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ABSTRACT

The thesis deals with modeling and control methods of the electric motor during fail-
ure. The work focuses exclusively on multi-phase motors. The first part of the thesis
deals with the mathematical equations of a general multi-phase motor and the equation
derivation for n-times three-phase connection. Models in dq coordinates and models in
stator coordinates are designed to simulate the behaviour of the motor during a failure.
The next part of the thesis deals with the multi-phase motors fault analysis using designed
mathematical models. The various internal structures of the motor windings are analyzed
from the motor control during a failure point of view. The behaviour of the different
motor structures under a fault condition is shown. Motor electrical faults, as well as
power stage faults, are analysed.

The last part of the thesis deals with the designed control algorithm and fault compen-
sation strategies tests using real motors. The segregate dual three-phase motor and the
interlaced experimental motor with internal short-circuit emulation functionality were
used for testing. Realised tests demonstrate that a properly designed motor in com-
bination with the well-designed control algorithm and power electronics can guarantee
continuous motor run during a failure.

KEYWORDS

Multi-phase PMSM, motor fault analysis, winding faults, motor faults modeling, fault
control

ABSTRAKT

Dizertacni prace se zabyva modelovanim a fizenim elektrickych pohonli béhem poru-
chovych stavii. Prace se obzvlasté zaméfuje na vice-fazové motory. Prvni cast
prace se zabyva matematickymi rovnicemi obecného vice-fazového motoru a naslednym
odvozenim n-krat troj-fazového zapojeni motoru. Modely v dq soufadnicovém systému
a modely ve statorovych soufadnicich jsou navrzeny pro simulaci chovani motoru béhem
poruchovych stavii. Dalsi ¢ast prace se zabyva analyzou poruch ve vice-fazovych mo-
torech s vyuzitim matematickych modeli. R{zné vnitfni struktury vinuti motoru jsou
analyzovany z pohledu mozného fizeni béhem poruchového stavu. Taktéz je prezen-
tovano chovani téchto riznych struktur motoru béhem poruchovych stavii. Predmétem
analyzy jsou elektrické poruchy vinuti motoru a elektrické poruchy vykonové elektroniky.
Posledni ¢ast prace se zabyva testovanim navrzeného f¥idiciho algoritmu a navrzenych
kompenzacnich strategii pro poruchy na redlnych motorech. Pro testovani byl pouzit
segregovany dvakrat troj-fazovy motor a experimentalni motor s odbockami pro emulaci
poruch vinuti. Provedené testy prokazaly, ze vhodné navrhnuty motor v kombinaci se
spravnym fidicim algoritmem a vykonovou elektronikou dokaze zarudit kontinualni béh
pohonu i béhem poruchy.
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Vice-fazové PMSM, analyza poruchovych stavii motoru, poruchy vinuti motoru, mode-
lovani poruch motoru, fizeni pfi poruchovych stavech



KOZOVSKY, M. Modeling and control of AC electric drives during fault conditions.
Brno, 2020, 111 p. Doctoral thesis. Brno University of Technology, Faculty of Electrical

Engineering and Communication , Department of Control and Instrumentation. Advised
by doc. Ing. Petr Blaha, Ph.D.



DECLARATION

| declare that | have written the Doctoral Thesis titled “Modeling and control of AC
electric drives during fault conditions” independently, under the guidance of the advisor
and using exclusively the technical references and other sources of information cited in
the thesis and listed in the comprehensive bibliography at the end of the thesis.

As the author | furthermore declare that, with respect to the creation of this Doctoral
Thesis, | have not infringed any copyright or violated anyone’s personal and /or ownership
rights. In this context, | am fully aware of the consequences of breaking Regulation §11
of the Copyright Act No.121/2000 Coll. of the Czech Republic, as amended, and of
any breach of rights related to intellectual property or introduced within amendments to
relevant Acts such as the Intellectual Property Act or the Criminal Code, Act No. 40,/2009
Coll., Section 2, Head VI, Part 4.

author's signature



ACKNOWLEDGEMENT

| would like to thank my supervisor, doc. Ing. Petr Blaha, Ph.D., for the proffe-
sional guidance, encouragement and advices he has provided throughout my time as
his Ph.D.student.

Special thanks comes also to my wife Zuzana, as without her support and motivation
| may never have completed this thesis.

The research dealt with in this thesis was partially financially supported from the Horizon
2020 program of the European Union within the project 737469 Autodrive - Advancing
fail-aware, fail-safe, and fail-operational electronic components, systems, and architec-
tures for fully automated driving to make future mobility safer, more efficient, affordable,

and end-user acceptable.

author’s signature



CONTENTS

1 Introduction

Introduction

1.1 Motivation . . . . . . .. ... ...
1.2 Multi-phase machines . . . . . . . . . ..
1.3 Faults in PMS machines . . . . . . ...
1.4 Model-based design . . . . .. ... ...
1.5 Tested motors . . . . . .. .. ... ...

2 State of the art

3 Dissertation objectives

4 Multi-phase PMSM motor model

4.1 Space transformations . . . .. .. ...

4.1.1
4.1.2

Clarke transformation . . . . ..

Park transformation . . ... ..

4.2  Simulink dg model . . . . ... .. ...

4.2.1
4.2.2

General multi-phase motor . . . .

Multiple three-phase motor model

4.2.3 Transformation of triple three-phase motor parameters to dq

coordinates . . . . . . . .. ...

4.3 Simulink abc coordinates model . . . . .

4.4 The Simscape abc coordinates model . .

5 Multi-phase motor structures

5.1 The motor with interlaced windings and low mutual inductances . . .

5.1.1

Active short-circuit simulations .

5.2  The motor with interlaced windings and high mutual inductances

5.2.1

Active short-circuit simulations .

5.3 The motor with segregated windings . .

5.3.1

Active short-circuit simulations .

6 Fault analysis

6.0.1
6.0.2

Short-circuit to motor case . . . .

The interturn short-circuit . . . .

6.0.3  Short-circuit between phases within one sub-system . . . . . .

6.0.4

Short-circuit between sub-systems

12

12
12
12
13
13
13

14

16

17
17
17
18
18
18
21

25
27
32

37
41
43
47
49
51
23



6.0.5 Disconnected winding . . . . . . . ... oL 66

7 Control method for segregated motor structure operating during

the fault 69
7.0.1 Control Algorithm for Healthy Motor . . . . . .. .. ... .. 71

7.0.2 Control algorithm for one active sub-system . . . . ... ... 73

7.0.3 Compensation of ASC sub-system . . . . . .. ... ... ... 76

8 Fail operational control algorithms tests 80
8.1 Control algorithm implementation into microcontroller . . . . . . .. 81
8.1.1 Position pre-processing . . . . . . . . ..o 82

8.1.2 Current pre-processing . . . . . . . . . . ... 82

8.1.3 Core state machine . . . . . . . .. ... ... L. 83

8.1.4 Control kernel . . . . . . . . . ... o 83

8.1.5 Fault controller . . . . . . . . . .. ... oo 84

8.2 Control algorithm test . . . . . .. .. ... .. ... 85
8.2.1 Short-circuited power stage transistor . . . . . . ... ... .. 86

8.2.2 Disconnected power stage transistor . . . . . . ... ... .. 87

8.2.3 Imterturn short-circuit . . . . . . . . . ... oL 88

8.2.4 Phase to phase short-circuit . . . . . . ... ... 89

8.2.5 Disconnected phase . . . . . . . ... oL 90

9 Conclusion 91
Bibliography 94
Personal publication activity 99
List of symbols, physical constants and abbreviations 101
List of appendices 105
A Matrices 106
B Experimental motor parameters 109

C Experimental motor and test
bench 110



LIST OF FIGURES

4.1
4.2
4.3
4.4
4.5
4.6
4.7

4.8

4.9

4.10

4.11

4.12

5.1

5.2

9.3

0.4

9.9

5.6

5.7

5.8

2.9

5.10

5.11

5.12
5.13

General multi-phase motor arrangement. . . . . . . . ... ... ...
Multiple three-phase motor arrangement. . . . . . . . . . . ... ...
Motor modeling scheme for Simulink. . . . . . . ... ... ... ...
Motor modeling scheme for Simulink. . . . . . . ... ... ... ...
Three-phase electric equivalent circuit. . . . . . . ... .. ... ...
Fully balanced triple three-phase motor modeling scheme. . . . . . . .
Triple three-phase motor modeling scheme with middle point voltage
calculation. . . . . . ...
Triple three-phase motor middle junction voltage compensation.
Electrical scheme of triple three-phase motor. . . . . . ... .. ...
Simple triple three-phase Simscape model. . . . . . . . .. ... ...
Winding equivalent for extended motor model. . . . . . . . ... ...

Electrical scheme for triple three-phase motor adapted to faults mod-

Dual three-phase motor with non-overlapping concentrated winding
and interlaced sub-systems. . . . . ... ... L.
Triple three-phase motor with non-overlapping concentrated winding
and interlaced sub-systems. . . . . ... ... L.
Three-phase motor with distributed winding arrangement. . . . . . .
Three-phase motor with distributed winding arrangement. . . . . . .
Dual three-phase motor with distributed winding and interlaced sub-
Systems. . . ... L
Dual three-phase motor with distributed winding and segregated sub-
Systems. . . ... L
The inductances of analysed dl three-phase motor with low mutual
inductances between sub-systems. . . . . ... ..o L
The inductances of analysed dual three-phase motor with low mutual
inductances between sub-systems transformed into dq coordinates. . .
Back-EMF phase voltages of dual three-phase motor with low mutual
inductances between sub-systems. . . . . ... ..o
dq currents of ASC sub-system with second sub-system disconnected.
Back-EMF phase voltages of dual three-phase motor with low mutual

inductances between sub-systems while operating with one ASC sub-

Motor currents during both sub-systems ASC. . . . . ... ... ...
Inductances of dual three-phase motor with high mutual inductances

between sub-systems. . . . . . ... .. L

19

46



5.14

5.15

5.16
5.17
5.18

5.19

5.20
5.21

5.22
5.23
5.24
5.25

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9

6.10
6.11

6.12

6.13

6.14

7.1

7.2
7.3

Inductances of the dual three-phase motor with high mutual induc-
tances between sub-systems transformed into dg coordinates. . . . . .
Back-EMF phase voltages of dual three-phase motor with phase shift
between sub-systems. . . . . . ... .. L
Motor currents during both sub-systems ASC. . . . . ... ... ...
dq currents of ASC sub-system with second sub-system disconnected.
Back-EMF phase voltages of dual three-phase motor with phase shift
between sub-systems while operating with one ASC sub-system.. . . .
Maximum achievable motor torque for different stator currents of

active sub-system (second sub-system in ASC mode). . . . ... ...

The inductances of dual three-phase motor with segregated sub-systems.

The inductances of dual three-phase motor with segregated sub-systems
transformed into dq coordinates. . . . . . . . ... ... L.
dq currents of ASC in both sub-systems. . . . . ... .. ... ....
Motor currents during ASC operation in one sub-system. . . . . . . .
dq currents of ASC sub-system. . . . . .. ... .. .. ... . ....
Back-EMF phase voltage of dual three-phase motor with segregated

sub-systems and one ASC sub-system. . . . ... .. .. ... ....
Simulated motor faults. . . . . . .. ... ... oL

Damaged winding connected to grounded motor case. . . ... . ..

Motor currents during the short-circuit to DC-link negative pole fault.

Damaged sub-system switched into APO mode. . . . . .. ... ...
Damaged sub-system switched into ASC mode. . . . ... ... ...
Differences in PWM modulation techniques. . . . . . . ... .. ...
Motor currents during the middle point short-circuit to motor case.
Motor currents during interturn short-circuit scenario. . . . . . . . . .
Motor currents during interturn short-circuit (with active compensa-
tion). ..o
Motor currents during short-circuit between sub-systems. . . . . . . .
Principe of compensating algorithm to keep the same voltage poten-
tial of short-circuit point between sub-systems. . . . . . . . .. .. ..
Motor currents and voltages during short-circuit between sub-systems
with active compensation. . . . . . .. ... .. ... ... ..
Disconnected phase simulation results (no generated torque). . . . . .
Disconnected phase simulation results (20 Nm produced). . . . . . . .
Motor currents during normal operation (currents of both sub-systems
ATE SAINIE). . .\ o e e
Voltage vector trajectory during normal operation. . . . .. .. . ..

The structure of proposed current controller with compensation. . . .

48

48
49
49

50

51
52

52
53
o4
o4

95
56
o8
99
60
60
60
61
62

63
64

65

66
67
68

72
72
73



74
7.5

7.6
7.7
7.8

79

7.10

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
C.1
C.2

Motor currents in abc coordinates. . . . . . ... ..o
Motor currents in dq coordinates (AC for active compensation IC for
inactive compensation). . . . . . . ... ...
Voltage trajectories for a run with and without compensation.

Motor currents in abc coordinates. . . . . . ... .00
dq currents of controlled and ASC sub-systems with classical FOC
algorithm. . . . . . ..
dq currents of controlled and ASC sub-systems with compensation
algorithm. . . . . . .. o
Voltage trajectories for the operation without and with the compen-
sation . . ... L L e
Structure of testing system. . . . . . .. ..o L
Control algorithm interconnection. . . . . . . .. .. ... ... ...
Current pre-processing structure. . . . . . . ... ..o
Control kernel structure in Simulink. . . . . . .. .. ... ... ..
Motor currents during transistor short-circuit fault. . . . . . . . . ..
Motor currents during disconnected transistor fault. . . . . . . . . ..
Motor currents during interturn short-circuit fault. . . . . . . . . ..
Motor currents during phase to phase short-circuit fault. . . . . . ..
Motor currents during disconnected phase fault. . . . . . .. ... ..
Experimental motor connected to the dynamometer. . . . . . . . ..
Experimental motor stator (top) and rotor with permanent magnets
(bottom). . . . . ...



LIST OF TABLES

5.1 Fundamental motor parameters

8.1 Suggested operation modes during faults . . . . . ... ... ... ..

B.1 Experimental motor parameters



1 INTRODUCTION
1.1 Motivation

The development in the field of fully automated electric vehicles was massively
growing during the last couple of years. It has become apparent that automated
driving poses strong requirements on system reliability and safety. Fail-safe or even
fail-operational architectures need to be developed. Requirements on reliability
spread from breaking and steering subsystems also to other ones like powertrain,
sensing systems, etc [1].

The redundancy is a common approach to increase the reliability and availability
of systems. Different redundancy concepts are used in practice. The two-out-of-
three (2003) architecture which is typically used in the aviation field would be very
expensive in the automotive field and therefore unusable. The one-out-of-two with
self-diagnostic (1002D) is therefore an option there.

Increasing requirements on reliability and high power density of electric machines
are leading to higher requirements on control algorithms, self-diagnostic algorithms
as well as to innovative electric machine designs. Three-phase permanent magnet
synchronous machines (PMSM) are well known for their high power density and
high-efficiency but they usually fail with one fault. Utilization of multi-phase motors
or motors composed from multiple 3-phase sub-systems brings needed redundancy
while keeping one motor but for the price of mutual couplings. This solution leads
not only to higher machine reliability but can lead also to higher machine efficiency,

a smoother generated torque and also to a possible price reduction.

1.2 Multi-phase machines

The windings of multi-phase machines can be connected in many different ways. Ma-
chine behaviour is closely related to the internal hardware structure; the behaviour
can differ according to the possible winding arrangements of the stator as well as to
the magnets’ distribution in the rotor.

Specially designed multi-phase machines can operate during an electrical fault of
the power inverter, or even during an electrical motor fault. The behaviour during
fault conditions needs to be considered during the motor design process of those
machines. This is why fault analysis is important.

The complexity of control algorithms and motor models grows with the com-
plexity of the electric machine itself. Nevertheless, multi-phase machines have many
advantages in comparison to classic three-phase machines. However, the control
algorithm needs to be adapted to the specific motor structure. Each multi-phase
motor structure requires an individual control approach during the fault. Behaviour

during the motor fault needs to be considered during the control algorithm design.
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1.3 Faults in PMS machines

The typical faults of three-phase PMS machines are well known. The faults can
be classified into three categories: electrical faults, mechanical faults and magnetic
faults. Magnetic faults are related to PMSM machines, for instance, demagnetisation
fault. Mechanical faults include magnet damage, shaft bending, air gap eccentricity,
and the most typical mechanical fault which is bearing fault. Bearing faults repre-
sents almost 40-50 % of all motor faults [2]. This thesis deals with motor electrical
faults and power inverter transistor faults. Stator faults constitute 38 % of all motor
faults [2]. The most common fault of the stator windings in PMSM is the interturn

short-circuit.

1.4 Model-based design

The motor control algorithm is typically designed with the help of motor models.
Model-based design requires a precise motor model. Models that can simulate motor
behaviour during the fault are required to design and verify the control algorithms.
The fail-operational control algorithm needs to operate properly during motor or
inverter faults.

Motor models can also predict the behaviour of the machine which is under the
design process. Well designed motor models can help to find principal problems

before motor construction itself.

1.5 Tested motors

Several different motor structures are considered during the behaviour analysis which
is a part of this thesis. All analysed structures have the same nominal power to
highlight differences in the behaviour. However, real experiments are realised using
two different motors. The first tested motor is dual three-phase PMS motor with
segregated structure. This is a high-performance motor, which does not allow to
emulate electrical faults inside of the machine. The parameters of this motor are
equal to analysed motors.

The second motor is a small experimental motor that was specially designed to
verify control strategies for the machine under the fault condition. The motor was
designed as a machine with segregated windings. Internal short-circuits or even an
internal short circuit between different phases or even between sub-systems can be
emulated using this motor.

Power density and peak power of this machine are significantly smaller in com-
parison with analysed motors. However, realised experiments demonstrate machine

capability to continuously operate under different fault conditions.
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2 STATE OF THE ART

Permanent magnet synchronous (PMS) motors are used for their high power den-
sity and higher efficiency applications compared to asynchronous motors. Behaviour
during the fault is also determined by the mechanical construction. The main dis-
advantage of PMS motors is their behaviour during fault conditions. Permanent
magnets located in the rotor induce voltage in the stator windings while the rotor is
spinning. Induced voltage can cause overcurrent and subsequent thermal damage of
the motor in some failure states. The fail-operational system can be created using
multi-phase system [3]. Another option to create a fail-operational system is by
connecting each motor phase to an individual inverter H bridge [4, 5]. Multi-phase
motor construction requires specific parameters to operate during faults [6]. High
reliability can be reached by using a combination of multi-phase motor structures
with fail operation methods for three-phase motors [7].

Many different multi-phase motor constructions exist. Every construction has its
advantages and disadvantages. Multi-phases motors are typically controlled using
Field Oriented Control (FOC) similar to classic three-phase motors. Multi-phase
motors have higher efficiency in comparison to a three-phase equivalent [8]. Multi-
phase motors can be divided into two large categories [9]. The first category is rep-
resented by general multi-phase motors [10, 11]. All coils are electrically connected
into one n-phase star and as a consequence phase currents are transformed into one
set of dq currents. Used space transformations are adapted for multi-phase arrange-
ment. These motors can be controlled during open phase fault [12, 13]. Multi-phase
motors with suitable parameters can even operate during interturn short-circuit
fault [14]. Multi-phase motors are typically fully symmetrical due to mechanical
construction. Asymmetry is caused only by fault.

Second category is represented by multiple k-phase motor [15, 16]. Phase cur-
rents of these motors are transformed into multiple sets of dg currents [9]. Electrical
fault can be isolated into one motor sub-system [17]. This behaviour can be helpful
during winding faults. Short-circuit between winding and motor case is one typical
electric fault of electric machines. Interturn short-circuit and disconnected phase
are other typical electrical motor faults [18, 19, 20]. Multiple k-phase motors can
operate during open phase fault [21], or even during the short-circuit faults [22].
Different compensation methods can be used to reduce current distortion or torque
ripples during fault conditions. Compensation methods are closely related to the
structure of the machine. Multiple k-phase motors are typically symmetrical as gen-
eral multi-phase motors. However, individual motor sub-systems can be symmetrical
or asymmetrical according to stator arrangement.

The sub-system can be evenly distributed in the stator. This is the case of an

14



interlaced windings arrangement [23]. The benefit of this arrangement lies in the
symmetry of each sub-system. During fault conditions individual sub-systems can
be electrically interconnected to each other during fault. In this case the fault af-
fects both sub-systems. This is one of the biggest disadvantages of an interlaced
geometrical arrangement. Another possible arrangement is to geometrically sepa-
rate individual sub-systems. This is referred to as segregated windings [17]. The
probability of an electrical connection between sub-systems is eliminated by the
electrical insulation and the geometrical distance. However, mutual inductances
in the sub-system are not equal in all windings pairs. This mean that individual

sub-systems themselves are not fully symmetric.
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3 DISSERTATION OBJECTIVES

The aim of the dissertation is to derive a mathematical model of a multi-phase motor
and realise the model in MATLAB/Simulink. Dual three-phase or triple three-phase
motor arrangements are considered.

The model must respect mutual couplings between individual motor windings.
The realised model should be able to simulate multi-phase motor behaviour during
normal operation without any fault and also during electrical faults of the motor
stator or the power inverter.

The motor model will be used to analyse motor behaviour during fault conditions
and to design a proper control strategy during fault conditions. Any control strategy
during fault conditions needs to provide smooth motor run and to reduce high fault
current amplitude and torque oscillations. The motor should be able to operate
continuously during the fault using the prepared control strategy. The fault control
method will consider inverter with one leg per motor phase.

Designed control strategy will be used in six-phase power inverter to verify be-

haviour during fault using real dual three-phase PMS motor.

Objectives can be summarized in the following points:

o Familiarization with the electric drives modelling methods using MATLAB
Simulink.

o Development of the multi-phase motor model suitable for fault simulation.

o Analysis of multi-phase motor arrangement influence on motor behaviour.

o Simulation of fault behaviour during individual multi-phase faults using the
developed motor model.

e Analysis of possible multi-phase motor faults and proposal of compensation
strategies.

o Development and verification of the control method for the dual three-phase

motor.
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4 MULTI-PHASE PMSM MOTOR MODEL

The multi-phase motor model has to understand the behaviour of multi-phase mo-
tors. Several possible methods of designing a motor model exists. Selected modelling
platforms have to provide the possibility of creating the motor model and also of
testing the model in different operation stages. MATLAB/Simulink was chosen for
motor modelling. Control algorithms can also be created and tested in this envi-
ronment. MATLAB automatic code generation simplifies the process of migration

of control algorithms onto the target platform.

4.1 Space transformations

These transformations convert variables from one coordinate system to another one.
The calculation can be easier in new coordination system. The most commonly
used transformations related to motors are Clarke and Park transformations. Motor
variables can be transformed from the abc stator coordinate system into rotor dq
coordinates. These transformations are typically used by motor control algorithms.

The same transformations can be used to simplify motor models.

4.1.1 Clarke transformation

The Clarke transformation converts the motor variables voltage/current represented
by variable x from stator coordinates into two dimensional «af coordinates. «of
coordinates are perpendicular to each other. The specific form of this transformation
depends on the stator winding distribution and pole-pairs count. Transformation

have the following mathematical form (4.1).

Tq .
Ta| _ Ty o 2 cos(pg) C?s(gob) cos(¢n) | | 7o 1)
e n [sin(p,) sin(pp) cos(¢n)

Tn, .

Variable n represents number of motor phases which are transformed into o coor-
dinates. Variable ¢ denotes electrical angle between individual motor phases and
stator reference axis a. This transformation holds for multi-phase systems; however,
it is typically used for three-phase system. Geometrical distance between coils is 120

electrical degrees for symmetrical three-phase motor. Transformation has then the
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following form:

- Zq 9 1 -1 =1 La
ol =T -z 22 4.2
|:ZL’/3] af * | Ty 3 [0 ﬁ _ﬁ] Ty ( )
Te 2 24 [Te

The method of converting variables from a3 coordinates back to abc coordinates

is similar. It is called inverse Clarke transformation and it is described by Eq (4.3).

T, 1 0

Ty Lo

| =Top * =32 £ (4.3)
s 1 N RRL

Le 2 T2

Variables transformed into a8 coordinate system are typically not directly used

in control algorithm or motor models. Variables are usually further transformed by

using another transformation. [24]

4.1.2 Park transformation

This transformation recalculates variables from af coordinates into rotor dq coor-
dinates. The motor rotor continuously changes its position during motor operation,
and the transformation matrix continuously changes its coefficients. Each coeffi-
cient is dependent on the current electrical angle of motor rotor 6,. This variable
represents electrical angle between direct rotor axis d and motor phase a. The

transformation has the following form:

{xd] T, [xa _ [ cos(6,) sin(@r)] [a:a] (4.4)
Lq B

—sin(6,) cos(b,)| |xs

The reverse transformation is in fact a rotation in the opposite direction. Inverse

transformation is described by the Eq. (4.5).

[a:a] :qul . _ [C?S(HT) —sin(@r)] [zd] (45)
Tp

sin(6,) cos(6.) | |z,
4.2 Simulink dqg model

Zq

Lq

4.2.1 General multi-phase motor

Multi-phase motor models can be realised using different modelling methods. A
motor model implemented in dg coordinates is one of the most common modelling
methods. This model is simpler in comparison to other models. Field oriented con-
trol methods are also typically implemented in dq coordinates. The understanding

of dq coordinates motor behaviour is important for this reason.
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Fig. 4.1: General multi-phase motor arrangement.

The electrical behaviour of general multi-phase motors can be described by equa-
tion (4.6). The equation is calculated in stator abc coordinates. This matrix equa-

tion can be used for dual three-phase motors or general multi-phase motors.

dLab..niab..n + d\I’Mab..n dLab..niab..n

dt dt = Hgp nlap.n + T + €eab.n
(4.6)

Matrix R, denotes the resistances of individual coils while the variable L, .,

Ugh.n = Rab..nzab..n +

represents winding inductances (the main diagonal elements) and also mutual in-
ductances. Motor inductances are typically functions of rotor position. Inductance
fluctuation depends on stator geometry. Variables u,y, , and 2., , represent motor
currents and motor terminal voltages.

The e, variable reflects the influence of back electromotive force (back-EMF).
It is the voltage, or electromotive force, that pushes against the magnetic field which
induces it. This voltage is generated by the rotating magnetic field generated by the
rotor permanent magnets. The back-EMF voltage defines the maximum operating
speed of the motor using classical control methods. When the back-EMF voltage
reaches critical level, the DC-link voltage is applied to balance the back-EMF and no
voltage remains to generate torque. This maximum speed can be exceeded using field
weakening control method. e, ,,vector consist of back-EMF voltages for individual
coils (4.10).

Equation (4.7) reflects the torque generated by the machine. w. denotes the

motor electrical speed of the motor. Variable Pp represents the number of motor
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pole-pairs. T, represents the torque generated by the machine.

1 dLab..n . + ilb..neah“)

T.=Pp <§ilb..nTzab..n o (4.7)

The generated torque can be used as an input variable when modelling motor

mechanical parts. The mechanical model can be described by the following equations.

dwpn 1 B
= (T = T)) — —w,, 4.
7 = 7! )= S (4.8)
b,
T =Y (4.9)

J represents the moment of inertia. 7; denotes the motor load torque. Variable B
denotes the motor viscous friction. The mechanical speed w,, relates with electrical
speed through the formula w. = Pp w,,. The mechanical system equations of multi-
phase motors are identical to the classical three-phase motor mechanical equation.

Back-EMF voltage is a function of actual motor electric speed w,, and the back-
EMF constant \,,. Voltage on each motor phase can be described by the following
equation (4.10).

€n = WeAm cos(6 + ©n) (4.10)

Variable 6 represents the electric angle between stator reference axis a and a
quadrature rotor axis q. The variable ¢,, denotes the electrical angle between specific
phase and stator reference. A motor is typically constructed to generate same back-
EMF voltage amplitudes for each coil.

Electrical equations (4.6) can be transformed into dgq coordinates using Park and
Clarke transformations. Transformation matrices need to be adapted for n-phase
motor. All phases are electrically connected to form one n-phase star in a general n-
phase motor. Thereby all stator currents are transformed into one set of dq currents.
Multiple three-phase motor electrical equations can be also recalculated into dg
coordinates, however multiple sets of dq variables are formed using transformations.

Example of using transformation matrixes is shown in equation (4.11) and (4.12).

dLab. .nT;ngC?ql idq
+ €gb.n
dt

T, ;T wig = Rap. T 3Ty by + (4.11)

dLab. nT; 1T¢?q1 idq
dt

Udq = quTa,BRab..nT;ﬁl}T;qlidq + quTa,B + quTa,Beab..n (412)

The resistance matrix Ry, , is transformed into dg coordinates using equation

(4.13). Back-EMF voltage is transformed into one voltage constant, which is related
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to ¢ axis (4.14). Inductance transformation is the most problematic item. Derivation
is divided into three parts. The first part is transformed into L4, (4.15), other two

parts are transformed into speed dependent cross-coupling term C, (4.16).

Ry =Ty TosRay T 5T, (4.13)
0
€iq = quTa,geab“n = |: ] (414)
WeAm
Lig = TaTopLapn T 5Ty, (4.15)
dLabn 10 L, 4T,
Cyy = quTaﬂT;Taleql + T4gTapLap.nToh d;lq (4.16)

The motor electrical part equation transformed into dq coordinates has the fol-
lowing form (4.17).

. de .

Ugq = ququ + qud—i(] + ququ + €dq (417)
The cross-coupling item for a fully symmetrical three-phase system follows from
(4.18).

0 —Lg

4.18
Ld 0 (4.18)

qu = We

Variables w4, and 24, represent motor voltages and motor currents transformed
into dgq coordinates.

Fail operation strategy can be applied in some fault cases on a general multi-
phase structure [13]. However, not every fault can be easily handled. For example,
a short-circuited transistor causes an uncontrollable current through a fault related
phase. Special hardware can be used in general multi-phase motors for damaged
phase disconnection [25] which increases the complexity and the price. Hence a
multiple three-phase motor structure can be used instead of general multi-phase

structure.

4.2.2 Multiple three-phase motor model

This motor structure has some advantages in comparison to a general multi-phase
motor. The behaviour of each three-phase sub-system is comparable with a classical
three-phase motor during standard operation condition. Individual three-phase sub-
systems are electrically separated. This separation is useful during faults. The fault

causes problems only in one motor part (sub-system) while other sub-systems can

21



Fig. 4.2: Multiple three-phase motor arrangement.

continue to operate. A multiple three-phase windings connection is able to operate
even during inverter short-circuited transistor fault.

We can use triple three-phase motor for example. This windings arrangement
and connection into individual sub-systems is shown in figure 4.2. These sub-systems
are electrically separated. Coupling between sub-systems is formed by shared ro-
tor and windings mutual inductances. Individual three phase sub-systems can be
geometrically shifted. The geometrical shift of sub-systems is defined by angle ¢.

The sub-system model can be described by equation (4.19). The equation is

divided into individual axes in dgq coordinates.

d;

ug; = Rajia; + TR Wethg,
dy (4.19)
Ug; quiqj + d—;,] + wegbdj

R denotes the windings resistance in individual axis. This value is equal to stator
winding resistance Rs. Variable v represents the motor magnetic flux and 7 denotes
the index of sub-system (5 = {1, 2, 3}).

Magnetic flux for individual axes can be described by (4.20)

Yo = W+ Laitgr + Mai aotar + Mg g3ias

| | | (4.20)
vaql = ququ + Mql,q22q2 + Mqungg

W, represents the permanent magnet flux, L denotes the motor inductance and
variable M represents the mutual inductance between sub-systems (both induc-
tances for/between given axis and sub-system).

For simplification it will be assumed that all sub-systems have the same electrical

characteristic and mutual inductances between sub-systems are the same. (4.19) can
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Fig. 4.3: Motor modeling scheme for Simulink.

be subsequently modified into state space description form (4.21).

d24q123 _ A,
dt
This form is suitable for modelling. Simulink modeling scheme related to the

(we)dqi2s + BUagiaz + AwAnm (4.21)

state space description is shown in figure 4.3.

The matrix Ay reflects influence of back electromotive force (back-EMF). The
matrix B relates the currents time derivatives with input voltages wgqi23. It is
called system input matrix. This matrix also shows an input mutual linkage between
sub-systems. Matrix B is defined by (4.22). This matrix also shows an input mutual

linkage between sub-systems.

04 0 02 0 02 0
0 03 0 01 0 01

09 0 04 0 09 0

B =
0 01 0 03 0 01
02 0 02 0 04 0
_0 01 0 01 0 0’3_ (422)
Myq Maq
T T LM, —2M2 7T T L2y LMy — 2M?
q T LgMgq —2Mg, gt LaMgg —2Mg,
Ly + My, Lg+ Myq
03 04

T L2+ LyMy, — 2M2 T L2+ LyMyq — 2M2,

qq

Matrix B shows that d-axis voltages influence only d-axis currents. This is also
true for g-axis quantities. Absence of mutual coupling between axes comes from
equation (4.19).
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Cross-coupling between the sub-systems is reflected by matrix A;(w.). Mutual
coupling between sub-systems is caused by mutual inductances. The matrix A;(w.)
is a feedback matrix of links between individual currents and their time derivatives.
The matrix has the following form (4.23).

og Og O4 09 04 09
05 07 01 O3 01 O3

04 O9 O0Og 0Og 04 O9

Ai(we) =
0oy 03 05 07 01 O3
04 09 04 09 08 O0Og
_0'1 03 01 O3 O0Op 0'7_
we(Ldqu - Lqud) we(Lqu + Ldqu - 2Mddqu)
o1 = 05 — —
L2+ LyMg, — 2M2, L2+ LyMg, — 2M2, (4.23)
we(Ldqu — Lqud) we(LqLd + Lqud — 2Mddqu)
—= O =
72T T2 LaMy — 203, °° L2+ LMy — 202,
MR LR+ MR
03 = g7 = —
ST L2 LMy —2M2 T L2+ LM, — 2M2,
My R LyR + Mg R
04

N L?l + Lded - 2M3d 78 = _L?l + Lded — 2Mc%d

This feedback state matrix contains nonlinear components in the presence of
electrical speed w,.
The matrix Ay reflects the influence of back-EMF. This matrix in combination

with motor voltage constant )\, defines back-EMF.

A\IJ:[O o 0 o 0 U]T

We(Lq - qu) (4.24)

o—
LZ + LMy — 2MZ,

Torque calculation of triple three-phase motor is another important part for

modeling. Torque contribution must be considered from every sub-system. The
resulting formula for calculating the torque generated by the motor is given by the

following equation (4.25).

T. = 3Pp(Am(iqr+ig2 +igs) + (iariq + tazige + lasiqs)(La — Lg)+

(4.25)
+  (larlge + ta2iq + Ta1lgs + taziqn + Ga2ies + lasiqe) (Mag — Myq))

The electrical angular acceleration e, of the rotor is time derivative of electrical

speed w, and it depends on moment of inertia J and on resulting torque connected
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Fig. 4.4: Motor modeling scheme for Simulink.

to the rotor. The resulting torque is given as a sum of the motor torque 7., the load
torque 7} and the friction torque 7%,
dw, d?0 1
Ee = =—=—=(T.— T, — Ty, 4.26
As it can be seen from Fig. 4.3, the friction torque is assumed to be proportional

to the speed but has opposite direction. The equation (4.26) represents the me-
chanical part of the motor model (having electrical rotor position # and speed w, as
state variables) and together with the equation (4.21) they form complete non-linear
electro-mechanical motor model with eight state variables.

The complete modeling scheme in dg coordinates for triple three-phase motor is

shown in Fig. 4.4

4.2.3 Transformation of triple three-phase motor

parameters to dq coordinates

The model as presented above requires that motor parameters are transformed into
dq coordinates. The transformation parameters of multiple three-phase motor from
stator abc coordinates into dq coordinates are similar to the transformation presented
in chapter 4.2.1.

The equation (4.6) describes the electrical part of the motor in abc coordinates.

Similar equation can be also formed for multiple three-phase motor.

dLabcliabcl + dMabchiabCZ + dMabcl3iabc3
dt dt dt

Ugbel = Rabcliabcl + + €ubel (427)
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The transformation into dgq coordinates needs to be implemented individually for
each sub-system. All motor currents can not be transformed into one set of dq
currents due to electrical separation as already mentioned. Currents of every sub-
system are transformed into one set of dg currents. Transformation matrix (4.28)
required to transform multiple three-phase motor parameters into dq coordinates
consists of several transformation matrices [9]. Transformation matrix of each sub-
system depends on electrical shift between stator reference («) and sub-system phase

i (0;). Electrical shift between phases within sub-systems is typically 27 /3 radians.

Td(h Taﬂ1 0 0
TCLbC—)dq123 == 0 qu2 Taﬂ2 0 (428)
0 0 Ty, T s,

Inverse transformation for triple three-phase motor consists of inverse transfor-

mations for each sub-system. Inverse transformation is shown by equation (4.29)

-1 -1
T, 5T, 0 0
-1 —1 -1
abc_>dq123 == 0 Taﬂgqug 0 (429)
-1 -1
0 0 T, 37T,

L4105 fOT triple three-phase motor has three d and three g components
Tdgias = |ld1lq10d2042043143])T. The voltage vector has components distributed similarly.
Udgres = |Ud1Uq1Ud2Ug2Uastgs]T. The voltage equation can be transformed into dg

coordinates using transformation matrices (4.28) and (4.29).

_ -1 :
Udg n3 = Tabc—>dq123Rab6123Tabc—>dq1237’dq123

ALy T (4.30)

abc—>dq123 Zd

dt

q
+ Tabc—>dq123 eab6123

+Tabc—>dq123

Inductances of symmetrical triple three-phase motor can be transformed into
dg coordinates. Different Lq and L, reflect inductance fluctuation. If the induc-
tance fluctuation of individual coils has the same amplitude and the phase shift
is equal to electrical shift of motor coils (27/3 radians for symmetrical three-phase
sub-systems), inductances fluctuation are transformed into constants. Another cri-
terium for transformation to constant dgq inductances depends on inductances DC
component symmetry. Self inductances and mutual inductances of each coil pair
within sub-system need to be same. Similar conditions are also important for mu-
tual inductances between sub-systems. If all conditions are fulfilled, inductances
can be recalculated to dg coordinates and resulting inductances in dq coordinates
become constants.

Reached matrix L, contains also mutual couplings between d and ¢ coordinates.

These mutual inductances depend on electrical shift between sub-systems. The
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Fig. 4.5: Three-phase electric equivalent circuit.

motor construction without coupling between d and ¢ coordinates is not typical.
Such behaviour significantly reduces usability of motor models in dg coordinates.

The presented dq coordinates model shown here can be extended and mutual
inductance between d and ¢ axis can be added. The equation (4.19) needs to be
changed and all other equations modified according to new flux equations.

This is why the motor model in abc coordinates is more suitable for multiple
three-phase motor arrangements. This model can be also implemented in MAT-
LAB/Simulink. The fault simulation using model implemented in stator abc coordi-
nates is simpler and more straightforward in comparison to a fault simulation using

the model in rotor dg coordinates.

4.3 Simulink abc coordinates model

Three-phase motor model calculated in stator abc coordinates is based on equation
(4.6). This equation for three-phase motor has the following form (4.31).
dLabciabc

Ughe = Rabciabc + T + €abe (431)

Voltage vector ug,. represents motor terminals voltages. Motor terminal voltages
are related to the motor middle point voltage. Electric equivalent scheme for three
phase motor is shown Fig. 4.5.

The resistance of all phases R,, R, and R, must be the same for symmetrical

motor. Same condition needs to be met for windings inductances L,, L, L. and
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Fig. 4.6: Fully balanced triple three-phase motor modeling scheme.

mutual inductances My, M., M.,. Symmetry condition is typically fulfilled by the
three-phase motor constructions, though not all sub-systems of multiple three-phase
motor constructions are fully symmetrical [26].

The actual motor currents represent the state variables. Motor current deriva-
tives are required for modeling. The current derivatives are described in the following
equation (4.32)

d .a C — . dLa C
Z,tb = Lablc <Uabc — Rapctape — we d—gbzabc - eabc) (432)

The sum of all three currents is equal to zero during standard operation condition

according to Kirchhoffs Circuit Law. The sum of current derivatives is also equal
to zero. This condition is described by the equation(4.33). Current leakage can be
caused by winding connection to the motor case, however, this behaviour is defined
as fault state. i i

. n Labe

o = —=0=1{11 1 4.33

n=a,b,c n=a,b,c

The middle point voltage is equal to the arithmetic average of motor terminal
voltages. This condition is satisfied for fully symmetric motor. Thus individual
phase voltages can be calculated. Simulink model scheme for symmetric three-phase
motor is shown in Fig. 4.6.

This modeling scheme uses arithmetic average as middle point voltage. The

middle point voltage is subtracted from each element of voltage vector by dark green
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Fig. 4.7: Triple three-phase motor modeling scheme with middle point voltage cal-

culation.

block. Yellow block of modeling scheme calculates actual motor inductances. An
inductance matrix inversion is required as seen in the equation (4.32). The inversion
is calculated in this block as well. Inductances and mutual inductances are function
of rotor position. Derivative of inductance with respect to rotor position is also
calculated by this block.

Blue block in combination with additional multiplications calculate back-EMF
voltage as actual rotor angle function. Torque generated by motor is calculated

using equation (4.34)

(4.34)

1 .. dLgp. . TpEab
o T abc abcabe
Te _Pp <§ abe d9 zabc+ We

The model of symmetrical motor can be implemented in dq coordinates. Motor
middle point voltage cannot be calculated as motor terminal voltages average for an
asymmetrical motor arrangement. The asymmetry in motor inductances or windings
resistance causes problems with the sum of currents (4.33). The middle point voltage
U,, which guarantee the zero sum of phase currents for three-phase motor can be
added to the equation (4.32). The resulting equation (4.35) describes calculation of

middle point voltage for asymmetry three-phase motor. One middle point voltage
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Fig. 4.8: Triple three-phase motor middle junction voltage compensation.

is calculated for three-phase motor. uj,. as substitution.

diabc _ L
0=1[1 1 1] 7 =1 1 1) Lot | uy+ | 1] tm
1
11 1] L,
U = — . (4.35)
11 1)L, |1
1
where qubc = Ugbe — Rabciabc — We %%’Eiabc — €abe

The voltage equation for triple three-phase motor (4.36) is similar to the three-
phase motor equation. The middle point voltage is given by the motor electri-
cal connection. u,,,,, represents a middle point voltage vector. This vector con-
sists of three middle point voltages. One for each middle junction. wu,,,, =
[Um1 Umi Umi Um2 Um2 Um2 Um3 Um3 Ums]T

dLa C ia C
W + €abeias + Umyas (436)

The middle point voltage for triple three-phase motor can be calculated using

uabclz3 - Rabclz3z0b0123 +

similar equation (4.37). One middle point voltage u,, is calculated for each three-
phase sub-system. The middle point voltages cannot be calculated individually for

each sub-system due to mutual inductances.
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Light blue block of triple three-phase modeling scheme 4.7 calculates the middle
point voltages. Figure 4.8 shows internal structure of the modeling scheme for the
middle point voltages calculation. Middle point voltages are subsequently added to

the voltage vector.

100
100
100
0 111000000 0 1 0| [t
0]=10001 1100 0Ly, |8t [0 1 0 |t
0 000000O0T111 0 1 0] [tms
00 1
00 1
0 0 1
r 7T r I\ Lo/ 7T
100 100 100 (4.37)
100 100 100
100 100 100
U1 010 010 010
Upo| =— 10 1 0| L, |0 1 0 0 1 0| Lppepps®lherns
U3 010 010 010
00 1 00 1 00 1
00 1 00 1 00 1
0 0 1 0 0 1 0 0 1
where UGper s = Waberny — Flabernsbaberos — we%&iabcm — €abeyay

The abc model is suitable for both, symmetrical and asymmetrical structures.
Fault simulation can be problematic when using abc model. Classical Simulink
models operate with inputs and outputs. The signal cannot flow in the opposite
way. Causality is clearly defined in this type of models. All input voltages need to
be defined for simulation.

Some inverter faults can cause phase connection to positive or negative DC-
link voltage. This type of fault can be easily modeled without modeling scheme
modification by configuring corresponding input voltage. Open-circuit faults allow
zero currents through phase. This fault can be generated by increased winding
resistance of damaged phase. Another motor faults with inter-turn short-circuits or
phase connection to motor case cannot be modeled.

Disconnection of damaged sub-system from inverter can be also problematic.

The sub-system disconnection can be generated by increasing windings resistance of
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whole sub-system. However, faulty sub-system of motor generates voltages. Thus
current can flow from motor to inverter. Sub-system voltage should be the output
variable of the motor model during fault state for this reason. In classical Simulink

model the variable cannot be changed from input to output.

4.4 'The Simscape abc coordinates model

The Simscape allows to build physical component models based on physical con-
nections that directly integrate with block diagrams and other modeling paradigms.
Individual Simscape components interact with each other. This mutual interaction
between blocks allows dynamically change model causality. Each Simscape block
consists of equations which describe physical behaviour of component. Equations
are automatically processed during model compilation process.

The motor converts electrical energy into the mechanical rotating energy. The
mechanical rotating component as the moment of inertia or friction block can be
used to create the simple model of motor mechanical part. The motor connection
to complex mechanical model is also possible. The Simscape interface allows for
complex modeling schemes to be created. The Simscape also allows to create com-
plex models with temperature dependencies. For example, motor cooling system
and thermal dependencies can be modeled using this modeling mechanism.

Power sources, switches and other electronic components are prepared in basic
Simscape library. Electrical switch can be used to disconnect one phase for example.
External faults (inverter faults or power-lines faults) can be simulated with simple
Simscape motor model. Modeling of internal motor faults requires extended model
structure.

The Simscape allows to define custom blocks and describe physical behaviour of
this model by set of equations. Equations can be used directly in matrix form to
increase model source code transparency. Already mentioned motor equations for
triple three-phase motor (4.36) or general multi-phase motor (4.6) can be used to
define custom Simscape blocks behaviour. Equation (4.7) can be used to calculate
motor torque in abc coordinates.

The equation (4.36) describes behaviour of nine motor coils. This equation
can be used directly to create simple Simscape model of triple three-phase motor.
Electrical connection of this motor is shown in figure 4.9. Middle point voltage which
causes problem in case of asymmetry using classical Simulink model is automatically
solved by electrical connection of coils in Simscape model. Electrical and mechanical
connection of Simscape block can be seen in figure 4.10. Middle point junctions are

visible in this figure. Sum of all currents is equal to zero according to Kirchhoffs
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Fig. 4.9: Electrical scheme of triple three-phase motor.
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Fig. 4.10: Simple triple three-phase Simscape model.

circuit law. General multi-phase motor model can be also very simply implemented
using Simscape.
The model operates internally with phase to phase voltages. Physical variables of

model, for example middle point voltage, can be measured using Simscape sensors
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which are part of fundamental Simscape library. The middle point can be also
connected to negative or positive DC-link to simulate connected middle point to
motor case. However windings of real motor can be connected to motor case in
a random place. A single winding can be separated into two serially connected
windings. Serial connection of the coils has the same behaviour as original coil.
This principle is demonstrated in figure 4.11. Voltage potential of any place of
original coil can be subsequently used to simulate electrical fault.

The variable M represents mutual inductance between coils L and other motor
windings. R represents windings resistance. Variable e denotes influence of back-
EMF voltage to windings. Parameter o represents dividing ratio. The position of
fault join can be customised using this parameter. Middle point of serial connected
coils can be connected to any voltage potential. This method can be used to simulate
windings connection to motor case, or even mutual connection between two motor
phases. Interturn short-circuit can be also easily simulated. Coil splitting process

is demonstrates by the following equation (4.38).

dLz
u=Ri+ s +e
d oL o(1—o0)L| |14 4.38)
|iul_1 _ Ry 0 111 n o(l—o)L (1— U)2L i12 . €11
U2 0 Ria| |t12 dt €12

Demonstrated process is used to extend nine equations written in matrix form
(4.36) into twelve equations required by extended model. Three windings in two
sub-systems are split into serial connected coils. Electrical scheme of the extended
model is shown in Fig. 4.12. Equation (4.39) reflects the behaviour of extended
Simscape model.

€ *€

L 7
e o e e abci23 Yaberas e
uab0123 - ab0123zab6123 + dt + eab6123 (439)

The individual matrices for extended model are calculated from parameters of

triple three-phase motor. Split ratio for phases a; as and ¢; can be configured by

o(l - o)L
L \/' “ . \/ (1—-0)2L
I:I < ) < 0'2L
AN R oR (1-0)R
P e AN o€ AN\ (1-o0)e
M HoM fi-o)M

Fig. 4.11: Winding equivalent for extended motor model.

34



€p1 Ry I Rys g €al2
\ \ Laio

“‘~ Laoa Ly 2
s, — ‘ — ‘
a
R 5 ch Rag_l . Rb2_2
c a2_1 €h2.2
S BN
c2
Lcl_l
‘ RCQ Rag
€a3
€2 Rcl_l
P10
Lcl_2

I Rcl_2
€c122 ‘

Fig. 4.12: Electrical scheme for triple three-phase motor adapted to faults modeling.

parameters oy 0o and o3. These parameters are used to transform triple three-phase
motor parameters into extended model parameters. Appendix A shows detailed
form of matrixes.

Inductances for extended model are recalculated from inductance constant value
Ly,, inductance fluctuation amplitude La,,, and phase shift L,,. These variables can

be set for every self inductance and mutual inductance independently. Each element

e
abci23

of the inductance matrix L is calculated by the following equation (4.40).

L; = Ly, 4+ Lam, cos(2% 6+ Ly,) (4.40)

The model can be used for motors with different coil geometrical arrangement.
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The variable L,, includes also phase shift between stator reference and individual
winding. The amplitude of back-EMF voltage is the same for every motor phase.
Phase angle of back-EMF voltage can be configured individually for each winding.
The phase shift between coils within one sub-system can be also customized for this
reason.

Extended motor model uses the serial connection of two coils for phase winding
instead of one simple coil. This method is required to simulate an interturn short-
circuit and other motor internal faults. Fault can be generated during normal motor
run using switches. The transient state is also simulated using this method. All
realised control algorithm tests and motor simulations use the already mentioned
Simscape motor model. Dual three-phase motor uses similar model without the last

sub-system.
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5 MULTI-PHASE MOTOR STRUCTURES

The motor behaviour depends on motor parameters. Mutual inductances and mo-
tor symmetry is defined by the stator construction in particular. The stator can be
constructed using several methods. Non-overlapping concentrated winding is one
possible arrangement. In this case each coil is rotated around one stator tooth.
Individual coils are connected in series or in parallel to create phase windings A,
B and C for three-phase motors, with the correct number of pole-pairs and phase
shifts. Back-EMF waveforms are displaced by 120 electrical degrees. Dual or triple
three-phase motor can be also created easily using this method. Coils are evenly
distributed into individual sub-systems. The mutual inductances between phases
within sub-systems are the same. Back-EMF waveforms are displaced by 120 electri-
cal degrees within individual sub-systems. However, back-EMF phase shift between
sub-systems can exist [26].

The advantage of non-overlapping concentrated winding arrangement comes from
the low mutual inductances between sub-systems. In this way sub-systems can
operate in different operating points without additional compensation. The mutual
inductances between sub-systems can improve motor behaviour during some faults.
However, mutual inductance can also cause problems during some faults. The motor

behaviour during individual faults is analysed in the following section 6.

Fig. 5.1: Dual three-phase motor with  Fig. 5.2: Triple three-phase motor with
non-overlapping concentrated winding non-overlapping concentrated winding

and interlaced sub-systems. and interlaced sub-systems.

From the symmetry point of view, individual sub-systems are symmetrical, typi-

cally using non-overlapping concentrated winding arrangement. Control algorithms
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typically used for three-phase motors can be used for symmetrical structures with
little modifications [27] due to low mutual inductances which can be ignored. The
phase shift between sub-systems can influence symmetry of the whole system. This
asymmetry should be considered during the control algorithm design to reach opti-
mal control algorithm.

The winding factor using non-overlapping concentrated winding is typically lower
in comparison with the distributed winding arrangement. This disadvantage can be
partially compensated using proper pole-pairs and stator slots numbers combina-
tions. The phase shift between sub-systems can increase the winding factor and
increase the power density of the motor in comparison with classical three-phase
arrangements [28, 29]. Figures 5.1 and 5.2 show motors with non-overlapping con-
centrated winding. This arrangement is also defined as the motor with interlaced
sub-systems because each coil of the first sub-system is located next to the coil of
another one.

The back-EMF voltage generated by non-overlapping concentrated winding ar-
rangement contains harmonic distortion. Proper rotor pole geometry reduces har-
monic distortion of back-EMF voltages.

Field weakening index (FWI) is another important parameter of the motor. This
parameter is defined as the ratio of the characteristic current I., over the maximum
allowed motor current I, defined by equation (5.1). I is also defined as the motor
rated current [30].

FWI = Lo (5.1)
I
The characteristic current I, is defined as the ratio of magnet flux linkage, \,,,

over d-axis inductance, Lg as shown in equation (5.2).

=T

I, is also the center of voltage-limit ellipses in the rotor referred dq current

Ich (52)

plane. The rated current is defined as maximum allowed stator current I, [31]. The
field weakening index defines machine performances in the field weakening area. For
instance, when I, is equal to the rated current of a PM machine (FWI = 1), the
constant power region can be extended theoretically to infinite motor speed. The
maximum speed of the motor is defined by DC-link voltage for machines with FWI
larger than one.

The field weakening index is also important from point of view of failure opera-
tion. One motor sub-system can be field weakened completely (iq = —i., ) whereas

the second sub-system generates torque. This mechanism can be used during motor
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failure. However, the field weakening index needs to be lower than one. Mutual

inductances should be also taken into account.

Fig. 5.3: Three-phase motor with dis- Fig. 5.4: Three-phase motor with dis-

tributed winding arrangement. tributed winding arrangement.

Second possible stator winding arrangement is distributed winding. Distributed
windings produce back-EMF waveforms which are almost sinusoidal in comparison
with the concentrated windings arrangement. This windings arrangement is typ-
ically used in motor production. Distributed windings are divided into multiple
armature slots [32]. One armature slot can contain coils of different phases or even
coils of different sub-systems using this arrangement. Mutual inductances between
phases are higher in comparison to non-overlapping concentrated winding arrange-
ment. Figures 5.3 and 5.4 shows three-phase stators with distributed windings.

Distributed winding can be also divided into multiple sub-systems to form mul-
tiple three-phase systems. Mutual inductances between the coils lead to the motor
with strong magnetic coupling between sub-systems. Multiple three-phase system
can be created using several methods.

Individual coils can be evenly distributed into multiple sub-systems to form a
fully symmetrical structure. The coils of different sub-systems are strongly coupled
in this case. Mutual inductances between sub-systems are much higher in compari-
son to multiple three-phase structure with non-overlapping concentrated windings.
Dual three-phase motor with interlaced sub-systems is shown in Figure 5.5. The
motor can operate using only one sub-system without any problems during a fault
because individual three-phase sub-systems are symmetrical. Mutual inductances

between all three phases is same (My, = My. = M.,). The main disadvantage of
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this structure comes from high mutual inductances. Currents of one sub-system
influence another sub-system. These effects cause problems during the motor short-
circuit faults.

The second method to form multiple three-phase motor uses coil groups. In-
dividual sub-systems are geometrically separated. We can speak about the motor
with segregated sub-systems in this case. Mutual inductances between sub-systems
are significantly lower in comparison to the interlaced structure. Dual three-phase
motor with segregated windings is shown in Figure 5.6. This motor structure can op-
erate during the short-circuit faults of one sub-system. However, control algorithm

for this structure is more complex and all asymmetries need to be considered.

Fig. 5.5: Dual three-phase motor with  Fig. 5.6: Dual three-phase motor with

distributed winding and interlaced sub-  distributed winding and segregated sub-

systems. systems.

The mutual inductances between phases within the sub-system are not the same.
The mutual inductances between boundary windings (M,.) are lower in comparison
with other inductances within the sub-system (M,;, M,.). This asymmetry causes
problems during motor faults. As such, a special algorithm is required for the
single sub-system operation. Further problems are caused by asymmetrical mutual
inductances between sub-systems.

Individual stator structures can be compared with each other. Simulation results
using different structures are shown in the following chapters. Fundamental motor
parameters are the same for every stator coil arrangement. The motor parameters
are shown in Table 5.1. Test conditions for individual structures are also the same.

Different motor behaviour is caused by different inductances.
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Tab. 5.1: Fundamental motor parameters

Specification Symbol | Value
Continuous power P. 68 kW
Peak power Py 160 kW
Nominal speed Wy, 8000 rpm
Maximum speed Wi 20000 rpm
Maximum continuous current I 120 A (rms)
Maximum current for 10 s I, 300 A (rms)
Continuous Torque T. 81 Nm
Maximum Torque T 200 Nm
Back-EMF constant Am | 40 mV/(rad s71)
Number of pole pairs Pp 4

Number of phases Dh 6 (2 x A)

5.1 The motor with interlaced windings and low

mutual inductances

Low mutual inductances between sub-systems can be achieved using non-overlapping

concentrated winding. This stator arrangement is shown in Figures 5.1 and 5.2.

5 xi0 Motor inductances (abc coordinates)
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Fig. 5.7: The inductances of analysed dl three-phase motor with low mutual induc-

tances between sub-systems.
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<10 Motor inductances (transformed into dq coordinates)
T T

4 T T T T T
Ld 1
35 —1I,
Lgq
- — =My

I

:
|
£

N
5}
I
S
I

Inductance [H]
I I

-
I
|

e
[6)]
T

|

Electrical angle [deg]
Fig. 5.8: The inductances of analysed dual three-phase motor with low mutual in-

ductances between sub-systems transformed into dq coordinates.

Inductance fluctuation can be seen in Figure 5.7. The fluctuation is caused by
rotor geometry. The inductance fluctuation referred to here leads to different L,
and L, inductances. Motors with different dg inductances can generate reluctance

torque. The higher inductance difference leads to higher reluctance torque.

Back-EMF voltages (5000 rpm)
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Fig. 5.9: Back-EMF phase voltages of dual three-phase motor with low mutual

inductances between sub-systems.
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Inductances presented in Figure 5.7 are transformed into dq coordinates and
shown in Figure 5.8. ¢ axis inductance is approximately 5.8 pH, However, d axis
inductance is only proximately 4.4 pnH. Mutual inductances between sub-systems
are roughly 20 % of self-inductances and therefore the interaction between sub-
systems is very low. Inductances transformed into dq coordinates have zero mutual
inductances between d and ¢ axis. The model described in chapter 4.2.2 can be
used for this type of motor without modifications for this reason.

The back-EMF voltage of the motor is shown in Figure 5.9. Back-EMF voltages
of both sub-systems are the same without the phase shift.

5.1.1 Active short-circuit simulations

The active short-circuit (ASC) mode is very important during motor or inverter
faults. For instance one of inverter transistors can be short-circuited. The damaged
phase is subsequently connected to negative or positive DC-link voltage. Other
phases of the damaged sub-system can be connected to the same potential to reduce
the influence of the damaged transistor. The field weakening index of the motor
needs to be lower than one. The motor currents during ASC are lower than nominal
motor currents due to low FWI. This operating mode does not cause thermal damage
to the motor for this reason.

ASC currents of the three-phase motor can be calculated using the equation
(5.3). R denotes phase winding resistance. Variables L, and L, represents mo-
tor inductances in dg coordinates. w, denotes electrical motor speed. Back-EMF

constant is defined by \,,. Variables ¢ and u represent currents and voltages in dq

coordinates. 4
ug = Rgig+ Ld% — wequ’q
d4i (5.3)
u, = R, + qu_tq + WAy + wWeLygiy

Voltages are equal to zero during ASC. dq currents are a function of speed. Steady
state currents can be calculated using following equation (5.4). 44, and 44, denote

motor currents during ASC operation.

. Wqu)‘m

ldpse = — m (5 4)
. ste)\m .
lgasc = _szqu + R?

The breaking torque Thgc during ASC for the three-phase motor can be subse-
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quently calculated using equation (5.5).

Tase = PR 32 P s (5.5)
ASCT T T\ WLy + B2 TV W24, + R2)Y '

ASC currents of the dual three phase motor with low mutual inductances can
be calculated using equations (4.19) and (4.20). These equations are suitable for
motor with zero mutual inductance between d and ¢ axis. This criterion is fulfilled
according to Figure 5.8. Motor currents in case of ASC of both sub-systems are
defined by (5.6). Variables i, o, and ig,q. ., represent currents of individual

sub-systems during full ASC operation. Here both sub-systems operate in ASC

mode.
| w2 (Lg + Myg)Am
tdpscarn = _wg(Ld + Maa)(Lg + Myq) + I3 (5.6)
| RyweAm,
fsseart =TT Myg) (Ly + My,) + R2

However, only one sub-system can be switched into ASC mode using dual three-
phase arrangement. In this case, ASC current of one sub-system can be calculated
using the equation (5.7). The equation is for the case of the first short-circuited

sub-system. Another sub-system operates with currents igo and ig.

RyweMygige — w2Ly(Mygig + \n)
ngqu + R?
Rowe(Magiae + Am) + w2LaMyqigo
ngqu + R?

ld1,ASC =
(5.7)

lg1,ASC = —

The motor torque of the dual three-phase motor can be calculated using the
simplified equation (4.25). The motor torque during operation with one ASC sub-
system can be calculated using the equation (5.8).

T. = 3Pp(Am(igz +iqasc) + (lazigz + iar.asciqasc)(La — Lg)+

o A (58)
+ (2d22q1,Asc + Zdl,ASCZqz)(Mdd - qu))

ASC current of one sub-system is shown in Figure 5.10. Currents of second sub-
system are equal to zero. The amplitude of phase currents is almost 160 A in this
case. This value represents approximately 113 A rms. Table 5.1 defines maximum
continuous current to 120 A. A motor can operate in this mode continuously.

The mutual influence between sub-systems slightly reduces the back-EMF volt-
age of the second sub-system. During all phase open simulation, the amplitude of
back-EMF' voltage is approximately 83 V. However, the back-EMF voltage of all
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Motor dgq currents
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Fig. 5.10: dq currents of ASC sub-system with second sub-system disconnected.

phase open (APO) sub-system is reduced by ASC currents. This influence can be
seen in figure 5.11. The voltage amplitude is reduced to approximately 65 V.

On the other hand, ASC currents are influenced by running a sub-system during
the operation with one ASC sub-system. The influence can be determined by the

equation (5.9) during a high speed operation.

lim 4 Magias + Am

1m %41, ASC = —— 7

We—>00 Ld (5 9)
lim i _ _Muler

Jim dg1asc L,

Thus the mutual inductance between sub-systems can be used to reduce currents
of ASC currents. However, the breaking torque generated by 7,1 asc can be increased
with the increasing generated torque. All these relationships need to be considered
during the control algorithm design.

The whole motor can be switched into ASC too. In this case, ASC current of
one sub-system is reduced due to the mutual inductances. The current of both sub-
systems is shown in Figure 5.12. The value during the high speed operation can be
calculated using the following equation (5.10)

. Am
lim Ydascarr T T

wer00 (La + Maa) (5.10)

lim ¢
We—r 00 qQASC_ALL
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Back-EMF voltages (5000 rpm)
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Fig. 5.11: Back-EMF phase voltages of dual three-phase motor with low mutual

inductances between sub-systems while operating with one ASC sub-system.
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Fig. 5.12: Motor currents during both sub-systems ASC.

The motor current amplitude is reduced to approximately 130 A. This value

represents roughly 90 A rms.
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<104 Motor inductances (abc coordinates)
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Fig. 5.13: Inductances of dual three-phase motor with high mutual inductances

between sub-systems.

5.2 The motor with interlaced windings and high

mutual inductances

High mutual inductances between motor parts is a typical feature of motors with dis-
tributed winding arrangement and interlaced sub-systems. This stator arrangement
is shown in Figure 5.5. Coils of individual sub-systems overlaps each other using
this stator arrangement and therefore there is a strong magnetic coupling between
coils.

All motor inductances are shown in Figure 5.13. Inductances, as shown by the
width of the curve, represent inductances related to the first sub-system. A narrow
curve denotes inductances related to the second sub-system. Inductances reflect the
phase shift between sub-systems caused by the mechanical arrangement.

Inductances can be transformed into dq coordinate system. The transformation
principle is described in detail in chapter 4.2.3. Phase shift between sub-systems is
taken into account by transformation. Inductances transformed into dq coordinates
are shown in Figure 5.14. The motor is fully symmetrical and inductances are
transformed into constants.

The mutual inductances represents approximately 65 % of self-inductances. Mu-
tual inductances fluctuation is significantly higher compared to non-overlapping con-
centrated winding arrangement.

Back-EMF voltage of both sub-systems is shown in Figure 5.15. The electrical
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<107 Motor inductances (transformed into dq coordinates)
T I |

3 T T T T
Ly |
L — L, ||
25 Lu,
== =My
oL - = = My,|
m = = = Mgdl
aq
8 151 =
=
<
S
O 1 _
=
el
=
—
05 _
0 o ww e mm mm e e mm e mm mm S mm mm S e e M S e e M e M S S M S S S S e e e e e e . -
05 I I ! I ! I I
0 50 100 150 200 250 300 350

Electrical angle [deg]
Fig. 5.14: Inductances of the dual three-phase motor with high mutual inductances

between sub-systems transformed into dg coordinates.

Back-EMF voltages (5000 rpm)
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Fig. 5.15: Back-EMF phase voltages of dual three-phase motor with phase shift

between sub-systems.

angle between sub-systems is 30 electrical degrees. Back-EMF constant is the same
for each coil arrangement. Amplitude of back-EMF voltage is same as in previous

arrangement for this reason.

48



5.2.1 Active short-circuit simulations

Simulation results of motor switched into ASC are almost the same in comparison
with the previously analysed arrangement. This behaviour is caused by the same
sum of mutual and self-inductances in all arrangements. The equation (5.7) can
be used to calculate ASC currents also for this arrangement because the mutual
inductance between d and ¢ axis is almost zero (Figure 5.14). The motor currents
are shown in Figure 5.16

» Motor dg currents
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Fig. 5.16: Motor currents during both sub-systems ASC.
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Fig. 5.17: dq currents of ASC sub-system with second sub-system disconnected.
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The main difference between arrangements can be seen during ASC of one sub-
system. Coils of one sub-system are evenly distributed over entire stator surface as
shown in the Figure 5.5. Inductances of one sub-systems are lower comparing with
other arrangements.

ASC current is roughly 220 A in dq coordinates as shown in Figure 5.17. This
value represents approximately 155 A rms. The value is higher than the maximum

continuous current. The motor cannot operate continuously in this mode.

Back-EMF voltages (5000 rpm)
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Fig. 5.18: Back-EMF phase voltages of dual three-phase motor with phase shift

between sub-systems while operating with one ASC sub-system..

Another disadvantage of this arrangement comes from field weakening of the
whole motor. Back-EMF voltage of the second sub-system is significantly reduced
for this reason. Figure 5.18 shows back-EMF voltages of the second sub-system.

The voltage deformation is caused by the electrical shift between sub-systems,
however, harmonic distortion of the voltage can be solved using the proper con-
trol algorithm. The principal problem is the motor power reduction. Theoretical
maximum torque can be calculated using the equation (5.8).

ASC currents of one sub-system depend on currents of the second sub-system.
The maximum motor torque for different phase currents of the second sub-system is
shown in Figure 5.19. Field weakening angle was configured to reach the maximum

torque using the actual current value. The values represent currents amplitude.
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Theoretical maximum motor torque
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Fig. 5.19: Maximum achievable motor torque for different stator currents of active

sub-system (second sub-system in ASC mode).

5.3 The motor with segregated windings

High mutual inductances between motor parts can be reduced using segregated
structure. It uses a group of coils for each sub-system which are geometrically sepa-
rated from other sub-systems. Segregated structure is shown in Figure 5.6. Mutual
inductances between sub-systems are significantly reduced by the geometrical dis-
tance.

Geometrical separation is the main advantage of this structure. A short-circuit
between the sub-systems can hardly occur. The fault is thus always situated in one
sub-system. However, such a structure has also disadvantages. There is a strong
magnetic coupling between phases within the sub-system. The mutual inductances
between individual phases are not the same as already mentioned. This feature can
be problematic during the motor operation.

The inductances of the dual three-phase motor with segregated windings are
shown in Figure 5.20. Inductances of one sub-system are not symmetrical in con-
tradistinction to previous structures. Transformation into dg coordinates can be
performed, however, the inductances transformed into dg coordinates are not con-
stant. The inductances transformed into dq coordinates are shown in Figure 5.21.

The entire motor structure is symmetrical and the combination of mutual induc-

tances and self-inductances form fully symmetrical structure. This can be seen in
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<10 Motor inductances (abc coordinates)
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Fig. 5.20: The inductances of dual three-phase motor with segregated sub-systems.

. <104 Motor inductances (transformed into dq coordinates)
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Fig. 5.21: The inductances of dual three-phase motor with segregated sub-systems

transformed into dq coordinates.

the following statement (5.11)

qu(9> + qu(e) ~ 0
Ly + Maa, = L' (5.11)
Lyggy + Mgy = L
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The sum of self-inductances and the mutual inductances in dg coordinates is
constant. The motor structure can be considered symmetrical if both sub-systems
operate with the same phase currents. The motor behaviour during normal opera-
tions is symmetrical for this reason, but the behaviour of this structure during the
fault is problematic. Another problematic behaviour can be caused by operating
with the different phase currents. Back-EMF voltage of this structure is the same as
back-EMF voltage of first analysed structure. This back-EMF voltage can be seen
in the Figure 5.9

5.3.1 Active short-circuit simulations

The whole motor can be switched into ASC, as well as previous structures. The
behaviour is almost the same. ASC currents can be seen in the Figure 5.22. If both
sub-systems are switched into ASC, the equation (5.7) can be used to calculate the

motor currents. An absence of torque ripples proves the motor symmetry.

2 Motor currents during ASC in both sub-systems
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Fig. 5.22: dq currents of ASC in both sub-systems.

Problematic behaviour is caused by an asymmetry inductances within the sub-
system. Fully balanced and harmonic back-EMF voltage do not generate fully har-
monic currents during the ASC of one sub-system. Current amplitude is the same
for boundary phases, however, current amplitude of the middle phase is lower. This
behaviour can be seen in the Figure 5.23. The harmonic distortion of phase currents
is also visible.

Currents of ASC sub-system can be transformed into dg coordinates. However
dq currents contain ripples. The current ripples subsequently generate undesirable

torque ripples. The motor dq currents can be seen in Figure 5.24.
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Motor currents (5000 rpm)
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Fig. 5.23: Motor currents during ASC operation in one sub-system.

40 Motor currents during ASC in one sub-systems
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Fig. 5.24: dq currents of ASC sub-system.

Currents amplitude is lower than 140 A. This value represents approximately
100 A rms. The value is lower in comparison with the maximum continuous motor
current. The motor can operate continuously in this operation mode. Back-EMF of
the second sub-system is influenced by ASC currents. The voltage amplitude is not
reduced. However, the voltage waveform is distorted. Figure 5.25 shows back-EMF
waveform of the second sub-system during an operation at 5000 rpm. The voltage
deformation and torque ripples must be considered during the control algorithm

design. The motor can operate using only one sub-system, but the control algorithm
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Back-EMF voltage (5000 rpm)
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Fig. 5.25: Back-EMF phase voltage of dual three-phase motor with segregated sub-

systems and one ASC sub-system.

needs to be adapted to the motor asymmetry. Mutual inductances between sub-
systems are also asymmetric. The control algorithm for this type of motor is dealt

with in chapter 7.

95



6 FAULT ANALYSIS

Fig. 6.1: Simulated motor faults.

This chapter deals with electrical faults of dual three-phase PMS motors. Anal-
ysed faults are shown in Figure 6.1. Stator winding short-circuits represent the
most typical electrical faults of the motors. The short-circuit can appear in one sub-
system or even between sub-systems. Another possible fault is phase disconnection
due to mechanical damage of the wire.

The most typical short-circuit is between the motor phase and the motor case
[33]. This fault can be simulated by activating fault switch Fj. The motor case

potential can vary depending on the application. Optional motor case’s potential
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can be used during simulations. In some cases the motor case can be galvanically
isolated from the inverter DC-link.

Inter-turn short-circuit is another problematic fault of stator winding. Rapid
local increase in temperature is caused by this fault. Damage of other windings can
be caused by the increased temperature subsequently. This fault can be simulated
using fault switch F5. The phase winding L, can be divided into the coils L,;_; and
L, » with customizable ratio. Inter-turn short-circuit of one coil turn or even more
turns can be simulated.

The short-circuit between different phases can occur in some stator configura-
tions. Two variants can appear and can be modeled. The first variant represents
short-circuits within one sub-system. This type of fault can be simulated using
the fault switch F3. The second variant is closely related to a multiple three-phase
arrangement. Individual three-phase sub-systems are electrically separated during
normal operation. However, the short-circuit between different sub-system phases is
also possible especially using the multiple three-phase motor with distributed wind-
ing and interlaced sub-systems. This fault can be simulated using the fault switch
Fy.

The last fault is a disconnected wire. This fault can be located inside of the
motor, or disconnected wire between the motor and inverter. Fault consequences
are the same in both cases. The fault position is not relevant during this fault
because the current can not flow through disconnected winding. This fault can be

simulated using the fault switch Fs.

6.0.1 Short-circuit to motor case

This fault represents the most typical fault of the stator winding [34]. The motor
behaviour during this fault depends on the motor case potential. The standard
industry three-phase inverters use three-phase power of the electrical grid. The
inverter uses the rectifier bridge to form a DC-link. The DC-link middle voltage
potential is the same as the potential of ground and the electrical grid neutral point.
In this case, the motor case is typically connected to the ground.

The motor case can be connected to the negative (or even positive) pole of DC-
link in other applications. This situation is typical for battery powered systems. For
example battery tools.

Another possibility is to use the galvanic separation between the motor case and
DC-link. Motor currents do not change during this fault. The insulation monitoring
device can be used to detect the fault in this case. This solution is suitable especially

for safety-critical systems.
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Fig. 6.2: Damaged winding connected to grounded motor case.

The motor case connected to DC-link potential

The voltage between the fault point and the motor case depends on several as-
pects. Motor structure analysis in chapter 5 shows the behaviour of different motor
structures. All analysed structures are symmetric during normal operation. Mo-
tor middle point voltage u,, can be calculated using an arithmetic mean of phase
voltages (6.1).

Phase voltages u,, up and u, represents motor terminal voltages. Negative DC-
link voltage represents voltage reference ug. The connection is shown in Figure
6.2.

_ua—}—ub—l—uc

: (6.1)

U

ur = (1—0)ug + o, (6.2)

The fault voltage u; represents the voltage between the motor case and the
damaged wire. Model parameter o defines the position of the fault. Value o = 0
represents the fault situated in the motor terminal. Value o = 1 represents the fault
in motor middle point.

The control algorithm can add offsets to the phase voltages to suppress the fault
currents. However, the fault voltage is always positive in this case. The current flows
from the inventer into the motor case during this fault. This current is represented
by variable i;. The fault voltage can be reduced by configuring all phase voltages
to zero. Zero voltage represents ASC of the sub-system.

This fault was simulated using dual three-phase motor with interlaced sub-
systems and low mutual inductances. The parameter ¢ was set to 1 (motor middle

junction connected to the motor case). The DC-link voltage was configured to 800 V.
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Motor currents during fault (5000 rpm)
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Fig. 6.3: Motor currents during the short-circuit to DC-link negative pole fault.

The current increase is rapid during the fault. This type of fault can be detected
using the overcurrent flag. Hardware detection using transistor desaturation fault
can be also used. The sum of currents must be monitored as well to detect this
fault.

Figure 6.3 shows motor currents. The fault switch F; was activated in time of
0.5 s. Damaged sub-system is switched into APO mode one millisecond after the
fault. Motor currents after the sub-system disconnection are not zero due to motor
back-EMF voltage. Motor currents depend on fault position. The fault current iy
is approximately 230 A (Figure 6.4).

Damaged sub-system can be also switched into ASC to reduce the fault voltage
as follows from equation (6.1) as already mentioned. ASC must be realised using
bottom transistors to configure a zero voltage on motor terminals. The fault current
is significantly reduced using this method. Fault current i; oscillates around zero
with the amplitude of 10 A (Figure 6.5).

Motor case connected to DC-link middle potential

This fault is similar to previously mentioned faults. However, the fault voltage uy
can be either positive or negative in this case. The fault voltage can be calculated
using the equation (6.3).

Upc

ur = (1 —o0)ug + oty — (6.3)
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Fig. 6.4: Damaged sub-system switched Fig. 6.5: Damaged sub-system switched
into APO mode. into ASC mode.

In normal operation, the middle point voltage u,, depends on used pulse width
modulation (PWM) technique to generate phase voltages. Several different methods
are typically used. The sinusoidal pulse-width modulation (SPWM) is the first
method. SPWM is the simplest modulation, however, this modulation is not able
to effectively use all the available DC-link voltage. The motor middle point voltage
is equal to the center of the DC-link voltages in this case [35].

The third-harmonic injection pulse-width modulation (THIPWM) represents the
second possible method to generate phase voltages. This technique can improve the
inverter performance due to the motor middle point voltage changes.

The third method is the space vector pulse-width modulation (SVPWM) [36].
This method adds triangular voltage.

The phase voltage waveforms and the middle point voltage for all three modu-

lation techniques are shown in Figure 6.6.
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Fig. 6.6: Differences in PWM modulation techniques.
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Fig. 6.7: Motor currents during the middle point short-circuit to motor case.

The fault current depends on the selected voltage modulation technique. The
figure 6.7 shows motor phase currents for different voltage modulations during the
middle point short-circuit to the motor case. Harmonic distortion using THIPWM
is lower in comparison to a harmonic distortion using SVPWM. Only these two
methods are compared because the fault current using SPWM is equal to zero. The
damaged sub-system can be switched into APO mode or fed up with 50 % duty
cycles to reduce the fault current.

6.0.2 The interturn short-circuit

This type of fault may occur in every type of electric machine. This fault can
be described as short-circuit between two turns of one motor winding. Created
current-turn is located inside of the motor and the fault current flowing through
it cannot be measured. Changes in back-EMF voltage can be used to detect this
type of fault. Changes in magnetic flux generated by the rotor rotation induce high
currents into current-turn. The fault current amplitude depends on a number of
short-circuited turns and the fault point resistance. Fault current amplitude for
motor with zero currents depends on the following equation (6.4). This equation
does not reflect the influence of mutual inductances between sub-systems. Variable
n; denotes a number of coil turns which are short-circuited. Variable n, represents
overall number of turns in one motor phase. The inductance of the short-circuited
part is represented by L;. R; denotes the resistance of the whole short-circuited
part.

We )\mnit /no

I; = elmllit/ o (6.4)

\V R%t + L%t”?
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Taking into account the mutual inductance to the sub-system currents, following
equation (6.5) can be derived. Variable M;; denotes the mutual inductance between

the shorted part and the rest of the damaged winding.

wW2(Npnig/no + Miyig)? + M2i2
I;= V/ i i ra (6.5)

\V Rz?t + L%t”?

More complex form of the equation (6.5) can be derived considering mutual

inductances between short-circuited winding part and the other motor sub-systems.
However, because of its small value, this mutual inductance can be neglected.

High fault current amplitude is caused especially by the low resistance and in-
ductance of short-circuited part. This current causes a local increase in temperature
and can cause other winding faults due to over-heating. Therefore, a rapid detection
of this fault is essential. Changes in magnetic flux need to be reduced in order to
decrease the fault current. The reduction can be reached by switching sub-system
into ASC or by active field weakening. The mutual inductance between damaged
part of coil and the rest of winding is typically higher in comparison to the self
inductance of a damaged coil part. The mutual inductance in combination with the
field weakening current reduces the fault current.

Figure 6.8 (left side) presents measured motor current of both sub-systems trans-
formed into dq coordinates. The right side of the figure presents unmeasurable
interturn current.

Switching into ASC is shown in Figure 6.9. Left side of the figure shows motor
dq currents and the right side shows reduction of fault currents. The fault current

value is reduced and the motor can continuously operate with reduced power.
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Fig. 6.8: Motor currents during interturn short-circuit scenario.
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Fig. 6.9: Motor currents during interturn short-circuit (with active compensation).

6.0.3 Short-circuit between phases within one sub-system

This fault can be divided into two variants: The first variant is an interconnection
of two phases of one sub-system inside of the motor. The second variant is the
shunt located between motor and inverter. The first fault can be detected using
current distortion; The second variant must be detected using inverter hardware. If
two inverter phases are connected together, the transistor desaturation fault occurs.
(One phase connected to DC Bus+ and the second phase connected to DC Bus-).
In both cases, the sub-system can be easily switched into ASC.

The first variant of this fault is a connection of two windings inside the motor.
The behaviour depends on the position of a winding connection point. This fault
creates a closed circuit which cannot be directly controlled. The fault current of this
closed circuit is also unmeasurable. The fault current can generate torque ripples
or a rapid local increase of temperature.

The behaviour can be similar to the interturn short-circuit fault. This behaviour
is typical if the connection of two windings is close to the sub-system middle junction.
Local increase in temperature is problematic in this case. On the other hand, a short-
circuit in a bigger distance from the middle junction can cause significant torque
oscillations. Instability of the control algorithm can appear due to the reduced phase
to phase inductance and resistance between damaged phases. An active short-circuit
mode can be used to reduce fault impact in this case.

The second variant causes high transistor currents and damage to the inverter
is possible. This fault needs to be detected by the hardware, because a software
detection is too slow. Desaturation error leads to switching inverter into APO mode
typically. Inverter can be subsequently switched into ASC after inverter fault reset.

During operation in ASC mode, the voltage potential of both phases is the same.

63



Motor dg currents Interturn fault current

600 T T 800
Phy S1 if
Php S1 |' ‘l 600 -
400 F Phe S1 |||: h ¥
- — = Ph,S52 fre h !
___ths2 "ll:'ll pl::l '|: 400
200 Phe 52 " | ‘ :. “:1 ‘J':;I: 200
—_— P I ) | -
% ’\/\/ / \-ﬁ[' ‘h ﬂrf ? "’
§ 0p \ \I / \1 t #‘ ' i] it °
5 ' sl
£ : 1) 'ﬂ.n m‘ a0l
w00 |: f nl . | || 1
i ,l l'l | i "y
0 ':l:u" ::::. oo
L} "

-400
-600

-600 - -800 - -
0.045 0.05 0.055 0.06 0.045 0.05 0.055 0.06

Time [s] Time [s]

Fig. 6.10: Motor currents during short-circuit between sub-systems.

6.0.4 Short-circuit between sub-systems

Sub-system to sub-system short-circuit can occur in multiple k-phase motors. Such
multi-phase motors consist of several electrically separated sub-systems. The closed
circuit is not created inside of the motor in comparison to the faults described
previously. On the other hand, a current can flow from one sub-system to another
during this fault. This fault affects both motor sub-systems.

Electrical connection between sub-systems can be located between the inverter
and motor or inside of the motor similar to previously described fault. The fault
located between the power inverter and motor must be diagnosed using and inverter
hardware. Simple switching of one sub-system into APO mode can solve this fault
during low speed operation. However, back-EMF voltages can generate currents
within the switched off sub-system. Both sub-systems can be switched into active
short-circuit to decrease fault currents during high speed operation. However, motor
cannot, generate torque during ASC of the whole motor. The last option is to use
compensation to reduce the current flow between sub-systems.

During the simulation, the first sub-system winding B middle point was con-
nected to another sub-system winding A middle point in order to create example
fault. The resistance of connection was configured to 0.5 € to reduce fault cur-
rent amplitude during simulation. Because a high fault current amplitude causes
overcurrent fault in both sub-systems. The fault was simulated at time t = 0.05 s.
Motor currents of both sub-systems (left) and the fault current which flows from
one sub-system into another (right) are shown in Figure 6.10.

The fault compensation control method can be used to reduce the fault current
if the position of the fault is known. Both motor sub-systems can be controlled

as one complex six-phase system, instead of two electrically isolated three-phase
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systems. Voltages of individual phases are configured to reduce current flow from
one sub-system to another by keeping the connection point at an equal potential.
This control method is relatively simple, however, the exact position of the electrical
connection between sub-systems is required for proper operation. Figure 6.11 shows

the principle of the compensation algorithm.
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Fig. 6.11: Principe of compensating algorithm to keep the same voltage potential of

short-circuit point between sub-systems.

The winding endpoint position represents required voltage potential. Both sub-
systems are now electrically connected and voltage vectors of individual sub-systems
cannot rotate independently. SPWM with voltage offset is used to reduce fault cur-
rent instead of SVPWM. Red point represent the connection between sub-systems.
Position of green and blue points represent changes in middle point potential of
individual sub-systems. Sub-system middle points (blue and green line) and fault
point (red line) voltage potentials as a function of voltage vector angle are shown in
Figure 6.11 (bottom). Voltage values needs to be adapted according to the actual
rotor position and required voltage amplitude.

Motor currents and motor voltages with an active compensation are shown in
Figure 6.12. Phase to phase voltages of individual sub-systems are not changed.

Field weakening and other control algorithm features can be used. DC-link usage
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during the compensation is 49 % higher in this case. However, this value depends

on a contact point between sub-systems.
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Fig. 6.12: Motor currents and voltages during short-circuit between sub-systems

with active compensation.

6.0.5 Disconnected winding

This type of fault can be caused by the mechanical damage of a power cable between
motor and inverter. The phase can be also disconnected inside of the motor due to
the mechanical damage. The current cannot flow through damaged phase during the
fault. The damaged sub-system cannot be switched into ASC because one phase
is disconnected and currents during ASC are not balanced. Unbalanced currents
generate torque oscillations. This behaviour can be problematic especially during
high speed operation. Motor can operate up to the nominal speed with damaged
sub-system in APO mode.

The field weakening of active sub-system can be used to partially decrease back-
EMF voltage of damaged sub-system. Mutual interaction between sub-systems is
described in detail in chapter 5. Torque ripples can be suppressed by active sub-
system using mutual inductances.

Motor back-EMF constant used in simulations allows to switch damaged sub-
system into APO up to maximum motor speed. For this reason, the DC-link voltage
used in simulation was decreased to 100 V. The motor was operated at 5000 rpm.
The phase to phase back-EMF voltage of the motor is approximately 150 V at this
speed. The current can flow from APO sub-system through power inverter diodes

into DC-link. The required torque was set to zero during simulation. The simulation
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Fig. 6.13: Disconnected phase simulation results (no generated torque).

results are shown in set of Figures 6.13. The behaviour of motor with damaged sub-
system switched into APO is shown in left column. The active sub-system does
not generate torque, hoverer, field weakening needs to be active due to the higher
back-EMF' voltage compared to low DC-link voltage.

Mutual inductances between sub-systems are used to reduce the back-EMF volt-
age of the disconnected sub-system. This simulation is shown in the middle column.
Active sub-system d current is significantly higher than required.

The last column shows damaged sub-system switched into ASC in combination
with additional field weakening. Torque oscillations are the highest in this case.
Therefore, the damaged sub-system should not be switched into ASC during this
type of fault.

The motor generates zero torque during simulations. Another set of Figures
6.14 shows behaviour of damaged motor during torque generation. Motor required

torque was set to 20 Nm during simulation.
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Fig. 6.14: Disconnected phase simulation results (20 Nm produced).
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7 CONTROL METHOD FOR SEGREGATED
MOTOR STRUCTURE OPERATING
DURING THE FAULT

This chapter deals with the control algorithm for dual three-phase motor with segre-
gated sub-systems. All figures included in this chapter are from real measurements.

The behaviour of the dual three-phase motor depends on its mechanical con-
struction, as mentioned earlier. The parameters of the tested motor are given in
Table 5.1. This motor was designed as a fault tolerant machine. The back-EMF
voltage generated by the machine during maximum motor speed is lower than used
DC-link voltage. The Inverter can be switched into an all phase open mode without
undesirable current flow into the DC-link. During the motor inter-turn short-circuit
or phase to phase short-circuit, the damaged motor sub-system can be switched to
an active short-circuit mode as presented in chapter 6. Currents generated by the
back-EMF voltage cause field weakening of the damaged sub-system. The current
through the inter-turn short is narrowed by the field weakening.

The stator coil arrangement of the analyzed motor is shown in Figure 5.6. The
behaviour of this motor can be simplified and described by the three-phase equivalent
as it was already mentioned. An asymmetric behaviour can be observed especially
during the faults. All six-phases need to be considered during the faults.

The motor winding is divided into six phases. Each phase has its self-inductance
and also mutual inductances to all other phases. Inductances can be described by

the following matrix

Lo Lay Lae Moo Moy Moe
Lyo Ly Ly My, My, My
Lo, = Lo Loy Le My My M _
Moo Map Mae Lo Lap  Lac
Myo My My Lo Ly Ly

_Mca Mcb Mcc Lca ch Lc

Labc Mabc

7.1
Mabc Labc ( )

Individual items of L., are not constants. The inductance of each phase is a
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function of rotor position. Individual values are defined in (7.2).

L, = Ls+ Lap cos(20)

Ly =Ls+ Lamcos (20 — <

L. = L, + La,, cos 29—!—4% (7.2)
Lab = Lba = LSl + LAm cos (20 — 2% .
L,.= L., = Lgy + La,,cos (20 + %”

Lbc = ch = LSl + LAm COSs (29)

L, denotes the constant part of the inductance. Value La,, corresponds to the
inductance fluctuation magnitude which is given by the rotor geometry and used
material permeability. The magnets are inserted inside the rotor. This type of the
motor is known as the interior permanent magnet synchronous machine (IPMSM).
Variable 6 denotes the actual electrical position of the rotor. Maximum inductance
is in rotor ¢ axis. Individual inductances are shown in Figure 5.20.

Variables Lg; and Lgo describe the constant part of mutual inductances within
one sub-system. Indexes take into the account distances between coils. (e.g. Lg; is
for phases a; — by and b; — ¢;, Lgs is for phases a; — ¢1)

Mutual inductances of sub-system border coils a and ¢ differ from mutual in-
ductances between the middle coil b and border coils. Mutual inductances between

sub-systems can be seen in (7.3).

Moo = Lsp,
My, =~ Ly,
Mee = Lsm
My, = My, =~ Ly
Mae = Meq = Lo
My, = My, = Ly

(7.3)

The geometrical distance between phase a of the first sub-system and phase a
of another sub-system is the same as the geometrical distance between sub-systems.
This holds for all three phases. The mutual inductance between coils with the
same electrical angle is described by variable L,,,. Variables L,;; and L, denote
other mutual inductances between sub-systems. These two values are not equal. The
mutual inductance fluctuation between sub-systems is small enough to be neglected.

Equation (7.4) shows the relationship between the value of mutual inductances
within a sub-system and the mutual inductance between sub-systems. This condi-
tion is given by the motor structure and is responsible for motor symmetry during

normal operation.

LSl + LMl - LSQ —|— LM2 (74)
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The torque generated by the dual three-phase motor can be calculated using

(7.5) as already mentioned in chapter 4.

1 .T dLabclz . i;rbbcm %) (75)

fe= 1t <§7’ab°‘12 Qg et T, at

Motor generated torque T, consists of two parts. The first part in the brackets
represents reluctance torque. The second part represents magnetic torque. Variable
w, denotes the electrical speed of the motor. Pp represents the number of motor

pole pairs.

7.0.1 Control Algorithm for Healthy Motor

During normal operation, both sub-systems operate with the same currents, 2.,
equals to 24pc,. The motor behaviour of one sub-system can be described by its three
phase equivalent. Standard approaches to the configuration of controller parame-
ters can be used. The control algorithm uses maximum torque per ampere (MTPA)
curve. The field weakening algorithm uses also maximum torque per volt (MTPV)
curve. These methods improve behaviour in the high-speed region. The field weak-
ening algorithm is based on [37, 38]. Decoupling or other advanced control method
can be used for this type of motor during normal operation.

This behaviour is the advantage of multiple three-phase arrangements. The
classical three-phase control algorithm in combination with the multiple three-phase
inverters can be used for the healthy motor. Motor current is distributed into
multiple sub-systems.

Both motor sub-systems were connected to one three-phase inverter during tests
because high power six-phase inverter was not available at the time of experiments.
The control algorithm was modified to operate with half of measurement currents to
trace properly the MTPA curve. Motor currents were measured with an oscilloscope
for verification. Measurement confirmed an even distribution of the current to both
sub-systems. This behaviour was also predicted in simulations.

The testing operating point was chosen with regard to dynamometer capabilities.
Mechanical speed was set to 3000 rpm. The torque generated by the motor was set to
50 Nm per one sub-system. The motor generates 100 Nm during normal operation,
but only approximately 50 Nm during the fault.

Figure 7.1 shows measured motor currents during the test. The motor currents
of both sub-systems are the same. The voltage vector trajectory generated by the
inverter can be seen in Figure 7.2. The voltage vector trajectory for the classical
motor is typically circular. Deviation from ideal circular shape is caused by harmonic
distortion of back-EMF voltages and by the dead-time effect.

71



Motor dg currents

200 T T T T T
id | |

=< 100 F .
-
=
(]
—
=
O 0r -

-100 I 1 I I 1

0 0.005 0.01 0.015 0.02 0.025 0.03
Motor abc currents
200 T T T T T
lq

. 100 F i |
= ic
-
£ of N
—
—
S

-100 \j

2200 I 1 I I 1

0 0.005 0.01 0.015 0.02 0.025 0.03

Time [s]

Fig. 7.1: Motor currents during normal operation (currents of both sub-systems are

same).
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Fig. 7.3: The structure of proposed current controller with compensation.

7.0.2 Control algorithm for one active sub-system

This operating state is required if some part of the inverter is broken or if one
motor phase is disconnected from the inverter. In this case one motor sub-system
is switched to APO mode. The currents in this sub-system are equal to zero. The
second sub-system can continue to operate.

The motor should generate smooth torque during fault state. 24, should be
constant without oscillations to generate smooth constant torque on the motor shaft.
This condition comes from (7.5).

For inductances of the active motor part see (7.2). These inductances are not
symmetric as required by the classical control algorithm. The voltage required to
operate the motor with constant dq currents during this fault state is calculated
using (7.6).

dLabc,-r'_1 . dZd
7dt 2qq + qud—tq + eqq (76)

The time derivative of inductance matrix L, in combination with the trans-

Udq = quidq + T

formation to dq coordinates defines cross-coupling. However, cross-coupling is the
function of the rotor position in the asymmetrical system. Cross-coupling oscilla-
tions need to be taken into account by the control algorithm for the asymmetrical
motor arrangement.

The inductance and transformation time derivative for one active sub-system
can be simplified as described by (7.7). It consists of a rotor position dependent
part and a constant part. The back-EMF voltage and resistance of coils are also
symmetrical and can be considered as constants in dgq coordinates.

Motor currents in abc coordinates have different amplitudes without the com-
pensation. The influence of asymmetry is proportional to actual motor currents

amplitude and operating speed - see (7.6) and (7.7).
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dLabc,-T'_1 S A
T—  ~Lutly

A _ dwe(Lsi—Lsa)| sin(20 — %) cos(20 — %)

b =757 (7.7)
cos(20 — %) sin(20 — %)
2Lsy+L 3
qu = We 2L +S 3 —5%5—2 —Ls +5Lam
Ly = =852 + 5 Lam 0

Motor terminal voltage uq, can be divided into two parts. The first part is the

symmetric voltage (7.8). The second part is asymmetric and calculated as in (7.9)

. di
ul, = L iag + qud—j" (7.9)

Currents in dq coordinates are constant in steady state. The time derivative of

dq currents is thus neglected. The result after transformation from dg coordinates
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Fig. 7.5: Motor currents in dq coordinates (AC for active compensation IC for inac-

tive compensation).

into stator af coordinates is given in (7.10).

s
S sin(0 — 3) cos(0 — %) cos(f) sin(0)| |ug (7.10)
o0 cos(f —5) sin(0 — %) —sin(0) cos(0)| |uy '
uS
q

where  ug = 4/3lyw.(Ls1 — Lgo) and ug = 4/3l,w.(Ls1 — L)

Variables uj and u; give the amplitude of the circular voltage trajectory for the
motor as shown in (7.10). The other two items ug and ug generate a second circular
voltage trajectory. This second trajectory is shifted and the direction of this cir-
cular trajectory is the opposite. The sum of both trajectories generates an ellipse.
From the geometrical point of view, ideal motor currents are generated by ellip-
soidal voltage trajectory. Ellipsoidal distortion is proportional to the speed and to
actual motor currents as seen from ug and uy. Ellipsoidal distortion compensation is
calculated for the control algorithm using additional counter-directional controller.
The first controller calculates uj and uj values. The second controller calculates ug
and ug voltages. The block diagram of the controller with compensation is shown
in Figure 7.3.
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Fig. 7.6: Voltage trajectories for a run with and without compensation.

For easier comparison, the test was carried out at the same operating point
as during normal operation tests. The influence of additional compensation can
be seen in Figure 7.4. It is also well demonstrated by currents in dg coordinates
shown in Figure 7.5. Motor currents with active compensation are smoother than
currents without compensation. The voltage generated by the control algorithm
without compensation is deformed as shown in Figure 7.6 (a). However, the classical
control algorithm is not fast enough to generate the required elliptical distortion.
Voltage trajectory generated by the control algorithm with compensation is shown in
Figure 7.6 (b). The control algorithm is able to adaptively compensate for different

inductance asymmetry without online inductance identification.

7.0.3 Compensation of ASC sub-system

Motor sub-system needs to be switched into ASC during some fault. One sub-system
of this motor can be switched into ASC, however, motor currents of damaged sub-
system are not balanced due to an asymmetry inductances within the sub-system.
This behaviour is shown in chapter 5.3.1. A damaged sub-system generates torque
ripples, however ASC is required during some type of fault as inter-turn short-circuit
or phase to phase short-circuit.

ASC sub-system currents cannot be controlled. However, the construction of
the motor takes this information into account, so that ASC mode of one sub-system
does not cause overcurrent or thermal damage to the motor. This ASC mode is very
important in a view of the field weakening of a defective sub-system. Back-EMF

voltage is significantly reduced in this case.
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Fig. 7.7: Motor currents in abc coordinates.

Torque ripples generated by ASC current can be reduced using the active sub-

system. The control algorithm is adapted to generate torque ripples with the same

magnitude and opposite phase.

T, = Pp (T, + Ty) (7.11)

The motor torque in (7.5) can be divided into a reluctance 7, and magnetic T},

part (7.11). The magnetic torque of the whole motor is composed of the sum of the

magnetic torques of all sub-systems. The same principle applies to reluctance torque

as the mutual inductance fluctuation is low. Controlled current 4,4, oscillations must

have the same amplitude and opposite phase as the ASC sub-system current 7,4,

according to (7.12).

0

,in d‘I’mabc . 3 )\m
T, a2 L2 —qr = 7.12
w dt bdg1z 210 ( )

Am

d(iq, ) d(ig,)

= — 7.13
dt dt ( )
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Fig. 7.8: dq currents of controlled and ASC sub-systems with classical FOC algo-

rithm.

The condition for magnetic torque oscillations compensation is given in (7.13)

0 —3LAm 0 0
1. dLabc . 1. _3LAm 0 0 0 .
Tr=Stmn =g twa = Shme | 0 0 —3Lan| "
0 0 —3LAm 0

(7.14)
The reluctance torque value depends on a product of i4 and i, as shown in (7.14).

The condition for reluctance torque oscillations reduction is given in (7.15).

did1iQ1 did2 iQ2
= — 7.15
dt dt ( )

The control algorithm uses the combination of required currents calculated ac-

cording to derived conditions (7.13, 7.15) and of the earlier mentioned additional
counter-directional controller which is able to generate an elliptical stator voltage
vector. This combination of control methods makes it possible to follow the re-
quired current oscillations for torque ripples reduction. Figure 7.7 shows measured
motor abc currents using the classical FOC algorithm compared to the algorithm

with torque ripples compensation. Current oscillations presented in Figure 7.8 have
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Fig. 7.9: dq currents of controlled and ASC sub-systems with compensation algo-

rithm.

higher amplitudes compared to the current oscillations with active compensation

(see Figure 7.9).
tq current oscillations using the compensation have opposite phases. The second

condition stipulated in (7.15) is also fulfilled. Acoustic noise generated by the motor

was reduced by the proposed compensation.
The voltage trajectory required to compensate torque oscillations can be seen

in Figure 7.10 (b). The voltage vector without additional compensation methods is

shown in Figure 7.10 (a).
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Fig. 7.10: Voltage trajectories for the operation without and with the compensation
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8 FAIL OPERATIONAL CONTROL
ALGORITHMS TESTS

The fail operational control algorithm is based on the analysis described in chapter
6. Fail operational control algorithm consists of two essential parts. The first one
is a fault detection algorithm and online diagnostics. Online diagnostics is based
on algorithms described in [39, 40, 41, 42]. These algorithms provide information
about the actual motor fault.

Another part is a control algorithm with implemented compensation strategies.
Compensation strategies must respect the motor structure and behaviour during
the fault. Proper compensation strategy needs to be selected using the information
about the actual motor fault. Control algorithm needs to to be dynamically changed
during the motor operation in case of any fault appearance.

Three core microcontroller AURIX TC275 from Infineon is used during the real
experiments. The control algorithm is integrated in two cores. Each core is dedi-
cated to one motor sub-system. Internal logical structure of the microcontroller and

connection to the power stage and experimental motor can be seen in Figure 8.1.

CORE 0 Sub-system 1

Control algorithm &
Online diagnostics

CORE 2

Communication
and data
acquisition

CORE 1

Control algorithm &
Online diagnostics

v

Sub-system 2

Fig. 8.1: Structure of testing system.

The last core is dedicated to communication and data acquisition. System is
connected to PC using Ethernet communication. Individual waveforms are sampled
once per PWM cycle. Same communication interface is used to control the system.
MATLAB/Simulink is used on the PC to store data and send control commands.
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8.1 Control algorithm implementation into

microcontroller

The basic principle of control algorithm implementation for a dual three-phase mo-
tor does not deviate from an implementation of three-phase motor control algorithm.
So as to gain more from the redundancy built in the motor, the controller was also
realized as a system with redundancy. The whole control structure is designed as
two separable parts. Each part controls one sub-system and each part operates in a
separate core of a multi-core microcontroller. This structure enables to finally realize
a highly reliable drive system as 1-out-of-2 architecture with diagnostics. A similar
approach can be used in an inverter which is created as a combination of two sepa-
rated three-phase power inverters. Individual parts share position information and
measured motor currents. They are also interconnected to share information about
actual control algorithm state and required compensation. The interconnection of

control algorithms for individual sub-systems is shown in Figure 8.2.

P Control_SUB2 StateControlOut
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—»{ RequiredCompensation Regi=dCanp
P GPIO
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P MonitoringStatus PWM_duty
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P Currents
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P Position .
| RequiredCompensation ReqiredComp
——— P GPIO
——— | ControlSignals
——— | MonitoringStatus PWM_duty
CORE 1

Fig. 8.2: Control algorithm interconnection.

Control signals provided by the supervisor system are distributed into both cores.
If both sub-systems are equally loaded, maximum power efficiency is reached. GPIO
inputs are used for power stage diagnostics signals. The control algorithm for each
sub-system consists of following parts:

o Position pre-processing

o Current pre-processing

e Core state machine
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o Control kernel

o Fault controller

8.1.1 Position pre-processing

This algorithm is responsible for the proper position and speed calculation. An angle
tracking observer (ATO) is used for this purpose. It is well suited to estimate the
motor speed using an encoder sensor. Nevertheless, ATO can also reduce the noise
and improve the performance of analog sensors, for instance GMR/AMR sensors.
Position pre-processing part calculates two sets of SinCos signals. The first set is
used as a motor position during sampling. Another set is shifted by 1.5 sampling
periods multiplied with the rotor angular speed. Shifted SinCos signal is used to
transform voltage from dg coordinates into abc coordinates. This method compen-
sates computational and discretization time delay which improves control algorithm

behaviour, mainly in a high speed region.

8.1.2 Current pre-processing

The detailed structure of the current pre-processing module is shown in Figure 8.3.
This part of the control algorithm can operate in two modes. The first mode is the
initialization. The second one is the online sensor diagnostics mode. The offset of
individual current sensors is calculated during initialization. The average value is
calculated using a filter with a high time constant. The average value is compared
with the limits. If the average value is exceeded, corresponding sensor is marked by
the fault flag.

Logical
Operator
)
outt
1ABC
 OFF
iOfset CGO——Fomegael
Omega_el
2 GE———{snces CumentSensorsiatus .
—,  SinCos e )
N [ SR Y .
cP. full_range + Voltages lerge
- e L= 77 cunentsensorstaus| — o ‘Online Sensor Diagnostics
FULL range~10 10 10 Gain

Ofset calculation

Fig. 8.3: Current pre-processing structure.
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Online sensor diagnostics mode converts measured currents from ADC units
into amperes and monitors the sensor’s performance. If a fault appears, the module
detects damaged sensor and calculates correct motor currents using healthy sensors
and the motor model. If two motor sensors are damaged or overcurrent is detected,

the module sends a request to activate the fault controller module.

8.1.3 Core state machine

The state machine is responsible for the proper initialization of the control algorithm
and the power stage. Safety features as HW self-diagnostic can be performed during
the start-up process. State machine processing feedback signals from power inverter
(GPIO signals) as well as status signals from pre-processing algorithms (current pre-
processing, position pre-processing). Control kernel is started after successful HW
and SW initialisation. If any critical fault appears during initialisation or during
the controller operation, the fault controller algorithm is activated instead of the

control kernel part.

8.1.4 Control kernel

The FOC algorithm is evaluated by the control kernel. The internal structure of the
control kernel is shown in Figure 8.4. Transformations convert measured currents

from the stator abc coordinate system into rotor dg coordinates.

Transformations Current DQ to ABC duties

(abc to dq) controller

Torque distribution Field weakening
(depends on subsystem states) D

Speod coniroler

Fig. 8.4: Control kernel structure in Simulink.

The control kernel encompasses compensation features described in chapter 7
and principles for control during the fault described in chapter 6. The decoupling
algorithm is also involved to achieve high-speed operation. A field weakening algo-

rithm is necessary to reach the maximum speed of the experimental motor which is
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used during the tests. Torque distribution part is active only during the fault. If
one sub-system is switched into the fault mode, the torque generated by the healthy
sub-system needs to be rapidly increased to replace the torque drop-out caused by
the loss of faulty sub-system. Torque oscillations caused by faulty sub-system are

compensated by implemented compensation strategies.

8.1.5 Fault controller

The fault controller is active during any critical fault in the sub-system. For example,
damaged multiple current sensors, or power inverter fault. The fault controller has
information about the fault and chooses an optimal operating mode for the damaged
sub-system. Selected operating mode must be achievable. For example, active field
weakening (AFW) can be achieved only if the position sensor, currents measurement
and the power stage operate properly. This fault mode is suitable especially during
the motor electrical faults.

All phase open (APO) and active short-circuit (ASC) modes are suitable for
power stage faults. ASC can be used in combination with the short-circuited power
transistor. APO can be used up to motor nominal speed in combination with the
power transistor driver fault. The ASC mode does not require information about
the motor position or even information about the actual motor speed. ASC in
both motor sub-systems can be used if multiple faults occur. Table 8.1 shows the

combination of faults and recommended operation modes.

Tab. 8.1: Suggested operation modes during faults

Inverter
Fault Transistor Transistor Sensor
No fault o o
Motor short-circuited | open-circuited | damaged
Fault
Normal
No fault . ASC APO ASC/APO
operation
Oben—cireuit insi
pen-circuit inside APO APO APO APO
of the sub-system
Short-circuit insid
OHTEET SIS T ASC/AFW ASC ASC ASC
of the sub-system
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8.2 Control algorithm test

During the test, an experimental dual three-phase motor was used. Experimental
motor parameters are shown in appendix B. It has four taps prepared in one coil.
This coil with 25 turns is divided in the ratio 1:1:3:6:14. Ten different short-circuit
depths can be emulated using this arrangement. The short-circuit is formed by
using the fault insertion unit (FIU) based on galvanically separated solid state re-
lay with the internal resistance Ry =0.05 Q and equipped with the IC for current
measurement.

The test bench consists of the experimental dual three-phase motor mechanically
coupled with the dynamometer. The power inverter is composed from two three-
phase power stages connected to the control board represented by ApplicationKit
with Infineon AURIX TC275 microcontroller. The motor operates in a speed mode.
The dynamometer generates constant load torque 77, = 0.5 Nm and all tests are
executed at electrical speed 2200 rad/s. A detailed look on the experimental motor

and test bench is shown in appendix C.
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8.2.1 Short-circuited power stage transistor

During the experiment, the bottom transistor in phase C was permanently switched
on by the software. This behaviour is equal to short-circuiting the bottom transistor.
In Figure 8.5, the time axis is associated with the fault event and the fault is
emulated at time t = 0 s. Phase current C of damaged sub-system cannot be
positive anymore and the current waveform can be seen in Figure 8.5 (a) top. The
distorted currents generate torque oscillations.

The current waveforms with activated fault detection can be seen in Figure 8.5
(b). The compensation strategy permanently switches on the bottom transistors in
phases A and B, and current can now flow through all of the bottom transistors and
the motor is switched into ASC mode.

The damaged sub-system now generates a low breaking torque which is compen-
sated by the active sub-system and the motor can continuously operate under this
fault.
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Fig. 8.5: Motor currents during transistor short-circuit fault.
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8.2.2 Disconnected power stage transistor

During the following experiment, the top transistor in phase C was permanently
switched off by the software. Influence of this fault is similar to the previously
described fault. Phase current C of damaged sub-system cannot be positive for this
reason. This current waveform can be seen in Figure 8.6 (a) top. Distorted currents
transformed into dq coordinates are shown in Figure 8.6 (a) bottom. Torque ripples
and vibrations are generated in the damaged sub-system.

This fault is typically detected by the power stage hardware. The fault typically
generates desaturation fault which is detected by the transistor driver. Compensa-
tion strategy can switch the whole sub-system into APO mode. APO mode results
in zero currents in damaged sub-system. Behaviour using the APO mode is almost
the same as shown in Figure 8.9 (b). Fault detection time is reduced, because the
fault is detected by HW.

ASC compensation strategy should be used for high speed operation. ASC per-
manently switches on all bottom transistors of the damaged sub-system. In the case
of this fault in one of the bottom transistors, all top transistors are switched on.

The motor can continuously operate under this fault with an active compensation

strategy.
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Fig. 8.6: Motor currents during disconnected transistor fault.
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8.2.3 Interturn short-circuit

Interturn fault was emulated using the experimental motor winding taps. Experi-
mental motor has 18 coils. Each coil has 25 turns. One phase winding consists of
three stator coils connected in series. During the fault, 6 turns of the coil within the
phase C are short-circuited. Current waveforms of the damaged sub-system are dis-
torted by the fault current. This fault generates only relatively small torque ripples,
however, the fault current amplitude is in general high enough to generate very fast
local increase of the temperature. It subsequently damages other coil turns. Motor
currents and a fault current can be seen in Figure 8.7 (a).

Implemented compensation strategy switches damaged sub-system into ASC
mode. Sub-system is field weakened and fault current is reduced. Fault detection
time was approximately 15 ms. Current waveforms with activated fault detection

can be seen in Figure 8.7 (b).
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Fig. 8.7: Motor currents during interturn short-circuit fault.
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8.2.4 Phase to phase short-circuit

This fault is similar to the interturn short-circuit fault. Even the detection algorithm
is the same. The phase winding C was connected with the phase winding B. Short-
circuit was generated in a distance of 13 turns from the sub-system middle point.
Motor currents during the fault are shown in Figure 8.8 (a).

Compensation strategy switches damaged sub-system into ASC. The fault cur-
rent is significantly reduced and the motor can continuously operate. Motor currents
using fault detection and its compensation is shown in Figure 8.8 (b).

AFW compensation strategy can be also used instead of ASC mode to increase
motor performance during fail operation. AFW can be used for the interturn short-

circuit as well as for the phase to phase short-circuit faults.
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Fig. 8.8: Motor currents during phase to phase short-circuit fault.
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8.2.5 Disconnected phase

This fault was emulated using the FIU in phase C. Phase currents are balanced
during the normal operation, however, the current of disconnected phase is zero
during the fault. The sum of additional two phase currents is equal to zero. The
damaged sub-system can be switched into APO mode to reduce torque oscillations
caused by this fault. The torque oscillation amplitude depends on the actual current
amplitude and the actual motor speed. If the motor operates with a low load torque
and a low speed region, the fault is difficult to detect. Motor phase currents without
reaction to a fault can be seen in Figure 8.9 (a).

Reaction to the fault can be seen in Figure 8.9 (b). Currents of damaged sub-
system are zero and the whole motor torque is generated by an active sub-system.
The additional field weakening is forced into an active sub-system during operation
in high-speed region to reduce back-EMF of damaged sub-system. Damaged sub-
system cannot be switched into ASC mode in contrast to the fault described in
chapter 8.2.2.
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Fig. 8.9: Motor currents during disconnected phase fault.
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9 CONCLUSION

The dissertation aimed to analyse PMS motor faults, to design a mathematical
model of electrical machines which would be suitable for modeling motor behaviour
under fault conditions, and to suggest control strategies for the motor under different
fault conditions. The fault detection, which is closely related to the presented topic,
is not part of this work. The whole thesis is aimed especially to multi-phase motors
with the stress on multiple three-phase configurations.

The thesis includes several multi-phase mathematical model derivations. All
presented mathematical models are based on general multi-phase motor equations,
which are included. Transformation matrices were used to derive the simplified
triple three-phase motor model in dg coordinates. The model was implemented in
MATLAB/Simulink. It is suitable especially for control algorithm design without
fault. The model can be used to simulate a limited number of faults, for example,
short-circuited power stage transistor. The model in combination with additional
feedback can be also used to simulate disconnected winding. However, a short-circuit
fault inside the motor cannot be simulated. The model with small modifications
can be also used to simulate the behaviour of dual three-phase motors. Beyond the
thesis objectives, the designed dq model was successfully integrated into one core
of AURIX TC397 microcontroller. The optimized computational complexity of the
model allows using it in real-time, for instance in HIL simulations.

The complexity of the created models increases with the possibility of modeling
more types of faults. The further model was designed in the Simscape environment.
It was formulated in stator coordinates to allow simulation of multiple faults. Finally,
the model was extended to allow it to simulate different short-circuit faults inside the
motor. The model is very general. It can simulate the behaviour of a general multi-
phase motor, as well as the behaviour of multiple k-phase motors, up to nine phases.
Motor behaviour depends on used parameters and chosen electrical connection in
Simulink. This model allows simulating not only the behaviour during the fault but
also the transient states. Universality is reached using general equations. However,
the model presented here requires complete knowledge of motor inductances. A
full motor inductance matrix is required for this model. The inductance matrix is
defined as a function of rotor position to increase the model universality. The fault
modeling principles to simulate internal short-circuit faults can be also used in the
three-phase models.

Next part of this thesis deals with the analysis of different multi-phase struc-
tures. Achieved results suggest that the behaviour of different motor structures is
almost the same under the normal operation conditions, however, each structure

has its specific behaviour under the fault condition. Differences between individual
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structures were explained and shown in simulations. Performed simulations have
shown that the control algorithm for the operation of only one sub-system in fully
symmetrical structures is much easier than the control algorithm for asymmetrical
segregated structures. However, it is easier to isolate the fault using segregated
structures due to lower magnetic coupling. Also, the motor performance under the
fault condition is typically higher in asymmetrical structures.

Derived models were also used to analyse how the fault affects motor behaviour.
Motor faults, as well as power inverter faults, were analysed. Detailed fault analysis
shows that not every motor can be successfully controlled under all analysed fault
conditions. The key factor is the field weakening index. Motor with high FWI
cannot operate under the deep field weakening and therefore the maximum speed
of the motors under short-circuit faults is significantly reduced. On the other hand,
motors with low field weakening index (FWI<1) can be fully field weakened and the
fault current caused by short-circuit faults can be significantly reduced.

The last part of this thesis deals with the verification of compensation strategies
and designed control algorithms using real hardware. Control and compensation
strategies were designed for two different dual three-phase motors. Compensation
strategies designed for asymmetry segregated dual three-phase structure were able
to generate harmonic currents even if only one sub-system has been working. The
designed control algorithm generates lower torque ripples and acoustic noise in com-
parison with classical FOC. The motor was successfully controlled with one subsys-
tem switched in ASC or APO mode. Results are outlined in chapter 7.

Compensation strategies for symmetry interlaced dual three-phase structures
were successfully tested using an experimental dual three-phase motor. Power in-
verter transistor faults and also various motor short-circuit faults were emulated
during the motor run. Implemented fault detection algorithms provide information
about the motor fault and designed control algorithm successfully applied a suit-
able compensation strategy. After applying the proper control strategy the engine
continued to operate with reduced peak power. Achieved results are presented in
chapter 8.

It can be concluded that all the aims and objectives of the thesis were successfully
achieved. Their fulfillment required additional work like programming the drivers
for microcontroller peripherals, design of control algorithm for healthy multi-phase
motor, becoming familiar with automatic C code generation in MATLAB/Simulink
and its conditioning to AURIX microcontroller properties, preparation of test bench
and the design of the experimental motor with failure insertion unit. These tasks
are not detailed in this thesis because they partially go beyond the scope of this
thesis and their inclusion would increase the extent significantly.

Future research could focus on control algorithm verification using a dual three-
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phase motor of higher nominal power. The designed model could be also used
as a background for current and position observers designed for dual three-phase
machines. The model can be also advantageously used for the generation of training
sets for learning artificial neural networks for fault detection.
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LIST OF SYMBOLS, PHYSICAL CONSTANTS
AND ABBREVIATIONS

Abbreviations

ADC Analogue to digital converter

AFW Active field weakening

AMR Anisotropic magnetoresistance

APO All phase open

ASC Active short-circuit

ATO Angle tracking observer

Back-EMF Back electromotive force

DC Direct current

FIU Fault insertion unit

FOC Field oriented control

FWI Field weakening index

GMR Giant magnetoresistance

IPMSM Interior permanent magnet synchronous machine
MTPA Maximum torque per ampere

MTPV Maximum torque per volt

PMS Permanent magnet synchronous

PMSM Permanent magnet synchronous machine
PWM Pulse-width modulation

SPWM Sinusoidal pulse-width modulation
SVPWM  Space vector pulse-width modulation
THIPWM Third-harmonic injection pulse-width modulation

Physical constants

A;
Ay

Cy
€ab.n
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€abcog
€abcios
€abei
€dq

€n

?

dq model feedback matrix

Back-EMF voltage feedback matrix

dg model input matrix

Motor viscous friction coefficient

Motor dg coordinates cross-coupling matrix

General multi-phase motor back-EMF voltage vector
Three-phase motor back-EMF voltage vector

Triple three-phase motor back-EMF voltage vector
Extended triple three-phase motor back-EMF voltage vector
Three-phase back-EMF voltage vector of sub-system i
Motor back-EMF voltage transformed into dgq coordinates
Back-EMF voltage of phase n

Current
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iqASCALL
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lqj,ASC
I
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General multi-phase motor current vector

Three-phase motor current vector

Triple three-phase motor current vector

Three-phase current vector of i sub-system

Motor characteristic current

Three-phase motor d axis currents during ASC operation
Multi-phase motor d axis currents during ASC in all sub-systems
d axis current of sub-system 1

d axis currents of sub-system j during ASC operation

Motor dq coordinates current vector

Current vector of all three motor sub-systems in dq coordinates
Fault current

Fault current amplitude

Three-phase motor ¢ axis currents during ASC operation
Multi-phase motor ¢ axis currents during ASC in all sub-systems
q axis current of sub-system ¢

q axis currents of sub-system j during ASC operation

Maximum allowed motor current

Motor/Sub-system current of z axis(a, 3, d, ¢) /phase(a, b, ¢)
Motor moment of inertia

Inductance

General multi-phase motor inductance matrix

Three-phase motor inductance matrix

Triple three-phase motor inductance matrix

Extended triple three-phase motor inductance matrix
Three-phase inductance matrix of sub-system 1
motor/sub-system d axis inductance

d axis inductance of motor sub-system 1

Mutual inductance between d and ¢ axis of motor/sub-system
Motor inductance matrix transformed into dq coordinates
Inductance of the interturn short-circuit

Mutual inductances between sub-system (for windings in geometrical
distance 1)
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Inductance phase shift of fluctuation part
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g axis inductance of motor sub-system i
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Constant part of mutual inductances within one sub-system (for
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Mutual inductance
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Mutual inductance between d axis of motor sub-systems
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rest of the damaged winding
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Total number of phase winding turns
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Motor continuous power

Motor pole-pairs
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Resistance

General multi-phase motor resistance diagonal matrix
Three-phase motor resistance diagonal matrix
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Time
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Continuous motor torque

Park transformation matrix
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Generated motor torque

Friction breaking torque

Motor load torque

Maximum motor torque

Clarke transformation matrix

Clarke transformation matrix of sub-system i

Voltage

Voltage reference

General multi-phase motor voltage vector

Three-phase motor voltage vector

Triple three-phase motor voltage vector

Three-phase voltage vector of sub-system ¢

DC-link positive voltage

d axis voltage of sub-system i

Motor dq coordinates voltage vector

Voltage vector of all three motor sub-systems in dq coordinates
Fault voltage

Motor/sub-system middle-point voltage

Sub-systems middle-point voltage vector of triple three-phase motor
q axis voltage of sub-system 1
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Motor variable (voltage/current) of z axis(«, 3, d, ¢)/phase(a, b, ¢)
Electrical angular acceleration

Electrical angle between quadrature rotor axis ¢ and motor phase a
Mechanical rotor angle

Electrical angle between direct rotor axis d and motor phase a
Motor back-EMF constant

Phase i electrical angle to reference phase

electrical phase shift between sub-system i reference phase to motor
reference phase

d axis magnetic flux of sub-system ¢

Motor/sub-system permanent magnet flux

General multi-phase motor permanent magnet flux vector

¢ axis magnetic flux of sub-system i

Electrical motor speed

Mechanical motor speed

Mechanical motor maximum speed

Mechanical motor nominal speed
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Uéka-lMalCQ UlMa1b2 UlMalcg

U;UQM(,WQ UgMb1b2 UgMblc2

k k * *
UgUQMb1a2 UQMb1b2 UQM(,102

*
034V cran

U§03La2a2 UgMa2b2 UgMCLQCQ

2
05" Lagay 03Mayb, 03 Maye,

Uék Maz b2
03Mayc,
03Maya,
03 Mayp,

*
03 Myyes

M,

Lp,p,

My,e,

M, e,

Mb202
L0202
M62a3
Mcg b3
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M, g
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e

abcios =




o1cos(0 + ay) |
(1 —01) cos(f + @a,)
o9 cos(0 + ©b,)
(1 — oy) cos(0 + )
cos(0 + ey)
03 cos(0 + ©a,)
(1 — o3) cos(0 + Pay)
cos(0 + ©b,)
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B EXPERIMENTAL MOTOR PARAMETERS

Tab. B.1: Experimental motor parameters

Name Symbol | Value Unit
DC voltage Upc 55 \Y%
Maximum continues motor current | I, 6 A
Winding resistance R, 0.45 Q
Back-EMF constant Aph 0.00989 | Vs/rad
d-axis inductance L, 1.84 mH
g-axis inductance L, 1.98 mH
d-axis mutual inductance My 75 pH
g-axis mutual inductance M, 163 pH
Nominal speed Wn, 950 rpm
Maximum speed Wir 3500 rpm
Nominal power P. 270 W
Number of pole pairs Pp 21 -
Characteristic current L, 5.4 A
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C EXPERIMENTAL MOTOR AND TEST
BENCH

| Experimental |
2x 3ph
motor

Data
acquisition
tools

Fig. C.1: Experimental motor connected to the dynamometer.
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Prepared windings taps

Fig. C.2: Experimental motor stator (top) and rotor with permanent magnets (bot-

tom).
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