e) gk;_d(ﬁe) Sk;d(ﬁe)

Cin] P00 kW) k(W)

where *k (¥,) is an element of the matrix KJ_(.) € R%®. The subscripts
s € (1,2,3), » € (d,q) and # € (z,y,T) together determine the position of
*k, (V) in the matrix K3 (J.). Based on the pseudo-inverse method intro-
duced in section 3.3.2 (minimizing the copper loss), the values of *k, (V) are
determined by the machine structure and material properties. Therefore, it is
observed that the force limitation can be derived by the phase currents.

To achieve the force limitation, the torque reference is assumed to be ONm

in this step. In polar coordinate, force references can be expressed by a force
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vector and reported in (4.7):

F;(95) = |E}| cos(dy) wn

Ey(05) = |F| sin(dy)

where ‘ Er

is the force vector magnitude, and ¥ is the angle with respect to
r-axis. In a fixed rotor electrical position s, for the st sector, d — q current

references can be calculated as

iy = |F; (Sk,jd(z(}e) cos(Vy) + kg (Je) sin(z%)) @s)
it = | Fr|” (Sk;q(ﬁe) cos(d) + *k (9e) sin(ﬁf)). |
The current module of sector s can be calculated as
F (a0 costo) 450 sin0)” (ao)

o+ (h(0e) cos(9y) + K, (0e) sin(9)) ) |

In a fixed rotor electrical position 1., with the rated current magnitude %amp,
the peak value of the force magnitude of the s sector (expressed by F, (0 f))

can be computed from (4.9), resulting in

B (0)) = ;(gj:) (4.10)

where

o(05) = (k4 (Ve) cos(Vg) + ks (9e) sin(9y))* )

+ (KL (D) cos(dy) + *Ki(0) sin(0))

sf*}(ﬁf) is computed numerically for n values of ¥y € [0...27] resulting in
a vector S1:"7ﬂ(19f) € R™". The procedure can be performed for all sectors

obtaining 1ﬁ‘r(19f) S 2ﬁ‘r(ﬁf) € R™™ and 3]§‘T(19f) € R'™™. Then, the
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minimum values obtained in a fixed electrical position ¥, among the three

sectors are chosen as the force limitation of the machine and are expressed in

(4.12).
T, (9))
F.(0;) =min | |"F,(9,) (4.12)
F.(0))

min chooses the minimum value of each column in a matrix. In this chapter,
]?‘T(ﬁ r) € RM™ is obtained considering the prototype bearingless machine pa-

rameters listed in Table 3.1. Figure 4.2 shows the obtained force boundary in

300

— N
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-100 |

Force in y-axis (N)
=

S W
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S S

N B IR N
Force in x-axis (N)

Figure 4.2: Force limitation (Fw(ﬁf), Fy(ﬁf)) when the rotor electrical position is
fized at ¥ = Orad.

the Cartesian plane when rotor electrical position is 0. Varying the electrical
position from 0 to 27 and plotting all obtained boundaries leads to the result
depicted in Figure 4.3. The blue dashed line defines the maximum force vector

module achievable in any rotor position and is computed as

F,. (9. = 0,0;)
F 10t (Ue, ) = min : : (4.13)

Fr(ﬁe = 27T, 19f)
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In other words, any force vector reference fallen in the blue polygon of Fig-

ure 4.3 will not cause an overload phase current. However, the mentioned

300 ¢

:5@) Q,QQ ’\Q‘) N\ \QQ 'LQQ ,5QQ

Force in x-axis (N)

Figure 4.3: Force limitation of 360 rotor electrical positions and their inscribed
circle.

blue polygon can be approximated by an hexagon. If the hexagon is applied
to limit the suspension force reference, the force ripple is bigger than the one
when applying a cycle limitation. Therefore, a red circle ,inscribed in the blue

polygon, is chosen to be the final force limitation, and depicted in Figure 4.3.

4.3.2 Force limitation for TPOC and SPOC fault oper-

ations

The application of the smart current limitation technique described in the
previous sub-section is now analysed for TPOC and SPOC faulty operations.
In the TPOC fault condition, the faulty sector does not contribute to the
force and torque generation. Hence, the matrix K,g () is expressed as in

(4.14)-(4.16) for a TPOC fault happening in sector 1, 2, and 3, respectively.

Kogi(Pe) = [0 2Kop(de) “Kap(de) (4.14)
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Kaﬂ,f2<ﬁe): |:1Ka5(196) 0 3Ka5(196):| (415)

Kops(Ve) = {IKQB(ﬁe) "Kop(0,) o] (4.16)

Equation (4.14)-(4.16) can be substituted into (3.22). Then, the pseudo-inverse
of wrench-current matrix can be transformed to direct-quadrature reference
frame by the approach presented in section 4.2. Because the faulty sector does
not contribute to any forces and torque, the force limits are imposed only to
the healthy sectors during the TPOC operative conditions. The approach of
obtaining the force limitation of heathy sectors is the same as the one presented
in section 4.3.1. Once S]?’r(ﬁ ) of all healthy sectors are obtained, the achievable
force boundary of the machine in a fixed rotor electrical position is determined.
Equation (4.17) shows the calculation of F,(9;) under sector 1 open circuit

faulty condition.

F.(d) =min | |, (4.17)

Substituting (4.17) into (4.13), the achievable force boundaries in TPOC con-
dition is obtained and depicted (the red line) in Figure 4.4.

When a SPOC fault occurs in a sector, the current of the faulty phase goes
to zero, while currents in the two remaining healthy phases have the same
amplitude but opposite directions due to the isolated star connection neutral
point. The mathematical formulation of the SPOC fault has been presented in
section 3.4.2, and the pseudo-inverse of the wrench-current coefficient matrix

in the three-phase reference frame is reported in (4.18) considering a fault
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Figure 4.4: Polygon force limitation in different faulty conditions. Blue is the
healthy condition. Red is the sector 1 TPOC fault condition. Yellow is the phase u
of sector 1 SPOC fault condition. Purple is the phase v of sector 1 SPOC fault.

occurred in the s-phase of the st sector.

EhWe) Tk (We)  TEE (V)
E (o) kL (We)  EE (V)
1k;w (196) 1k;rw (/196) 1k;w (196)

Kl o) = | *kh(00)  “kh(e) k(Do) (4.18)

LW kL0 "k, (00)
RELWL) kL) R (00)
L) TR0 "k, (0.)

In (4.18) the subscript s means that the SPOC fault occurs in s sector
phase s. The sub-matrix of the faulty sector, presented in (4.19), is described

in detail in section 3.4.2.

Kl = [h(00) k500 *ki(0) (4.19)
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In SPOC fault conditions, the number of independent phase currents in the
faulty sector is reduced from two to one. The magnitude of this current can

be computed by ‘K.

uvw,fs

(9.) W. For the faulty sector, it is convenient to
perform the current limitation in the three-phase reference frame rather than in
the direct-quadrature rotor reference frame. However, the inverted coefficients
of healthy sectors can be converted to Park rotational coordinate by direct-
quadrature transformation as section 4.2 described to achieve smooth force
limitation. Therefore the inverted coefficients in SPOC fault conditions can be

obtained by combining *K (J.) and healthy sector sub-matrices, as shown

uvw,f
in (4.20). _ _
1]K(—i—q (196)
Ko (o) = Ko (0,) (4.20)
L nsKIq (196) i

In (4.20), the sub-matrix of healthy sectors are in the direct-quadrature rotor
reference frame, whereas the sub-matrix of the faulty sector K ¢, (9g,) is
in the three-phase reference frame. The force limitations of healthy sectors
are obtained by the technique presented in section 4.3.1, applying (4.8)-(4.11).
Under an assumption of 0Nm torque, the force limitation of the SPOC faulty

sector in a fixed electrical position is obtained by applying (4.21).

~

F.(9;) = e 4.21
(%) ki (0e) cos(V) + “kj; (V) sin(V ) (421)

where “k(7) and “kj;(J.) are the elements of the sub-matrix “KJ . ¢ (7e).
Varying ¥ from 0 to 27 and then substituting the results of (4.21) into (4.12),
the force limitation for a SPOC fault in one electrical position is obtained.
The global force limits can be obtained by applying (4.13), varying the rotor
position from 0 to 27. The force limitation polygons of sector 1 phase u and

phase v SPOC fault conditions are separately shown on Figure 4.4, where the
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force limitation boundaries for healthy condition and TPOC fault in sector 1
are also reported. The force limitation boundaries for TPOC faults in sector 2
and 3 can be obtained by rotating the boundary of TPOC fault in sector 1 by

120 degrees counter-clockwise and 240 degrees counter-clockwise, respectively.
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-200
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Figure 4.5: Polygon force limitation of TPOC condition and its inscribed ellipse
(sector 1 TPOC fault).

The maximum x — y axis force changing may cause force ripples. In order to
achieve smooth force limitation and decrease the DSP effort, inscribed ellipses
are computed and considered as the final force limitation, taking into account
the balance of the force limits between z-axis and y-axis. The blue line of
Figure 4.5 shows the polygon force boundary of sector 1 TPOC fault condition,
and the inscribed red ellipse is set to limit the force. Equation (4.22) is the

function describing the ellipses:

x(ﬂellipse) . a Cos(ﬂellipse) (4 22)

y(ﬁellipse) b Sin(ﬁellipse)

where a and b are semi-major and semi-minor axes of the ellipse, respectively,
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!/
illustrated in Figure 4.5. T (Vetipse ) y(ﬁempse)} is the function of Veyipse,

!/

Dettipse € [0...27]. i.e., when Ueypse = 0, the point {x(ﬁellipse) Y(Dettipse) | 18

on the intersection of x-axis and ellipse.
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Figure 4.6: Polygon force limitation of TPOC condition and its inscribed ellipse
(sector 2 TPOC fault).

For the TPOC fault in sector 2, the polygon force boundary is obtained by
rotating the boundary of TPOC fault in sector 1 by 120 degrees counter-
clockwise, resulting in the rotated ellipse, as shown in Figure 4.6. The param-
eters of the ellipse (a and b) are still valid, but a rotation matrix should be
introduced to rotate the ellipse, as expressed in (4.23):

x(ﬁellipse) _ COS(’&T) - Sin(ﬁr) a Cos(ﬁellipse) (4 23)

y(ﬁellipse) sin(ﬁr) COS("&T) b Sin(ﬁellipse>

where ¢, is rotational angle of the ellipses. It is 0 degrees for TPOC in sector

1 (see Figure 4.5), 120° in Figure 4.6, and 240° when the sector 3 TPOC fault.

For the considered machine, the data of force limits is obtained by maximum

achievable phase current 18.5A and listed in the Table 4.1. Although the rated
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Table 4.1: Ellipse parameters of different operating conditions

Operational conditions a(N) b (N) 9,(deg)

Healthy 250 250 0
sector 1 TPOC 133 159 0
sector 2 TPOC 133 159 120
u; SPOC 151 189 0
uy SPOC 151 189 120
vi SPOC 136 158 -5
wy; SPOC 136 158 5

phase current of the proposed machine is 13A, the machine can be overloaded
for a short time (approximately 10 minutes; otherwise, thermal overload is
achieved). Hence, the maximum achievable current can be chosen depending

on the capability of the machine.

4.4 'Torque limitation

4.4.1 Torque limitation in healthy operations

In the smart current limitation technique, the limited force references are used
to calculate the torque limit with respect to the rotor angular position. The
limited force references and electrical position 1, are considered constant in a
controller sampling interval. Hence, the force components of the current are
also constant. Such components are here referred to as *aq and “oy, respec-
tively, and expressed in (4.24):

“oq = ki (0e) i + kg (0.) F;

Y

B B (4.24)
Sag = ki (00) EF + k- (9) F

Y
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where F » and ﬁ;‘ are the limited force references detailed in Figure 4.1. Con-

sidering the torque T, the current 7,,,, can be rewritten as

. _ s: 2 s: 2
Lamp =1\/"1q" + 1q

=/ Caa + H5a(0)T) + (v + K7, (9)T)

2

T2 (sk;dO?e)Q + sk;q<79e)2) . (425)
= | + T(2%q kg (Ye) + 20 sk}q(ﬁe))

\ + (Pad + saz)

As described in section 4.3.2, the peak value of phase current %amp can be set to
18.5A for the machine under investigation. During a sampling interval, %amp,
Saq, *aq, *krq(Ve), and *k7,(de) are known and constant. The roots of (4.25),

— A

+5 ) . .
T, and Ty, represent the peak negative and positive achievable torques of the
s" sector, respectively. The torque limits of the machine, T4, and 7T ne.
expressed in (4.26), are the maximum value of the three T, and the minimum

+ 5 .
value of the three Ty, respectively.

/
_Tmaac = Inax (|:_T1 _TZ _T3:| )
, (4.26)
+Tmam = min (|:+T1 TQ +T3:| )
Therefore, the proposed algorithm is expected to compute (4.25) and (4.26) in

every sampling interval. The results of (4.26) are applied to limit the output

of the speed controller.

4.4.2 Torque limitation for TPOC and SPOC opera-
tions
The torque limitation technique applied to TPOC operative condition is sim-

ilar to the approach implemented for the healthy condition. In TPOC faulty

condition, the faulty sector does not produce torque and force. Therefore,
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only healthy sectors are accounted for torque limitation. Equations (4.27)-

(4.29) represent torque limits when a TPOC fault occurs in sector 1, 2 and 3,

respectively.
- 97
"Tiner = max ( _Tg _Tg )
: ] (4.27)
Taz = mln( 1, T )
- 17
"Tiner = max ( _Tl _Tg )
- oy (4.28)
+Tmax = min ( JrTl +T3 )
- 97
"Tnar = max ( T T )
: ] (4.29)
+jjmowz = min ( +T1 +T2 )

In the SPOC fault condition, the pseudo-inverse matrix of the faulty sector
contains only one row. ay, the force component of the current of faulty sector

is expressed as in (4.30).

‘o = ki (0e) Fy + ki (V) (4.30)

Y

In a sampling interval, oy remains constant. Therefore, the torque limits
+ - :
Ts(Ve,ap) and  T(Je, orf) of the faulty sector can be calculated as in (4.31)

and (4.32), respectively.

( 2
. T if kie(Ue) >0
T (e, ap) = P & (4.31)
\ % if kpe(de) <0
( 4
—lamp—Qy et
Ty (e, ap) = { ) k) = 0 (4.32)
S 9 <0

The graphical representation of (4.31) and (4.32) is reported in Figure 4.7

showing the relationship between the torque and %amp.



Chapter 4. Numerical simulation results 106

a) b)
7 3
A A
+%amp +gamp
_________ - I I Y R
of & E A ) (07
— . : +T,
Ze L > T — ~>T
: +Ts Ts ,
S R Lo
—1 amp —1 amp

Figure 4.7: Graphical representation of (4.31) and (4.32). a) ki¢(9e) > 0. b)
ke (9e) < 0.

The torque limits of the healthy sector are obtained by the approach presented
in section 4.4.1. Finally, the global torque limit of the machine can be obtained
by (4.26). The results of (4.26) is applied to limit the speed controller out-
put. Using the limited torque reference TV*, phase current reference can be

calculated.

4.5 Numerical simulation results

In this section, three different simulations are performed in the MATLAB
Simulink environment. All simulations are implemented for a SPOC fault in
phase u of sector 1. The first one shows a conservative current limitation tech-
nique that limits to constant values the x — y axes suspension force and torque
reference signals, respectively, as shown by the red blocks in Figure 4.8 a). The
reference force magnitudes are limited to 120N, and the output torque of the
speed controller is limited to 2.5Nm. These are the maximum force and torque
that the machine can produce simultaneously without exceeding current limit
during a SPOC fault in phase u;. The second simulation shows the standard
current limitation method that limits the current reference directly, as shown
in Figure 4.8 b). In this case, the outputs of the position controllers and
the speed controller are limited to 270N and 7.2Nm, respectively. The current

references will exceed 18.5A if 270N force or 7.2Nm torque are required. There-
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fore, it is necessary to implement a saturation block before the current loop so
that the current references are limited to 18.5A. Compared to the conservative
limitation method, the standard limitation method mainly limits the current
references instead of limiting the outputs of the position controllers and the
speed controller. The saturation blocks linked to the position controllers and
the speed controller, only stop the controllers generating references which sig-

nificantly exceed the capability of the machine. The third simulation presents
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controller
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Figure 4.8: Simulation diagram of the bearingless machine control system. a)
Schematic diagram of the conservative current limitation. b) Schematic diagram
of the standard current limitation method. c¢) Schematic diagram of the proposed
smart current limitation. The detail of the smart current limitation block is shown
mn Figure 4.1.
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the implementation of the smart current limitation technique presented in this
chapter. Its schematic diagram is reported in Figure 4.8 ¢) where the content
of the red block is shown in Figure 4.1. The outputs of position controllers are
limited by an ellipse as described in section 4.3. The limited force references are
used in the torque limitation technique described in section 4.4 to obtain the
torque limits. Finally, i4q = K(J{q(ﬁe)[ﬁ;, ﬁ;, T*)' is used to calculate current
references from limited forces and torque references.

In Figure 4.8 a), b), and c), the position controllers, the speed controllers,
the current loops, and the mechanical plants are identical, as presented in
section 3.6.1. The current loop block contains current controllers, the power
electronic devices, and the machine current plant. The power modules switch-
ing frequency is 10kHz. The lookup table obtained from FE software reflects
the forces and the torque generated by the machine phase currents. The ro-
tor x-y coordinate position and rotational speed are the state variable of the
mechanical plant.

These three simulations are implemented in the same operating conditions.
The rotor is suspended in the stator center and accelerated to 300rpm rota-
tional speed before 1s. At 1.1s, the speed reference changes from 300rpm to
1000rpm. The comparison between the conservative method and the smart
current limitation technique is shown in Figure 4.9. The comparison between
the standard method and the smart current limitation technique is shown in
Figure 4.10.

From Figure 4.9 a), it is observed that the speed transient time of the conser-
vative method is longer than the smart limitation technique because the latter
calculates online the torque limit which ensures that the machine capability is
fully exploited as it can be appreciated by observing the torque in Figure 4.9
b). However, the torque reference of the conservative method is limited to
2.5Nm to avoid the overload. The rotor x — y axes positions of the two sim-

ulations remain stable in the centre of the stator during the speed transient.
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Figure 4.9: Simulation results: the comparison between the conservative method
and the smart current limitation technique. a) Speed transient. b) Torque outputs
from the lookup tables.

Figure 4.10 shows the comparison between the standard method and the smart
current limitation technique. Both methods are equipped with identical speed
controllers. Therefore, the performance limits caused by speed controllers are
negligible. From Figure 4.10 a), it can be noted that the rotor z — y axes
position of the standard method is significantly affected by the speed transient
because, in this interval, the force feedbacks do not perfectly follow the force
references as shown in Figure 4.10 b). Indeed, the standard method limits
the current references without considering the force direction. Therefore, the
force generated deteriorates when a high torque or force value is required. Fur-
thermore, the standard method may cause rotor touchdown with the backup
bearing if a big force disturbance is added to the shaft. Therefore, the stan-
dard method is not suitable for the bearingless machine. The speed transients

of two simulations displayed in Figure 4.10 ¢) are almost the same because the
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Figure 4.10: Simulation results: the comparison between the standard method and
the smart current limitation. a) The blue line and the red line are the rotor x —y
azes positions of smart limitation technique. The yellow line and the purple line are
the rotor x — y azxes positions of the standard method. b) Suspension forces of the
standard limitation method. The blue line and the red line are the reference and the
feedback of the x-axis force, respectively. The green line and the pink line are the
reference and the feedback of the y-azis force, respectively. c) Speed transients of two
approaches. d) Torque outputs from the lookup table.
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achievable torques of the two approaches are similar as shown in Figure 4.10

d).

4.6 Experimental validations

The current limitation techniques validated in section 4.5 have been experi-
mentally verified on the prototype bearingless MS-PMSM, presented in this
section. The experimental rig used for the validation has been introduced in
section 3.6.2. The experimental validation compares the performance of the
conservative and standard approaches with the new smart current limitation
technique under a SPOC fault in phase u;. The power inverter rated current
is 20A. Therefore, the maximum output current of the controller is limited to
18.5A. With this current constraint, the suspension force and the torque of the

conservative saturation approach are limited to 120N and 2.5Nm, respectively.

The three approaches are verified in the same conditions. The BM operates
at 300rpm with the rotor in [Oum, Oum| and with a SPOC fault in phase u;
before 0.1s. Then, the speed reference changes from 300rpm to 1000rpm. Fig-

ure 4.11 displays the speed curves of the three approaches. It can be observed

1
€
E— 0.8
; o6Fr + £ |- Reference
$ Smart limitation
‘% Conservative method
0.3 Standard method
0.1 0.3 0.5 0.7 0.9 1
Time (s)

Figure 4.11: Speed transients of experimental tests. The three tests are performed
with the same speed reference.

that the smart limitation technique and the standard method accelerate faster
than the conservative method because the output torque of the conservative

method is limited to 2.5Nm. In other words, the conservative method cannot
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exploit the full capabilities of the machine. Table 4.2 lists the average output
torque during the speed transient and the percentage value related to the rated

torque of the machine (5Nm).

Table 4.2: The average output torque during the speed transient and the torque
exploitation

conservative smart standard
method limitation method
Average generated
torque (Nm) 25 g g
Machine torque
exploitation (%) 50 100 100

The conservative method only employs 50% of the potential of the BM, whereas
the smart limitation technique reaches 100%. This also can be verified by ob-
serving the phase currents. Figure 4.12, 4.13, and 4.14, displays the phase
currents of the conservative method, the smart current limitation technique,
and the standard approach, respectively. During the speed transient, the aver-
age peak value of the conservative method is 10A as displayed in Figure 4.12.
Instead, the average peak values of the phase currents generated by the smart
current limitation technique and standard method are around 19A, almost two
times the one achieved by the conservative approach. The results clearly reflect

the disadvantages of the conservative method.
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Figure 4.12: Measured phase currents of experimental tests of conservative current
limitation technique. a) Sector 1. b) Sector 2. ¢) Sector 3.
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Figure 4.13: Measured phase currents of experimental tests with smart current
limitation technique. a) Sector 1. b) Sector 2. ¢) Sector 3.
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The comparison between the rotor positions of the standard method and the
smart approach during the speed transient is displayed in Figure 4.15. The
rotor radial positions, measured from the system equipped with the smart
limitation technique, keep stable within a 15um ripple during the experiment,

as shown in Figure 4.15 a). However, it can be noticed that a large ripple
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Figure 4.15: Measured rotor x — y azes positions of experimental tests. a) Smart
limitation technique. b) Standard method.

exists in the curves of the standard method (Figure 4.15 b)) because it directly
limits the output current references, which results in a significant error of force
direction.

In order to verify the improvement in the position loop, an additional test
is implemented to compare the performance between the standard method,
the conservative method, and the smart approach. To test each technique,
the speed reference is set to change from 300rpm to 1000rpm at 0.1s and, at

the same time, the rotor is pulled to the stator center [Oum, Opm] starting
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Figure 4.16: Rotor x — y axes position of the three approaches.

from its initial position in [—100um, 100um|. This case studies results in
the worst operating conditions for the BM as both torque and suspension
force requirements are very large due to the speed and position transients,
respectively.

Figure 4.16 shows the experimental results of the three tests. It is observed
that the standard method generates a significant position ripple, whereas both
smart technique and conservative method are able to pull the rotor to the
stator centre with a similar transient.

This section shows how the proposed smart saturation technique outperforms
the conservative method in term of speed transient avoiding, at the same time,

forces distortion present in the standard method.

4.7 Conclusion

A smart current limitation technique that prioritises suspension force genera-
tion is presented and validated with numerical simulations and experimental

tests. The algorithm is applied to a bearingless MS-PMSM featuring a com-
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bined winding structure. The technique is validated in faulty operation. The
results show that the technique allows to maintain the rotor levitation and
therefore avoids a potentially destructive touchdown during transient. Addi-
tionally, it shows how the proposed approach outperforms conservative current
saturation techniques, always guaranteeing to exploit the maximum available

torque during transients, limiting torque distortion and position ripple.



Chapter 5

Current-Sharing Control for the
Bearingless Multi-Sector
Permanent Magnet

Synchronous Machine

5.1 Introduction

The control algorithm of open-circuit faults has been introduced in chapter 3.
The proposed technique allows the sectored MS PMSM to operate in TPOC
or SPOC fault conditions, but the output power is limited. Then, chapter
4 explores an approach to exploit the maximum capability of the proposed
machine, in healthy and faulty operations. When an open-circuit occurs in
a power inverter or power source, technical teams may not have an identical
backup power source, resulting in the machine being supplied by power sources
with different power rating. To operate the machine with the such condition,
another interesting feature of the proposed MS machines is the possibility
of independently managing the power flows among the different m-phase sub-
windings, hence achieving the so-called current-sharing operation [31, 32]. The

proposed BM has already been investigated in [53] with current-sharing capa-

119
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bility among sectors. However, the presented control strategy was based on the
vector space decomposition approach. Such approach treats the whole winding
layout as a unique system, thus losing the modular approach and making the
fault-tolerant control more complex and challenging.

This chapter presents a modular current-sharing control strategy of a MS bear-
ingless PMSM. The proposed control is fully based on the modularity of the
multi-three-phase drive, extending the conventional bearingless control to the
management of current-sharing among the sub-windings and to the fault tol-
erant control acting in case of sector open-phase fault. A detailed modelling
of the machine electro-mechanical behaviour is described in section 3.3.1 aided
by a FEA of the considered machine. Then, the wrench-current matrix is con-
verted to the DQ reference frame in section 5.2 to conveniently implement the
current-sharing controller in section 5.3 that outlines the implemented control
strategies to achieve current-sharing among stator sectors during bearingless
operation in both healthy and faulty conditions. A brief overview of the control
system diagram is presented in section 5.4 along with a detailed FEA aimed
at assessing the effects of neglecting the mutual interaction among stator sec-
tors. Finally, section 5.5 reports an extensive test campaign on a prototyped
machine validating the bearingless current-sharing operation in healthy and

faulty scenarios, both at steady state and transient conditions.

5.2 Wrench-current coefficient in current-sharing

operations.

In (3.20), the wrench-current coefficient matrix, K,z(?.), is obtained by FEA
simulation. To achieve the current-sharing control, the matrix can be converted

to DQ reference frame by the rotation matrix Tggas(Je), presented in the
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following equation:

quwe> = [1qu(?9e) 2qu(19e) 3qu(ﬁe)

= [IKaﬁwe)quQa,Bwe) Kap(Ve) Taap(Ve) “Kap(Pe) Tagzas(Ve)

(5.1)
where
cos (Ue) —sin (Y,
Taq20s(Je) = (9 (e)
sin (¥e)  cos (J)
“kza (V) *Kaq(Pe) (5-2)

Kaq(Ve) = kya(Ve) “kyq(Ve)

*kra *krq

Particularly, since the d-axis currents do not contribute to any torque, *kpq is

0, and °krq, in fact, is the torque constant kp reported in Table 3.1.

5.3 Current-sharing operation

5.3.1 Healthy condition current-sharing

The current-sharing operation can be defined by introducing the vector of the
sharing coefficients Z,, = [*241, %2sn, .., " 2s)’ determining the reference q-axis
1% 2 5%

Tx o Ng %1/ .
currents i} = ['i7,7 77, ..., "4¢]" as follows:

n=C2
@ kot (5.3)

s.t. Zgil SZsh =1
where T™ is the reference torque. The imposition of the q— axis currents via
the sharing coefficients fully determine the torque produced by the machine.
However, these current components also create a suspension force contribution

(F,,) which can be evaluated via (5.1). More precisely, only the even columns of
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the Kyq(¥e) matrix and the first two rows are needed to evaluate this force con-
tribution. By building up this new sub-matrix K (¢ ), the force contributions

F, are expressed as follows:

Fq - = Kq(?e)iq (5.4)

The remaining degrees of freedom of the system, i.e. the d-axis currents, can
be exploited for the production of the reference suspension force (F,."). Indeed,
the d— axis current vector iq produces suspension force components which can

be evaluated from (5.1):

Fy = — Ka(do)ia (5.5)

where K4 (Ve) is the sub-matrix of Ky, (¥.) built with its odd columns and the
first two rows. In order to produce the desired force reference F," equal to the
sum of the d— and q— axis currents contributions (Fy and F,), the reference

d-axis currents have to produce the force F," — Fq, therefore:
5:1 = K§<796)[Fr* - Fq] (5-6>

where K7 (9,) is the Moore-Penrose inverse of the 3 x ny Kq(U.) matrix. It
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Figure 5.1: Flow chart of the current-sharing technique.
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is worth underlining that the d-axis currents do not have any effect on the
torque, being the reluctance torque null. Figure 5.1 summarises the proposed
current-sharing control strategy for the triple three-phase permanent magnet

machine considered in this study.

5.3.2 Sector open fault condition

Due to the modularity of the torque and force generation of this particular
machine topology, it is possible to keep on fully controlling force and torque in
current-sharing operations also when an entire sub-winding is opened. In fact,
the control problem outlined in the previous sub-section can be easily solved by
assuming a reduced number of three-phase subsystems. Indeed, while building
the matrix of wrench coefficients Kgq(?e), the sub-matrix *Kgq () of the faulty
module must not be considered, as mentioned in section 3.4.1.

In case of open fault of the first sector (but the same procedure can be ex-
tended to the other ones), the considered machine would feature two sharing

coefficients 2z, and 3z, with 2z, +2 25, = 1 which determine the split of the

*

») while the d-axis reference

torque among the sector 2 and 3 (i.e., %} and %

currents needed to produce the reference force would be:

-1

I T 2ipa Phoa| | FF
=Y = ’d (5.7)
34 %ya k| | Fra
with:
Fr Fr| o [Phaq Bkaql| |
U4 = — (5.8)
Fry Frl Phya k| |20

where all the wrench coefficients are still function of the rotor electrical position
Ye. It is worth noticing that for this particular case (i.e. 3 sectors) the pseudo-
inverse of the matrix is not required because the system of equations is no more
underdetermined. This control approach can be used to manage open faults of

more than one sector, being aware that to continue the bearingless operation
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under current-sharing control the minimum number of healthy sector must be

two.

5.4 Control system diagram and FEA valida-
tion

At first, this section gives an overview of the current-sharing control system
architecture of the bearingless MS PMSM. Afterwards, a detailed FE based
analysis is presented in order to verify if the proposed current-sharing technique

is able to generate the desired radial force and torque.

5.4.1 Control system

A schematic of the bearingless control system with the current-sharing among

the sectors is illustrated in Figure 5.2. The machine three-phase sub-windings

X-axis 17x 1 1
Fy tdq| Current | "wvw| Power

. v
P; position —> =5 "
—>lcontroller controllers electronic z Py
19+ l7:llVW
-axis 2% : 2 2 & .
o p}(l)sition E/; Current ‘dda| Current U?ivvg Power ~YuwwBearingless
Y sharing  controllers electronic machine
controller A A 2 >
19 ZIIV\V 3
% 3 7* © 3% Vuvw
“m| Speed T 'dq Current | Vuvy| Power | m
controller controllers electronic

A 37

I i ;J@e

Figure 5.2: Schematic diagram of the bearingless machine control system.

are supplied by three independent three-phase inverters. The position con-
trollers, i.e. two independent PID regulators and the speed loop PI controller,
which are introduced in Appendix A, determine the reference wrench compo-
nents from the measured radial shaft positions and angular speed errors. The
reference currents are then calculated via the current-sharing logic detailed in
Appendix A. The latter are then tracked via six conventional PI regulators,

which together with the current loop are introduced in section 3.6.1.
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5.4.2 Finite Element Analysis validation of the proposed
current-sharing technique

The bearingless control of a MS PMSM requires the implementation of the
control strategy summarised in (5.6) when including the current-sharing option
on a real time control platform. In particular, the wrench coefficients matrices
K, (Ue), Kq(de), and K (¥,) can be calculated off-line once the full matrix
Kq(Ye) has been characterised by FEA or experimental tests. Such matrices,
function of the electrical position, can be then stored via Look Up Tables on the
real time hardware in order to perform the bearingless current-sharing control.
In fact, Kgq(Ve) is converted from K,z3(0.) which is obtained from FEA; hence

this section will focus on the validation of current-sharing operation.
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Figure 5.3: Reference d — q currents, expected and FE wrench components when
generating the rated wrench (Fy = ON, Fy = 20N, T* = 5Nm). a) d-q axis current
references computed from K (9e)W* considering only two harmonics in K (Je).
b) The analytical result [Fy, Fy, T;] and the FEA result [F,_rg, Fy_rE, To—rE].

Figure 5.3 a) and b) report the reference currents as well as the expected and

FE wrench components when considering a non uniform current-sharing sce-
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nario (Zs, = [0.4 0.35 0.25)"). The wrench reference is W* = [ON, 20N, 5Nm],
and the test is implemented in an electrical period. The non uniform current-
sharing coefficient results in the non uniform g-axis currents, shown in Fig-
ure 5.3 a). The d axis current references are obtained from K7 (J,)W* consid-
ering only two harmonics in K7 (9,), which decreases the computational load
and is also implemented in the control board in the experimental section. The
d-q axis current references, shown in Figure 5.3 a), are injected to FEA soft-
ware to obtain [F,_pg, Fy_rg, Ty—rg|, shown in Figure 5.3 b). Meanwhile,
[Fy, Fy, T;] is computed via Kaq(7e)i5,. The expected [F, F, T;] does not
perfectly match the wrench reference because only two harmonics in K7 (¢J,)
are considered. Furthermore, an error exists between the expected and FE
wrench components. It is worth underlining that the wrench mismatch be-
tween expected and FE /real values, due to the assumption of negligible inter-
action among stator sectors, is compensated by the actions of the position and

speed closed-loop controllers.

5.5 Experimental validation

The proposed current-sharing technique is validated on a 1.5kW-3000rpm pro-
totype bearingless MS PMSM whose parameters are listed in Table 3.1. The
system diagram is displayed in Figure 5.2, and each controller of the system is
introduced in section 3.6.1 and Appendix A. The experimental hardware is al-
ready described in detail in section 3.6.2. In the next subsections, an extensive
test campaign is reported to fully validate the proposed control strategy. In
particular, three tests are implemented to verify the performance of the pro-
posed bearingless current-sharing control technique in different healthy and

faulty operating scenarios.
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5.5.1 Current-sharing in healthy machine condition

In the first test, the speed controller is disabled and the angular shaft speed
is controlled at 3000rpm by the load motor while the shaft radial position is
regulated by the bearingless machine. The current-sharing coefficient is kept
constant during the experiment to Zg, = [0.5 0.7 — 0.2]". The experimental

results are shown in Figure 5.4.
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Figure 5.4: Experimental results without the speed controller. a) g-azxis currents of
three sectors. b) d-axis currents of three sectors. c¢) Shaft z-y axes position.

At 0.05s, the torque reference changes from 0 to 2Nm, resulting in g-axis
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currents of three sectors increasing from 0 to 7.8A, 10.92A and -3.12A, re-
spectively, as shown in Figure 5.4 a). As explained in section 5.3, the g-axis
current of each sector is determined by the current-sharing coefficient and the
torque reference. In the meantime, the d-axis currents increase to compensate
for the radial force contribution generated by the g-axis currents, as shown
in Figure 5.4 b). The shaft x-y axes position are displayed in Figure 5.4 c)

showing a stable operation during the torque transient.

5.5.2 Current-sharing in the faulty machine condition

The second test, whose results are shown in Figure 5.5, verifies the performance
of the current-sharing technique when an entire stator sector is in open fault.
The speed is still set at 3000rpm by the load motor while the shaft x-y position
is controlled by the BM. This test is constituted by four steps as clearly shown

in Figure 5.5 a).

e Before 0.2s, the current-sharing is set to be uniform, with 5.2A g-axis

currents in all the three sectors.

e Then, the g-axis currents of three sectors separately change to -6.24A,
9.36A, and 12.48A at 0.2s due to a request of current-sharing coefficients
Zg, = [—0.4 0.6 0.8]".

e At 0.4s, the TPOC fault occurs in sector 1, dropping to zero the d-q axes
currents of the first sector, as shown in Figure 5.5 a) and b), while the
current-sharing coefficients update to Zg, = [0 0.2 0.8] resulting in the

decrease of the i, current of the 2"¢ sector.

e After 0.6s, the faulty sector recovers and goes back to its normal op-
eration. Consequently, the d — q axes currents increase to the same

magnitude that they had between 0.2s and 0.4s.

Three small position oscillations can be appreciated from Figure 5.5 ¢) at 0.2s,

0.4s and 0.6s, respectively. These oscillations are caused by the sudden change
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Figure 5.5: Ezxperimental results of the test without the speed controller under the
three-phase open-circuit fault condition. a) q-azis currents of three sectors. b) d-axis
currents of three sectors. c) Shaft z-y axes position.

in the current-sharing coefficients and the open fault occurrence. However, the
results clearly show that these fast current transients do not practically affect

the performance of the bearingless operation.
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5.5.3 Current-sharing in the speed and position tran-

sient

During the third test, both speed and radial positions are controlled by the
bearingless drive in order to asses the system behaviour in both position and
speed transient under simultaneous current-sharing and TPOC fault condi-
tions. In particular, this test can be divided in five periods described in the
following with reference to Figure 5.6 a-d) showing positions, speed, and d — g

axis currents, respectively.
e Before 0.1s, the drive is off.

e Then, at 0.1s, the drive is activated with the current-sharing coefficients
equal to Zg, = [—0.4 0.6 0.8]". The shaft moves from its rest position to
the airgap centre, as shown in Figure 5.6 a). The suspension force for
levitating the rotor is totally generated by the d-axis currents being null
the speed set point. Thus, three peaks occur in the d-axis currents at

0.1s, as shown in Figure 5.6 c).

e After the position transient, the machine accelerates from Orpm to 3000rpm
between 0.2s and 3.8s. During the speed transient the machine’s output
torque is 2Nm. Correspondingly, the g-axis currents of the three sectors

are -6.24A, 9.36A and 12.48A, respectively, and are defined by the torque

reference and sharing coefficients.

e During the speed transient at 1.2s, an open fault occurs in the first sector,
and the current-sharing coefficients are changed to Zy, = [0 0.6 0.4)

being null the contribution of the first sector.

e At 2.2s, the first module recovers from its faulty condition, and the
current-sharing coefficients returns back to the previous healthy value,

and consequentially also the currents.
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e At 3.8s, the speed transient ends, and the g-axis currents decrease fol-

lowing the torque reduction.

The results highlight the robustness of the proposed control strategy for the
current-sharing operation of the bearingless drive also when a fault happens

in a sector during the speed transient.

5.6 Conclusion

This chapter introduces a modular current-sharing control technique for bear-
ingless MS PMSM and demonstrates its performance under healthy and one
sector open phase faulty conditions. Firstly, the theoretical fundamentals of
the proposed control strategy, allowing both bearingless and current-sharing
operations in healthy and faulty conditions, have been outlined. Further FEAs
replicating the real control scenario have also been carried out with the aim of
assessing the current-sharing operation. The analysis also demonstrates the va-
lidity of the control hypothesis of negligible coupling among stator sectors. The
proposed control strategy has been experimentally validated for a wide range
of operating scenarios including the bearingless and current-sharing operation,
in both healthy and faulty conditions as well as during speed transient. These
outcomes represent a step forward with respect to the methods presented in
section 5.1 and introduce novel elements to be applied in fault-tolerant drives

for bearingless machines.



Chapter 6

Conclusion

6.1 Main contributions

This thesis firstly introduces the structure and the voltage equation of the
modular bearingless machines. Then, it presents three contributions of the
projects: fault-tolerant control, smart current limitation, and current-sharing,
which are listed in the following.

Part I: firstly, a comprehensive description of the suspension force and torque
generation principle is given, aided by a detailed FEA of the considered ma-
chine. This analysis aims to assess one of the hypotheses of the control tech-
nique, i.e. the linearity of the force-current relationship. Then, a control
method for TPOC fault condition and a control strategy for SPOC fault in
one or two sectors are proposed. The fault-tolerant control theory is verified
by FEA simulation. The results show that the proposed fault-tolerant control
algorithm can generate the desired suspension forces and torque. Furthermore,
the FEA results highlight the importance of an accurate estimation of the force
and torque coefficients to guarantee good performances during an open-circuit
fault. The analysis also demonstrates the validity of the control hypothesis
of negligible coupling among stator sectors in the generation of the overall
wrench. Additionally, a fault detector is also designed in order to promptly

recognise an open-circuit fault.
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Part II: a smart current limitation technique that prioritises suspension force
generation is presented, considering the health, TPOC, and SPOC faults con-
ditions. The method allows the machine to deliver the maximum torque while
the required suspension force is guaranteed to avoid the rotor touchdown.
Part III: the theoretical fundamentals of current-sharing operations in healthy
and faulty conditions are outlined. The technique realises levitation opera-
tions and active power flowing among sectors, simultaneously. Further FEAs
replicating the real control scenario is also carried out.

The work presented in the first and third chapter neglects the interactions be-
tween sectors, so the FEA is necessary to evaluate the performance when the
algorithms are applied in the entire machine. The simulation results demon-
strate that the neglected coupling among sectors does not strongly influence
the generation of suspension force, and the suspension force error can be com-
pensated by position controllers. The second part only contains the numeric
algorithm. Therefore, the technique is only validated by numerical simula-
tions. The results show that the technique can maintain the rotor levitation
and therefore avoids a potentially destructive touchdown during the transient.
Additionally, it has been shown how the proposed approach outperforms con-
servative current saturation techniques guaranteeing to always exploit the max-
imum available torque during transients as well as limiting torque distortion
and position ripple. Due to the machine’s modular design, these techniques
can be applied to any modular machine if the coupling between stator sectors
in the generation of the overall wrench is negligible.

The proposed control strategies are experimentally validated for a wide range
of operating scenarios, including both healthy and faulty conditions, steady
states and transients. These outcomes represent a step forward with respect
to the methods presented in literature and introduce novel elements to be

applied in bearingless machines.
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6.2 Further improvements

The future works are listed in the following:

e The project proposes improved control strategies for the MS PMSM and
verifies the algorithms in a partially levitating machine. Therefore, the

first further work is to extend the machine to full levitation.

e The fault-tolerant technique only aims to implement the machine op-
erating in open-circuit faults. The short-circuit fault control technique

should be explored in the future.

e The smart current limitation technique assumes that the inverter voltage
does not saturate. Thus, the issue of voltage saturation will be explored

in the future.

e Future work would extend the smart current limitation technique to pri-

oritise the torque production at the expense of the forces.

e The current-sharing technique does not consider the SPOC fault condi-
tion. Future work should develop the fault-tolerant control strategies for

the SPOC fault.

e The suspension force control can decrease vibrations caused by unbal-
anced magnetic pulls, the unmatch of rotor mass centre and geometrical
centre, and other natural forces. Hence, the control strategies can re-
duce the vibrations of machines installed with conventional mechanical

bearings. For this case, the machine vibration model is needed.

e For large electrical devices, the mass of the rotor is very large. Con-
trol approaches can be investigated to use produced suspension forces to

partially relieve bearings load.



Appendix A

Designs of controllers for the
position, speed, and current

loops

A.1 Position controller

Thanks to the decoupled z-, y- axes forces and torque control algorithm pre-
sented in section 3.3.1 and 3.4, the speed loop and the position loop controllers
can be separately designed, decreasing the system’s complexity. Hence, the
shaft movement plant of the BM is decoupled in x- and y- axis, and its system

diagram is shown in the blue block of Figure A.1. In the diagram, m is the

x axis PID controller X axis position plant
Llag |1 wge |1 |pg|
m S s
F,
d iyl
S + we
1
de
A

Figure A.1: Shaft movement plant of the BM and system diagram of position
controllers.
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mass of the rotor, m = 2kg. pJ, and py represent the reference obtained from
the upper computer and feedback measured from the machine, respectively.
Meanwhile, the subscript # indicates the corresponding variable stands for
r-axis or y-axis, # € [v,y]. ay, vy and Fj represent the acceleration, the
velocity, and the suspension force, respectively. Indeed, the velocity is not
measured in the system, and then it is derived by differentiating the position.
Fy is the force disturbance including unbalanced eccentric force, rotor gravity,
and other distributions. Especially, the gravity of the rotor is considered in
the y axis shaft position plant, but it does not influence the design of the con-
troller so it is included in Fj. It is noted that the air friction is neglected in the
plant, whereas the attraction between magnets and stator is considered and
is represented by —k,,. Indeed, k,, = 655 [kN/m], is the magnetic stiffness
constant. Based on the system diagram, the transfer function of the plant is

expressed in the following equation:

Go(s) = — (A1)

ms2 — k,,

To control the position of the shaft, a PID controller with a low pass filter is
designed for the position loop, as shown in the green block of Figure A.1. k,, k;,
and kg are the proportional, the integral, and the derivative gain, respectively.
In the experiment, the position feedback contains a lot of noise which results
in big numerical values of the differential solution, so the low pass filter is
required. w, is the cut off frequency of the low pass filter. Since the position
controller mainly rejects disturbances and keeps the shaft centred, the closed

loop transfer function from pj, to pyx has been analysed. It is written as:

1 s*ky+ s (ki + kywe) + kiw,
G<S) = E 4 3 2 (kpfkm‘dewc) (kifkmchrkpwc) kiwc ) (A2>
$*+ 8% - we + 8% - +s- o +

The roots of the denominator of (A.2) are close loop poles of the system

shown in Figure A.1. Locations of poles determine the stability of the system.
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Comparing the denominator of (A.2) with a reference polynomial expression,
it can be seen that poles are placed at desired locations. In detail, the four
poles are placed coincidentally at the pulsation wy while the corresponding

reference polynomial is:

(s +wo)t = s+ 5% dwy + 5% - 6wi + 5 - dws + wp (A.3)

Equating the coefficients of the denominator of (A.2) with the coefficients of

(A.3) the parameters of the system can be expressed in the following form.

The solution of the above equation is a function of wy and can be expressed in

the follow.
)
we = 4wy
b — wam
We
dwim — k; + kpwe (A.5)
k, = o
L — 6wam — kp + km
(M We

In the experimental test, wy is set to 130Hz which is empirically chosen to
ensure the robustness of the system. Indeed, due to the hardware limit, the
switching frequency of IGBT is 10kHz. Consequently, the current close loop
natural frequency is set to 1kHz. As mentioned at the start of sub-section 3.6.1
(assuming the current loop guarantees the feedback follow the reference with
a minimal delay), the position close loop natural frequency should be much

smaller than the one of the current loop.
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A.2 Speed controller

The rotor rotary plant is displayed in the blue block of Figure A.2 and its state

space is reported in (A.6)

Ll

where wy, is the rotating speed (rad/s). J and B are the moment of inertia
and the friction factor, respectively. The input of the plant is torque. A con-

ventional PI controller is installed to regulate the speed. £, and k; determine

Speed loop PI controller Speed loop plant
- — > k; A > >
A S J S
kp B
A

Figure A.2: The rotor rotary plant and its control system diagram.

locations of poles and they can be derived by the pole placement approach

which is presented in [92] and obtained by the following steps:

e For the proposed system, at first the state space is extended so that the

controller and the plant are involved, as expressed in (A.7)

—_
D
I h

e}

=

0 1
A:
0 -4
- (A.8)
0
B:
1
K
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e The damping factor and natural frequency are set at 0.707 and 150 -
27 (rad/s), respectively. Consequently, roots of the (A.9) is chosen as

the poles of the close loop system, shown in the follow:

§2+ 2w, +w2 =0 (A.9)

where ¢ is the damping factor and w, is the natural frequency. Addi-
tionally, roots pole; and pole; can be expressed by a matrix P as defined

in the follow:
pole
P= il (A.10)
poles
e Last, the gain %k, and k; can be obtained by the Matlab command
'place(A, B, P)’. The command can put the poles to the desired locations

through appropriate values of k, and k; [92].

A.3 Current controller

Similar to the design of the speed loop, current loop uses the pole placement
approach as well. The plant of current loop is reported in the blue block of
Figure A.3, and the considered conventional PI controller is displayed in the
green block. In the figure, the subscript » € [d, q]. i%, and i,, are the reference
and the feedback of the d — q axis current, respectively. v} means the d-
axis or - axis voltage reference. L, stands for the d- or g- axis inductance.

rph represents the resistance. The desired natural frequency and damping

Current loop PI controller Current loop plant
i il J,. vi 1 LR
s ‘ L, s

Tph
p.
= |l

Figure A.3: Plant of the current loop and its control system.

factor are 1000Hz and 0.707, respectively. Redoing the procedure listed in
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section A.2, the integral and proportional gains of the current controller will

be obtained.
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