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ABSTRACT

Multiphase electric machines are attractive in comparison with three-phase ones
due to advantages such as fault-tolerant nature, smaller rating per phase and lower torque
ripple. More specifically, the machines with multiple three-phase windings are
particularly convenient, because they are suitable for standard off-the-shelf three-phase
dc/ac converter modules. For instance, they are becoming a serious option for
applications such as electric vehicles and wind turbines. On the other hand, in these
applications, operation at low power is often required for long time intervals; hence,
improving the efficiency under such conditions is highly desired and could save a
significant amount of energy in the long term. This dissertation proposes a method to
enhance the efficiency of electric drives based on multiple three-phase windings at light
load. The number of active legs is selected depending on the required torque at each
instant. To ensure that the overall efficiency is effectively optimized, not only the
converter losses, but also the stator copper losses, are taken into account. Experimental
results verify the theoretical outcomes.

Surface-mounted permanent-magnet synchronous motors (SPMSMs) require a
position measurement to ensure a high-performance control. To avoid the cost and
maintenance associated to position sensors, sensorless methods are often preferred. The
approaches based on high-frequency signal injection are currently a well-established
solution to obtain an accurate position estimation in SPMSMs. These techniques can be

roughly divided into two groups: those based on sinusoidal or on square-wave high-



frequency signals. The main drawback of the former is the limitation on the response
speed, due to the presence of several low-pass filters (LPFs). On the other hand, the
latter methods are sensitive to deadtime effects, and high-frequency closed-loop current
control is required to overcome it. This dissertation proposes to improve the sensorless
strategies based on sinusoidal high-frequency injection by simplifying the scheme
employed to extract the information about the position error. Namely, two LPFs and
several multiplications are removed. Such simplification does not only reduce the
computational complexity, but also permits to obtain a faster response to the changes in
the angle/speed, and hence, a faster closed-loop control. Experimental results based on a
SPMSM prove the enhanced functionality of the proposed method with respect to the

previous ones based on high-frequency sinusoidal signal injection.



DEDICATION

To my parents



ACKNOWLEDGEMENTS

I consider myself lucky to get the opportunity of working with my supervisor
Prof. Hamid A. Toliyat. | thank him for his continuous support and engagement, his
valuable time, his commitment to excellence in research, his patience and his sense of
humor in the course of past few years.

| am grateful to my committee members Prof. Chanan Singh, Prof. Shankar
Bhattacharyya and Dr. Shima Hajimirza. | learnt a lot from attending their courses and
advising during the course of study at Texas A&M University.

| would also like to thank ECE department staff — Mrs. Tammy Carda, Melissa
Sheldon, Crystal Rodriguez and Katharine Bryan who have always been very pleasant
and helpful.

| express my deep gratitude to my colleagues at EMPE lab and EPPE group at
ECEN department for their help in conducting experiments, building test setups and
technical discussions. | also thank all my other labmates, Drs. Khaled Al Jaafari,
Abdulkadir Bostanci, Vivek Sundaram, Yateendra Deshpande, Siavash Pakdelian, Jae-
Bum Park, Matthew Johnson, Hussain Hussain, Bahar Anvari, Matthew Gardner,
Morteza Moosavi, Ajay Kumar Morya, Farid Naghavi and Niloofar Torabi who help me
feeling comfortable in the lab.

| am thankful of being lucky to cooperate with Dr. Alejandro Gomez Yepes of

Applied Power Electronics Research Group, University of Vigo, Spain on this project. |



really appreciate his patience and continuous advices during almost two years that was
spent on this research project.

Last but not the least, | would like to thank my parents for their love, patience,
selfless support and encouragement over the years. This work would have not been

possible without their support.

Vi



CONTRIBUTORS AND FUNDING SOURCES

Contributors

This work was supervised by a thesis committee consisting of Professor Hamid A.
Toliyat [advisor] and Professors Chanan Singh and Shankar Bhattacharyya of the
Department of Electrical and Computer Engineering and Dr. Shima Hajimirza of the
Department of Mechanical Engineering.

All work for the thesis was completed by the student, in collaboration with Dr.
Alejandro Gomez Yepes.
Funding Sources

This work was made possible by the available facilities at EMPE lab.
I would like to thank Hyosung Corporation for donating the permanent magnet

synchronous motor and Texas Instruments for providing the microcontroller Kits.

vii



Pcond

tr

VceO
Vo
lce

ld

NOMENCLATURE

Conduction loss

Transistor

Diode

Switch collector emitter voltage
Diode forward voltage drop
Collector emitter on state resistance
Diode on state resistance
Modulation index

Power factor

rms phase current

Switching loss

Switching frequency

Switch turn on loss

Switch turn off loss

Diode reverse recovery loss
Junction temperature

Reference temperature
Temperature coefficient
Current ratio order

Voltage ratio order

viii



lin

I et
Vout
Vret
I's
Vdh
Vgh
Fdh
Fgh
Lah
Lgh

Idh

Zdn
Zgh
Zavg
Zift
Vinj

Van

Device input current
Device reference current
Device voltage
Device reference voltage
Stator winding series resistance
d-axis high frequency voltage
g-axis high frequency voltage
d-axis high frequency resistance
g-axis high frequency resistance
d-axis high frequency inductance
g-axis high frequency inductance
d-axis high frequency current
g-axis high frequency current
Rotor angle estimation error
Actual rotor angle
Estimated rotor angle
d-axis high frequency impedance
g-axis high frequency impedance
d- and g-axis high-frequency impedance average
d- and g-axis high-frequency impedance difference
Amplitude of the high-frequency injected voltage
Injected high-frequency voltage in the estimated d axis

iX



Uqh

Idiff

L qiff

LPF

BPF

Injected high-frequency voltage in the estimated q axis
Differences between the d- and g-axis components of the high-
frequency resistance

Differences between the d- and g-axis components of the high-
frequency inductance

Low pass filter

Band pass filter

Input to the rotor position estimator



TABLE OF CONTENTS

Page
AB ST R A C T . il
DEDICATION . .. e v
ACKNOWLEDGEMENTS. ... o, v
CONTRIBUTORS AND FUNDING SOURCES.......ccoiiiiiiiiiiiiieeee, vii
NOMENCLATURE. ..o e viii
TABLE OF CONTENTS. ... e xi
LIST OF FIGURES. ... e e Xiii
LIST OF TABLES. ... e Xvii
1. INTRODUCTION. .. .ttt e 1
1.1. Multiphase vs three-phase machines ..............coooiiiiiiiiiiiiieeeaes 1
1.2.  Multiphase Machines ApplicationsS.............o.oviiiiiiiiii e, 2
1.2.1. Electric Vehicles and Railway Traction.................ccoooiiiiiiiiiiiiiin, 2
1.2.2. Wind Power Generation SYStemS. ..........ouiuiiiriniiereiieeiieeeeeeenns 3
1.2.3. AILEIECTIIC ShIPS. ..o 3
1.2.4. More Electric Aircraft..........oooiiiii 4
1.3. Multiphase Machines Based on Multiple Three-phase Winding Sets .............. 4
1.4. Loss Components in Multiphase SYStems ..........c.ccvviiiiiiiiiiiiiiiieeene, 5
141, CONVEIET LOSSES. ...ttt e e 5
1.4.1.1. Modular Multilevel CONVerters. ..........ccoovviriiiiiiiiiiieeeeeeaeee, 6
1.4.1.2. Discontinuous Pulse Width Modulation....................coooiiiiiiienn.. 6
1.4.1.3. Hybrid Switch based Soft Switching Inverter................................ 8
1.4.1.4. Direct Self Control (DSC) With Minimum Switching Operations
Instead of Field Oriented Control (FOC)............coviiiiiiiiiiin 9
1.4.1.5. Wide Band Gap POWer DeVICeS. .........cooviiriiiiiiiiiiiiieeaeeeaee, 9
1.4.2. COPPEI LOSSES. ...ttt et et et e e e e 11
1.4.3. MiSCElAN@OUS LOSSES. ...... ettt e 12
1.5. Position Sensorless Drive Schemes for Multiphase Machines........................ 12
1.5.1. Back Electromotive Force (back-EMF) Estimation............................... 13
152, ROIOr SAlBNCY. ...ttt e 14



1.5.3.  High-Frequency INJECHION. ........ccoiiiiii e, 16

1.5.4. Combinational SChEmMES. ......cooiirie e, 17
1.6, ReSEArC ODJECtiVES. ... vttt 19
1.7, TheSIS OULHNE. . ..o e, 19

2. EFFICIENCY ENHANCEMENT OF MULTIPHASE ELECTRIC DRIVES AT
LIGHT-LOAD OPERATION CONSIDERING BOTH CONVERTER AND

STATOR COPPER LOSSES..... ..ottt 21
2.1, BaCKQroUNd. ..o 23
2.2. Converter Efficiency Enhancement............ccocooviiiiiiiiiiiiiii e 25
2.3. Proposed Strategy for Enhancement of Overall Efficiency..........................30
2.4, EXperimental SetUP..........oiiir i 41
2.5, DIV SCNBIMES. ...\ ettt e e e e e 46

3. IMPROVED SENSORLESS DRIVE FOR SYNCHRONOUS MOTORS
BASED ON HIGH-FREQUENCY SINUSOIDAL SIGNAL INJECTION WITH
SIMPLIFIED EXTRACTION OF POSITION-ERROR INFORMATION.......... 63

3.1. High-frequency Impedance Characteristic of the Surface-Mount Permanent
Magnet Synchronous Motor (SPMSM)......ccccceoiiiiiiiiiiniiiin .. .63

3.2.  Proposed Improved Sensorless Scheme...........cccooiviiiiiiiiiin i, 72
3.3, Experimental ReSUIS. ..o 74
4. SUMMARY AND FUTURE WORK ...ttt 83
REFEREN CES . .. e e e 89

Xii



Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

LIST OF FIGURES

Page

1.1 Multiphase machine application in electric vehicle, [74]......ccccocooiiiiiinin, 2
1.2 Multiphase machine application in wind farms, [75]............ccoooiviiiiinnint. 3
1.3 Multiphase machine application in all electric ships, [76]......................n. 3
1.4 Multiphase machine application in more electric aircrafts, [77].................. 4
1.5 Generalized schematic of an electric drive based on multiple three phase

windings with isolated neutrals...............coooiii i 5
1.6 Modular multilevel converters used for converter loss reduction [27]............ 6
1.7 Efficiency comparison of SPWM, SVPWM and DPWM vs a) modulation

index, b) switching frequency, and c) gate resistance [24]...............c.coue.. 7
1.8 Hybrid switch based soft switching inverter [29]............cccoviiiiiiiii.. 8
1.9 DSC SChematiC [28]. .. vt e 9
1.10 Efficiency comparison of different semiconductor switches [30]............... 10
2.1 Generalized schematic of an electric drive based on multiple three-phase

windings with isolated neutrals. ... 23
2.2 Efficiency comparison, considering only the converter losses, of utilization

of different number of converter legs and the SECE with operation at (a) full

range of load, and (b) light load (zoomed)...........ccocoeviiiiiiiiiiii, 28
2.3 Efficiency comparison, considering only the stator copper losses, of

utilization of different number of converter legs with operation at (a) full

range of load, and (b) light load (zoomed)..............cooiiiiiiiiiii 31
2.4 Efficiency comparison, considering both the converter and copper losses, of

utilization of different number of converter legs and the SEOE with

operation at (a) full range of load, and (b) light load (zoomed).................... 33
2.5 Comparison of the SECE and SEOE in terms of overall efficiency and

threshold output-POWEr ValUES. ..........c.ovii e, 36



Fig. 2.6 Comparison of the SEOE for machines with different stator resistances....... 39

Fig. 2.7 Analytical comparison of SEOE for converters with different switching
FrEOUENCIES. ...t 40

Fig. 2.8 Experimental SEtUP........c.ooviiiii i 41

Fig 2.9 FEA model of the synchronous motor stator and rotor showing double layer
short pitched windings, adapted.............ooviiiiiiii e 42

Fig. 2.10 Original motor winding configuration, a) actual external taps, b) schematic
of the taps along the winding, and c) coils connection............................ 43

Fig. 2.11 Three to six-phase reconfiguration. a) distributed layout (green arrows refer
to old connections and red arrows refer to new connections.) and b) Spatial

representation of the phase Vectors. ............coooiiiiiiii i 44
Fig. 2.12 Phase back EMFs for a) 1% three-phase and b) 2" three-phase set............. 45
Fig. 2.13 Equivalent circuit of the synchronous motors in d and g axes.................. 47
Fig. 2.14 Overall FOC block diagram of the system.................cooiiiiiiiiin.n. 48
Fig. 2.15 Speed control loop of the FOC...... ... 52
Fig. 2.16 Harmonic rejection scheme block diagram....................ccoooviiiiin.. 53
Fig. 2.17 Block diagram of active resistance scheme..................ccoovviiiininnnn. 54
Fig. 2.18 Current step response, a) broad range and b) zoomed version.................. 56
Fig. 2.19 Speed step response (shown in Yellow)...........coooviiiiiiiiiiiinie, 58

Fig. 2.20 Efficiency measurement of the actual prototype considering (a) only
converter losses, (b) only copper losses, and (c) overall losses................. 58

Fig. 2.21 Experimental comparison of the overall efficiency with the SEOE at (a)
different stator resistances, and (b) different switching frequencies............ 60

Fig. 2.22 Phase currents, speed and torque waveforms during the mode transition

from (a) 6 to 3 phases, and from (b) 3 to 6 phases. The scale of the speed
and torque is 400 rpm/div and 2 Nm/div, respectively........................... 61

Xiv



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

3.1 Measurement and the actual reference frame for high frequency impedance
MEASUINEIMENT. ..ottt et ettt e e e et e e e eiaeeanns 67

3.2 High-frequency impedance characteristic of the SPMSM versus mechanical
rotor angle at a) different magnitude of the injected voltages of 500 Hz
frequency, b) different frequency of the injected voltages of 40 V
MAGNIEUDE. . ..ottt 69

3.3 High-frequency impedance characteristic of the SPMSM versus mechanical

rotor angle at 20 V, 500 Hz high frequency sinusoidal voltage injection in

T8 X AXIS. .ttt 70
3.4 Calculation of the errorsignal............cooiiiiiiii e, 72
3.5 Digital implementation of the BPF (shown in the red box) in conjunction

With the error signal calculation...................cooiiiii 72
3.6 Simplified method of iz calculation.......................... 73
3.7 Block diagram for estimating the rotor angle and the speed....................... 74
3.8 Experimental prototype. .......oviniiri e 75
3.9 Winding connections of the original 24-phase SPMSM............................ 76
3.10 Six-phase BEMF waveforms of the motor shown in one full period............ 77
3.11 Estimated and measured electrical rotor angle versus time at a) 75 rpm, and

b) 100 rpm. The scale is4.2 rad/diVv...........cccoiiiiiiiiiii e 79
3.12 Speed transient behavior when dropping the speed from 75to O rpm ........... 80

3.13 i in steady-state for conventional and proposed scheme. The scale is 0.25

3.14 Harmonic spectrum of sin®,., normalized with respect to the fundamental,
for a) conventional scheme and b) proposed scheme............ ................. 81

XV



Fig. 4.1 Back-EMF and current vectors in first and second planes of the six phase
SMP M S .

XVi



LIST OF TABLES

Page
Table 2.1 Characteristics of the 24-phase PMSM...........coooiiiiiiiiiiiiiee, 25
Table 2.2 Characteristics of the semiconductor devices.............cveviiiiiiiiinnnnn, 26
Table 2.3 Synchronous motor parameters. ..........c.oovuiiiiiiiii e 42
Table 3.1 Experimental setup characteristiCs............coovviiiiiiiiiiieieeea, 77

Xvii



1. INTRODUCTION

1.1. Multiphase vs three-phase machines

Multiphase electric machines have gained considerable attention recently
because of:

1- Fault tolerant capability:

This is especially important in safety critical applications such as general
aerospace or military naval applications, more electric aircraft actuators, linear
permanent magnet machines for oil pumping applications and permanent magnet
traction motor used in ultrahigh-speed elevators [1, 2].

2- Less torque ripple:

Multiphase motors are usually less susceptible to time harmonics therefore
producing less pulsating torques both at low and high frequencies [3].

3- Power and current splitting among higher number of phases:

This feature allows to derive higher currents and power compared to the
conventional three phase motors making it suitable for higher power applications.
4- Increasing the average torque by harmonic injection:

Extra harmonic currents can be injected in the secondary planes to help
increasing the torque.

5- Use of additional degrees of freedom for parameter identification:
Depending on the number of phases, several sub planes might exist in the control

frame of the machine which can be used for identification purposes.



6- Multimotor multiphase variable speed drives with single inverter supply:

There are many applications in which several motors are required to be driven
simultaneously. A single multiphase inverter suffices to run the entire system with only
one control scheme.

7. Use of additional degrees of freedom for sensorless drives:
Higher number of phases leads to more flexibility in implementing various
control schemes as combination of several subspaces can be employed.
1.2.  Multiphase Machines Applications

Multiphase machines are being increasingly used in different applications in
which the above mentioned advantages of machines can be employed to better serve the
application specific requirements.

1.2.1. Electric Vehicles and Railway Traction

Several papers [4 - 11], emphasize the incorporation of multiphase electric
motors in electric and hybrid electric vehicles, Fig. 1.1. Also, some industrial products
have been released based on multiphase machines. As stated in [12], PML has built its
electric vehicle based on a 24 phase, 1800 rpm, high efficiency brushless permanent

magnet motor.

Fig. 1.1: Multiphase machine application in electric vehicles, reprinted from [74].

2



1.2.2.  Wind Power Generation Systems
References [13 - 19] mention 6-, 9-, 12- and 18-phase motors specifically used in
wind turbine generators. Higher number of phases can be specially helpful in wind

turbines as they are able to handle higher powers, Fig. 1.2.

Fig. 1.2: Multiphase machine application in wind farms, reprinted from [75].

1.2.3.  All Electric Ships
Multiphase motors can be used in electric ship propulsion systems as part of the

electric drive system [20], Fig. 1.3.
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Fig. 1.3: Multiphase machine application in all electric ships, reprinted from [76].



1.2.4. More Electric Aircraft
Higher torque density characteristics of the multiphase motors makes them good
candidates for more electric aircraft application in which lightness and compactness is of

high importance [21], Fig. 1.4.

Fig. 1.4: Multiphase machine application in more electric aircrafts, reprinted from [77].

1.3.  Multiphase Machines Based on Multiple Three-phase Winding Sets

Multiphase machines based on multiple three-phase windings with isolated
neutrals are specially of interest due to their suitability for available standard off-the-
shelf three-phase dc/ac converters in the market [22, 23]. Furthermore, the isolation of
the neutral points restricts circulating currents that would otherwise increase the losses
[24]. For those multiple three-phase systems with non-isolated neutrals, the neutral
points of three-phase sets can be connected to the midpoint of the dc link which also
reduces the circulating current.

The generalized schematic for a multiphase drive based on multiple three-phase

stator windings with isolated neutrals is shown in Fig. 1.5, where y equals 2 or 1 for

4



symmetrical or asymmetrical winding arrangements, respectively [25], and n stands for

the total number of phases.

Thres phass oo merers

@]

Fig. 1.5: Generalized schematic of an electric drive based on multiple three phase windings with isolated
neutrals.

The converter consists of n/3 three-phase modules connected to a single dc bus.
Each of these modules supplies a three-phase winding set of the machine. The dc source
shown in Fig. 1.5 may represent in a simplified manner, e.g., the batteries in an electric
vehicle or the dc side of a three-phase grid-connected converter in a wind turbine
system.

1.4.  Loss Components in Multiphase Systems
1.41. Converter Losses

Converter losses are part of the major loss components associated with electric
drives [26 - 28]. Efficiency of converters, even though already relatively high, has been

always a challenge to be improved further by establishing various approaches.



1.4.1.1. Modular Multilevel Converters

Modular multilevel converters can be adopted as shown in Fig. 1.6 [27] instead
of conventional two-level ones, at the expense of a more complicated control (for
adequate balancing) [26]. They possess cascaded submodules with bidirectional H-
bridge converters. The battery cells will be of lower voltage and therefore low voltage

MOSFETS can reduce the switching and conduction losses.
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| J; ]i B:':I.?.I.m 1.:“ Is: ':1Itln1~lrr- -
n.u,.—|1 E Leg-b | - Leg-c ]. :

Fig. 1.6: Modular multilevel converters used for converter loss reduction, reprinted from [27].

1.4.1.2. Discontinuous Pulse Width Modulation
Another alternative to improve the converter losses would be discontinuous pulse
width modulation in which the lesser losses are seen compared to the space vector and

sinusoidal pulse width modulation as shown in Fig. 1.7, [26].
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Fig. 1.7: Efficiency comparison of SPWM, SVPWM and DPWM vs a) modulation index, b) switching

frequency, and c) gate resistance, reprinted from [24].
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1.4.1.3. Hybrid Switch based Soft Switching Inverter
The current is shared among the IGBT and MOSFET, as shown in Fig. 1.8, at

light load in this topology therefore reducing the losses. Moreover, intentional delays are

used to avoid overcurrents on the MOSFET [29].
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Fig. 1.8: Hybrid switch based soft switching inverter, reprinted from [29].



1.4.1.4. Direct Self Control (DSC) With Minimum Switching Operations Instead
of Field Oriented Control (FOC)

By default, FOC is used in most of the motor drive systems. DSC as an
intelligent alternative can reduce losses. It includes flux and torque regulators with
hysteresis controllers. It performs the main commutation every /3 radians and the

secondary commutation like a simple PWM as shown in Fig. 1.9, [28].

A

MATH
COMM. | e S

Fig. 1.9: DSC schematic, reprinted from [28].

1.4.1.5. Wide Band Gap Power Devices
Wide band gap power devices have recently gained a lot of attention due to their higher
efficiency, higher achievable switching frequency, maximum permissible junction

temperature and power density as shown in Fig. 1.10, [30].
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Fig. 1.10: Efficiency comparison of different semiconductor switches, reprinted from [30].

The losses in ac/dc converters are divided into the following two major parts [31 - 33].

1) Conduction Losses:

The on-state resistances of semiconductor switches and of anti-parallel diodes

cause ohmic losses while they conduct. These losses are given by the following

equations [32 - 33]:

P

P

cond,d

cond,tr =

2
= 1[ 4o |;+ Iy I4j—mcos¢[vd0 I7+

r1?

ce

3z

r,1?
37

(1)

J +mcos ¢{Vce0 Ig +

)

()

2 8

where Pcond, tr, d, Veeo, Vdo, I'ce, Fd, M, 0S¢ and | denote conduction losses, transistor,

diode, switch collector-emitter voltage, diode forward voltage drop, collector-emitter on-

10



state resistance, diode on-state resistance, modulation index, power factor and rms phase
current, respectively.
2) Switching Losses:
The losses associated with non-ideal switching exist on both the diodes and the

switches, and they are given by [32 - 33]:

k.
Iiin itr \@
I ref Vref
kv,d

[1+Tc,d (TJ _Tref J (4)

kv,tr
(14T, (T, T ©)

c,tr

fsw(Eon + Eoff)

switr T

k.
id V

Iin out

F)sw,d = fsw(Err) |

ref ref

where Psw, fsw, Eon, Eoff, Err, Tj, Tref, Tc, Ki, Ky, lin, Iref, Vout and Vrer represent switching
losses, switching frequency, switch turn-on losses, switch turn-off losses, diode reverse-
recovery losses, junction temperature, reference temperature, temperature coefficient,
current ratio order, voltage ratio order, device input current, device reference current,
device voltage and device reference voltage, respectively.
1.4.2. Copper Losses

Copper losses are another dominant losses in motor drive systems. The stator
winding series resistances even though small can create ohmic losses due to the high
currents flowing through the windings. In multiphase systems, the copper losses are

generally greater than three-phase systems. The copper loss is described by (5):

P

_ 2
L,copper — nrsl

()
where Py, copper, N, I's and | stand for stator copper losses, number of stator phases, stator

winding series resistance and phase currents, respectively.
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1.4.3. Miscellaneous Losses

There always exist some other losses especially on the electric machine side
which are quiet smaller than the copper and converter losses but still might be
considered for better accuracy. These losses are often hard to measure in experiments
but can be estimated by some proposed methods. Core, stray and windage losses can be
mentioned as instances of these losses. They often do not change substantially when
changing the number of stator phases as long as the torque and speed of the motor is
fixed which means constant flux distribution in the air gap is maintained.

1.5. Position Sensorless Drive Schemes for Multiphase Machines

Permanent-magnet synchronous motors are currently used as a major component
of electric machine industry due to their higher efficiency, lower size and higher torque
density [34 - 35]. Closed-loop control is crucially required in driving permanent-magnet
motors, as otherwise they cannot be operated at the desired conditions [36 - 37].
Multiple data have to be provided in any closed-loop motor drive system as feedbacks so
that proper control is implemented.

Position information is one of these required data, which is usually generated by
encoders as position sensors. Encoders are relatively costly devices that require
maintenance, therefore reducing the reliability of the overall drive [38]. Consequently,
significant research has been performed to extract instead the rotor angle information
from signatures such as modulating signals and stator currents [39 - 54].

The position sensorless schemes can be generally divided into the flowing

categories:

12



1.5.1. Back Electromotive Force (back-EMF) Estimation

Different types of position sensorless schemes were proposed for three-phase
synchronous motor drives. Some methods are based on back-electromotive force (EMF)
estimation [39 - 43], which suffer inaccuracy at low speeds due to low back-EMF
magnitude.

As a literature work, [39] proposes a position sensorless method for high speed
permanent magnet machines. The motor’s equations are modelled in discrete time to
estimate the back-EMF. An observer based back-EMF estimation at high speed based on
digital implementation of the motor model was established. Voltage delays due to cross
coupling effects is compensated and the sensorless performance was verified in an 8 pole
surface mount permanent magnet synchronous motor.

A position sensorless method based on the sliding mode observer is proposed in
[40]. Phase locked loop (PLL) and synchronous frequency filters are used to remove the
harmonic contents of the back-EMF. The proposed method is tested in the drive of an
interior permanent magnet synchronous motor to verify the functionality of the scheme
and is also compared to not using the sensorless in terms of loading condition and
efficiency.

An sliding mode observer with a quadrature phase locked loop is proposed in
[41] to perform a sensorless drive on an interior permanent magnet synchronous motor.
Position estimation errors due to inverter non-linearities and flux spatial harmonics are
analyzed and schemes based on adaptive compensation are proposed to reduce the

errors. An experimental prototype was built to implement the sensorless algorithm.
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A sensorless drive of a brushless direct current motor (BLDC) based on the
virtual third harmonic phase back-EMF to improve the performance is proposed in [42].
The commutation error is analyzed and a sensorless method based on high precision
commutation detection is proposed. The method incorporates both phase locked loop
and synchronous frequency filters. The performance of the sensorless method was
verified both under load and no load conditions.

A sensorless method for open winding permanent magnet synchronous machine
with circulating current suppression is proposed in [43]. The common dc bus and phase
shift based zero sequence steerable space vector pulse width modulation model of the
machine is developed. The sensorless method based on equivalent zero sequence circuit
model and circulating current suppression is proposed. The proposed scheme was
verified on an outer rotor PMSM to verify the functionality.

1.5.2. Rotor Saliency

Another approach relies on the fact that the salient geometry of the rotor causes
the d and q axes inductances of the machine in rotating reference frame to carry
information of the rotor angle [44 - 49]; however, this method is only applicable to the
motors with salient rotor structure.

As a literature work, [45] proposes a saliency based sensorless control for interior
permanent magnet motors for electric vehicle applications. First, a design approach with
sensorless purposes is described. Design parameters and restrictions are defined to

satisfy the maximum torque and efficiency conditions. The sensorless control was
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implemented on an actual prototype and the above defined parameters were measured to
ensure the applicability of the proposed scheme.

An improved saliency-based position sensorless drive of an interior permanent
magnet synchronous machine with a single dc-link current sensor is proposed in [46].
The conventional current reconstruction error was analyzed and a new method is
proposed to minimize it.

A sensorless salient pole brushless direct current motor direct torque control
drive system is proposed in [47]. A rotor position estimator with back-EMF self
adaptation was developed to measure the stator phase currents and rotor position.
Simulations and experiments are performed to verify the functionality of the rotor
position estimator at steady state and dynamics conditions.

Reference [48] proposes a novel secondary saliency tracking algorithm to
implement the sensorless control for machines such as concentrated winding surface
mount permanent magnet synchronous motor. The secondary saliency tracking method
with band pass filter design and initial position estimation is explained. An experimental
setup is used to verify the functionality of the proposed scheme.

Reference [49] analyzes the effects of the geometry design parameters of an
interior permanent magnet synchronous motor with concentrated winding on the
saliency-based sensorless drive. Two schemes based on the contour of inductance and
the inductance harmonics are proposed. Design models based on the chamfer, closed slot
and the notch is then developed. The final achieved model is tested on an experimental

setup.
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1.5.3. High-Frequency Injection

The schemes based on high-frequency injection estimate the position by using
the difference in high-frequency impedance between the d and g axes [50 - 54].

A novel high frequency signal injection method of sensorless drive for doubly
fed induction machines is proposed in [50]. Rotor position is extracted from the high
frequency currents injected through the rotor winding considering the high frequency
disturbance from the stator side and using a phase locked loop. Steady state, transient
and tracking responses are captured in an experimental prototype.

An asymmetric space vector modulation scheme for sensorless drive application
of a permanent magnet synchronous motor based on high frequency square wave
injection in low switching frequency applications is proposed in [51]. Errors caused by
low switching frequency harmonics and inverter deadtime effects are analyzed. The
currents and position estimation performance is verified in an interior permanent magnet
synchronous motor.

A position estimation method based on derivative calculations of current and
zero voltage vector injection is proposed in [52] to improve the acoustic noise and torque
ripples caused by the high frequency square wave voltage injection. The applicability of
the proposed scheme has been tested in an interior permanent

A low-frequency pulse voltage injection scheme is proposed in [53] to remove
the audible noise pollution. An enhanced vector tracking observer for rotor position
estimation is developed and its stability was analyzed. An interior permanent magnet

synchronous motor was used to implemented the proposed scheme.
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Reference [54] evaluates the square-wave injection voltage at different
frequencies for the design of an interior permanent-magnet machine sensorless drive.
Reduced flux density, increased d-axis flux saturation and secondary saliency harmonics
at high frequency are also considered. Different inductances, saliency current signal and
saliency secondary harmonics are measured against the injected frequency in an interior
permanent magnet synchronous motor.

1.5.4. Combinational Schemes

Some methods also combine the aforementioned strategies to bring together the
advantages of each. For example, a common option is to alternatively employ back-EMF
estimation at high speeds and high-frequency signal injection at low speeds [55 - 56].

A sensorless control scheme for synchronous reluctance motor drives based on
the direct-flux vector control method is proposed in [55]. A sensorless active flux
observer based on the high frequency signal injection and demodulation, absence of
cross saturation error, effect of high frequency injection on the observed flux, tuning of
the tracking loop and criteria for minimum excitation limit selection is also proposed.
The responses of the speed closed loop control, transition between the two sensorless
models, flux weakening and cross saturation error are measured in an experimental
setup.

A full speed sensorless drive for permanent magnet synchronous motors is
proposed in [56]. The drive uses high frequency square wave voltage injection for zero

and low speeds and back-EMF estimation for medium speeds. The magnet polarity is
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used to detect the rotor position at standstill. A transition algorithm is designed to switch
between the saliency based and back-EMF based approaches.

Among the methods using high frequency signal injection to create magnetic
saliency, sinusoidal [57] and square-wave voltages [58 - 59] have been injected.

A sensorless scheme for surface mount permanent magnet synchronous motors is
proposed in [57]. It creates a high frequency magnetic saliency by injecting high
frequency voltages and measuring the high frequency currents. The scheme works best if
the difference of the high frequency impedances along the d and g axes are significant.

The adverse effects of the inverter nonlinearities on the injected high frequency
square voltage is analyzed in [58]. The deadtime and current ripple distortion effects on
the high frequency induced currents is investigated in detail to propose a method for
removing these effects. The proposed method is implemented in an interior permanent
magnet motor to verify the applicability of the sensorless scheme.

A position sensorless scheme based on high frequency square wave voltage
injection to remove extra low pass filters used in sinusoidal voltage injection based
schemes is proposed in [59]. The bandwidth of both current and speed loop is increased
with the proposed scheme to enhance the dynamics of the system. With the injected
frequency closer to the switching frequency, the fundamental frequency is well separated
of the injected frequency. Therefore, low pass filters are not required to extract the

fundamental component of the current.
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1.6. Research Objectives

The objective of this research has been the efficiency and reliability enhancement
of six phase synchronous motors. A real time phase swapping scheme is proposed to
adaptively update the number of the active inverter legs depending on the demanded
electric load to maximize the efficiency of the drive system by both considering stator
copper and converter losses simultaneously. This scheme is mainly proposed for motors
based on multiple three phase winding sets and the three phase inverter modules
associated with each set are turned on/off. To enhance the reliability, a position
sensorless scheme with simplified rotor position estimation error based on high
frequency sinusoidal voltage injection is proposed. The proposed scheme reduces the
number of low pass filters in [57] used in the algorithm to enhance the dynamics of the
system. Both of the above mentioned schemes were implemented on experimental setups
to verify their functionalities.

1.7.  Thesis Outline

This dissertation is organized as follows:

Chapter one reviews the literature works performed in the similar areas. It starts
with efficiency enhancement schemes considering only converter losses. Afterwards,
several sensorless schemes are reviewed and their advantages and disadvantages are
compared to each other. At the end of this chapter, the main reasons and objectives of
this research is covered.

Chapter two analyzes different types of losses in a multiphase system. It is

continued with simulating efficiencies of different multiphase cases considering only
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converter losses, only stator copper losses and both of them. A new scheme is proposed
to optimize the efficiency of the multiphase drive systems during the low load condition.
Several drive techniques used in implementation of the proposed scheme are described
later. Finally, the experimental setup used to verify the functionality of the proposed
scheme is explained and the efficiency curves verify the functionality of the proposed
scheme.

Chapter three starts with review of main sensorless schemes that have been
proposed so far. They are compared in terms of dynamics, speed range coverage and
torque ripple. The synchronous motor model at high frequency reference frame is
considered and high frequency sinusoidal voltages are injected. The high frequency
induced currents are derived. A rotor position estimator is developed to extract the rotor
angle information based on the measured high frequency currents. An experimental
setup is developed to implement the sensorless scheme. Finally, experimental results
verify the accuracy of the rotor position estimation. Furthermore, the input to the rotor
position estimator and the estimated angle of the proposed scheme is compared to that of

the conventional scheme.
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2. EFFICIENCY ENHANCEMENT OF MULTIPHASE ELECTRIC DRIVES
AT LIGHT-LOAD OPERATION CONSIDERING BOTH CONVERTER AND

STATOR COPPER LOSSES*

In electric vehicles for urban use, the drives work on a very variable regime and
often operate for long periods of time with light load [27]. Similarly, in wind generation
farms, the generators frequently function at low capacity depending on the wind speed;
hence, the efficiency of wind turbines at light load is also considered important [25], [60
— 61]. In general, when the working regime is far from nominal, the machine-side
converter efficiency is usually comparatively low [27]. Therefore, developing new
methods for further efficiency enhancement of ac/dc converters, with special focus on
light loads, is of paramount importance. Furthermore, such additional amelioration could
be combined with previous approaches to yield an even better total efficiency.

In [13] and [62], a converter structure based on several three-phase back-to-back
converters is considered for a wind turbine, with the grid-side inverters being in parallel.
It is proposed to adaptively enable or disable the entire back-to-back converter modules.
In this manner, advantage is taken of the fact that the losses of semiconductor devices,
with respect to the output power, drop when they operate close to their rated condition
[5], [13], [25], [63]. However, such structure is relatively bulky and expensive [64];

note that it has several three-phase grid-side inverters with individual dc links, additional

* Reprinted with permission from “Efficiency Enhancement of Multiphase Electric Drives at Light-Load
Operation Considering Both Converter and Stator Copper Losses” by A. Negahdari, A.G. Yepes, J.

D. Gandoy and H. A. Toliyat, 2018. IEEE Transactions on Power Electronics, Copyright [2018] by IEEE.
21



switches (to effectively interrupt the current through the converters) on both the machine
and grid sides, and interfacing inductors in the grid side. The improvement in efficiency
was estimated when these multiple grid-side converters are also enabled/disabled
adaptively; but it is unclear if, in absence of grid-side inverters or with a single three-
phase grid-side inverter, the enabling/disabling approach is still convenient when only
applied to the machine-side converter. In addition, the stator copper losses of the
machine were not taken into account, in spite of the fact that they are expected to
increase with the phase current [65]. Moreover, the improvement in efficiency was only
estimated, not experimentally measured.

This dissertation proposes a method to improve the efficiency of multiphase
electric drives for machines with multiple three-phase windings. The proposed technique
is based on modifying the number of active legs during the machine operation depending
on the reference torque, while ensuring that the demanded power is always provided.
Consequently, the efficiency is enhanced mainly at light load. Besides the converter
losses, the effect of the stator copper losses on the overall efficiency is also studied and
taken into account in the strategy. Experimental results are provided to verify the
conclusions of the theoretical study.

The rest of this chapter is organized as follows. Section 2.1 describes the general
structure of the analyzed system and reviews the main losses in ac/dc converters. Section
2.2 analyzes the condition in which only the converter losses are considered for
improving the efficiency. Section 2.3 describes the proposed method to enhance the

overall system efficiency. Section 2.4 presents the experimental results.
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2.1. Background
A. Multiphase drives based on multiple three-phase windings:

The generalized schematic for a multiphase drive based on multiple three-phase
stator windings with isolated neutrals is shown in Fig. 2.1, where y equals 2 or 1 for
symmetrical or asymmetrical winding arrangements, respectively [25], and n stands for

the total number of phases.

Three-phase converters

e al
|
Vdc bl
cl
a2
I b2
\ c2

Fig. 2.1: Generalized schematic of an electric drive based on multiple three-phase windings with isolated

neutrals.

The converter consists of n/3 three-phase modules connected to a single dc bus.
Each of these modules supplies a three-phase winding set of the machine. The dc source

shown in Fig. 2.1 may represent in a simplified manner, e.g., the batteries in an electric
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vehicle or the dc side of a three-phase grid-connected converter in a wind turbine
system.
B. Major converter loss components
The losses in ac/dc converters are divided into the following two parts.
1) Conduction losses: The on-state resistances of semiconductor switches and of
anti-parallel diodes cause ohmic losses while they conduct. These losses are

given by the following equations:

2 2

Pcormttr:E V¢90L+ QQL +mCOS¢ Vceolf+rcEI (21)
20T T4 8 3r

P = v, ” —mcosg| V, I7+r"|2 (2.2)
condd 2 doﬂ' d 4 d08 37[

where Pcond, tr, d, Veeo, Vo, ree, Fd, M, 0S¢ and | denote conduction losses, transistor,
diode, switch collector-emitter voltage, diode forward voltage drop, collector-emitter on-
state resistance, diode on-state resistance, modulation index, power factor and rms phase
current, respectively.

2) Switching losses: The losses associated with non-ideal switching exist on both

the diodes and the switches, and they are given by

Psw,tr = fsw(ErJn + Eoff)

ref ref

k: K
I ) itr VCIln v tr .
P,

ki,d kv,d

v (1+Tc,d (rj _Trefj (24)

Iin out

Psw,d = fsw(Err) |

ref ref

where Psw, fsw, Eon, Eoff, Err, Tj, Tref, Tc, Ki, Ky, lin, Iref, Vout and Vrer represent switching

losses, switching frequency, switch turn-on losses, switch turn-off losses, diode reverse-
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recovery losses, junction temperature, reference temperature, temperature coefficient,
current ratio order, voltage ratio order, device input current, device reference current,

device voltage and device reference voltage, respectively.

2.2.  Converter Efficiency Enhancement

In the following, the multiphase ac/dc converter efficiency is analyzed when one
or more of the multiple three-phase winding sets are deactivated (by turning off the
corresponding converter switches) as the load decreases, so that the current per phase is
maximized (for such load) but the switch current rating is not surpassed. Henceforth, this

approach is called strategy for enhancement of the converter efficiency (SECE).

Table 2.1

Characteristics of the 24-Phase PMSM

Parameter Value
Rated Power 20 kw
Rated Speed 1800 rpm
Rated Torque 106.1 Nm
Number of Poles 4

Rated Voltage 120 V (rms)
Rated Current 12 A

Stator Resistance 02Q

Stator self-inductance 800 pH

Without loss of generality, a practical case is chosen for the study, for the sake of

convenience and illustration. A 24-phase (eight three-phase winding sets) surface-

25



mounted permanent-magnet synchronous machine (PMSM), with the characteristics
shown in Table 2.1, is adopted. By choosing a 24-phase machine, the resulting plots will
also allow to analyze later the cases of machines with lower phase numbers, such as six.
The PMSM is assumed to operate at rated speed. The main parameters of the converter
diodes and switches [insulated gate bipolar transistors (IGBTSs)] are given in Table 2.2.
The Semikron SKM50GB half-bridge modules with SEMIx302GB12E4s IGBT switches
are used. The switching frequency is initially set to 5 kHz. The impact of other

parameter choices is discussed later on.

Table 2.2

Characteristics of the Semiconductor Devices

Variable Value
Veeo 09V
Vo 11V
lee 0.044 Q
rq 0.018 Q
Tref 25°C
Kir 1

Ku,tr 1.35
Kig 0.6

Kvd 0.6

Tea 0.003 1/K

The efficiency of the 24-phase converter supplying the stator terminals is evaluated at

different operation modes in Fig. 2.2, for various load (torque is normalized with respect
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to the rated torque) conditions. Such modes result from enabling or disabling three-phase
winding sets. There are eight modes; namely, with one, two, three, and up to eight
simultaneously active three-phase winding sets. For simplicity, just six of these modes
are depicted in Fig. 2.2; the 15-phase and 21-phase curves would be placed in between.
It should also be mentioned that for Fig. 2.2 the efficiency is calculated from the dc bus
to the stator input power, so that only the effect of the converter losses is reflected.

As shown in Fig. 2.2, at light load condition the three-phase configuration yields
the highest efficiency, and as the load increases, the 6-, 9-, 12-, 18- and 24-phase mode
is successively the best candidate for improving the converter efficiency. The trajectory
shown in dashed magenta corresponds to the SECE. As the torque increases, three-phase
winding sets are consecutively activated in the SECE. It can be seen that the SECE
tracks in this manner the highest converter efficiency available at each time (torque).

Fig. 2.2 also shows that the SECE enhances the converter efficiency for
machines of phase numbers lower than 24, as well. For this reason, the choice of 24
phases for the example proves to be particularly convenient. As aforementioned,
although the simulations are initially presented as performed for a 24-phase machine
with rated power P=20 kW, in reality the resulting plots illustrate the efficiency results
also for n-phase machines with rated power Pn/24, where n can be 6, 9, 12 and 18. For
instance, it is inferred from Fig. 2.2 that for a 6-phase machine (with rated power and
torque of 5 kW and 26.5 Nm, respectively, in this example), efficiency can be improved
for light load (below 0.65 p.u.) by selecting between 3 or 6 active phases (two operation

modes).
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2.3. Proposed Strategy for Enhancement of Overall Efficiency

In the previous section, it was shown that the SECE permits to increase the
converter efficiency. However, the stator copper losses were ignored (as in, e.g., [13],
[63]), in spite of the fact that they are another major loss component in electric drives,
and they vary with the number of active legs and the phase current rms [7]:

P, =nRI? (2.5)
where PcL, n and Rs stand for stator copper losses, number of active converter legs and
stator resistance, respectively. In this section, the effect of the stator copper losses on the
overall efficiency is studied when applying the SECE, and a strategy for enhancement of
the overall efficiency (SEOE) is proposed. Such SEOE optimizes the overall efficiency,
by also taking into account the stator copper losses. The effect of the different operation
modes of the SECE on the stator copper losses is evaluated in Fig. 2.3. Only the copper
losses are taken into account for the efficiency computation in this figure. The machine
and converter under study are the same as in Section 2.2. From Fig. 2.3, it can be seen
that reducing the number of active converter legs results in lower efficiency in terms of
copper losses, for all load values. Nevertheless, although the copper losses are increased
if the number of active legs is reduced, the overall efficiency (see Fig. 2.4) is still
improved when decreasing the phase number. The reason is that the converter loss
reduction dominates over the increase in the copper losses. By taking into account both
converter and copper losses, the SEOE is proposed in here. As also depicted in Fig. 2.4,
the SEOE selects the number of active phases such that the overall system efficiency is

optimized for each load.
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By comparing Figs. 2.2 and 2.4, it can be observed that the load torque at
which the phase numbers are changed is different for SECE and SEOE. For example,
when only converter losses are considered (Fig. 2.2), the three- and six-phase modes
should be swapped for a normalized torque of 0.64 p.u., whereas in the case of total
efficiency (Fig. 2.3), this occurs at 0.22 p.u. Similarly, the torque values for the
commutation between other modes also differ between the SECE and SEOE. This fact
can be noted more clearly in Fig. 2.5, which compares in the same figure the
efficiency-versus-torque curves corresponding to the SECE and SEOE. Again, in Fig.
2.5 the transitions involving the modes of 15 and 21 phases are omitted for clarity and
simplicity. From Fig. 2.5, if the SECE is implemented instead of the SEOE, the overall
efficiency is not optimized and drops significantly as the load rises. For example, it is
shown that the maximum difference in overall efficiency between SECE and SEOE
occurs at 0.063 p.u. output torque and is almost 1%. By performing SEOE (shown in
blue), the overall efficiency is maintained at about 95.5% whereas if SECE is
implemented, the overall efficiency drops to roughly 94.5%. Thus, the SEOE is clearly
preferable over the SECE.

The torque (current) values that are used as threshold for the SECE or SEOE
should be obtained off-line for a given machine and converter, so that the real-time
control can swap on-line between modes at the correct condition. Such threshold values
can be measured or simply computed by equating the overall efficiencies for each pair of

consecutive operation modes, using (2.1)-(2.5).
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Amounts of efficiency improvement similar to the ones attained here are often
considered to be substantial [27], [30], [66]. Furthermore, even if the efficiency
difference may seem relatively small in terms of power, it can result in a significant
amount of energy when integrated through a long period of time.

Other existing losses such as those due to other converters, iron core, windage,
friction, etc. are not expected to vary substantially for a given torque and speed when the
number of active legs is altered. In addition, the choice of symmetrical or asymmetrical
winding arrangement for the stator does not affect the efficiency analysis.

Finally, the influence of some parameter variations on the SEOE performance is
addressed in the following.

Fig. 2.6 shows the overall efficiency for the same PMSM with three different
stator resistances. When the stator resistance increases (Rs=2 Q), the overall efficiency
drops accordingly and the SEOE mode swapping happens at lighter loads. On the other
hand, when the stator resistance decreases (Rs=0.02 Q), the overall efficiency increases
and the SEOE mode commutation has to be applied at higher loads, which potentially
permits to save more energy. In conclusion, the SEOE offers greater loss reduction for
machines with lower stator resistance. This occurs because for smaller Rs the converter
efficiency has comparatively (with respect to the copper losses) more weight on the
overall efficiency. As shown in Fig. 2.7, the efficiency diminishes over the whole range
with the rise in switching frequency, since the switching losses of the converter grow
accordingly [(2.3) and (2.4)]. On the other hand, the threshold load values become

higher, because of the increased relevance of the switching losses in the overall
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efficiency. This fact implies a larger potential saving of energy by using the SEOE with
respect to the usual approach of maintaining the phase number. As a consequence, when
the switching frequency is chosen for a drive implementing the SEOE, a trade-off should
be met, depending on the application, regarding the general decrease in efficiency and
the improvement in the SEOE saving that occur when fsy grows.

Concerning the magnitude of the back electromotive force (back-EMF) and the
speed, they are not expected to have a noticeable impact on the preceding curves of
efficiency, mainly due to the torque normalization. Nonetheless, it should be noted that
even with identical efficiency, the power quantities are more important when the speed

or BEMF are close to the rated one.
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2.4. Experimental Setup

An experimental prototype (see Fig. 2.8) is built to verify the theoretical
outcomes and functionality of the proposed SEOE. A 6-phase wound-field synchronous
motor with small saliency and symmetrical winding arrangement is driven by field-
oriented control using two three-phase inverter modules. Disregarding saliency, the
characteristics of the machine coincide with those in Table 2.1, by simply multiplying by
a factor of 0.225 the values of rated power and torque shown in the Table 2.1. A Texas
Instruments Delfino TMS320F28377 digital signal processor (DSP) is used for the
control implementation. The two dimensional finite element analysis model of the
synchronous motor is shown in Fig. 2.9. Some of the parameters of the motor is also

described in Table 2.3.

b
Ly
RS

Fig. 2.8. Experimental setup.
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Fig 2.9: FEA model of the synchronous motor stator and rotor showing double layer short pitched

windings, adapted.

Table 2.3: Synchronous motor parameters.

Rated power 5 kVA
Number of Poles 4

Rated voltage 240V
Rated current 12 A
Power factor 0.8
Number of winding layers per stator slot | 2
Number of turns per coil 6
Number of coils per phase 4
Number of stator slots 48

Air gap length 0.5 mm
Rotor outer radius 87 mm
Rotor inner radius 23.75 mm
Stator outer radius 133 mm
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The original synchronous motor shown above was wound as a three-phase motor
with external taps on the stator windings as shown in Fig. 2.10 which enables the

configurability of the stator windings.
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Fig. 2.10: Original motor winding configuration, a) actual external taps, b) schematic of the taps along the

winding, and c) coils end connection.
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The connections were updated as shown in Fig. 2.11 to form a symmetrical six-phase

synchronous motor.

Phase A connection:

()
A (al)

E (a2) D (c2)
B (b1) C (cl)
F (b2)

(b)

Fig. 2.11: Three to six-phase reconfiguration. a) distributed layout (green arrows refer to old connections

and red arrows refer to new connections.) and b) Spatial representation of the phase vectors.
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The new six-phase system acts like two sets of three-phase systems which are
shifted for 60 degrees with respect to each other. The phase back-EMFs for all six

phases of the new machine are shown below to verify the correct phase shifts:
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Fig. 2.12: Phase back EMFs for a) 1% three-phase and b) 2" three-phase set.
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2.5.  Drive Schemes

As part of the experimental setup, a digital control platform is provided to
implement the required motor drive strategies. This platform consists of the
microcontroller, the three phase full bridge inverter sets and the control software. The
Texas Instrument Delfino TMS28F379D series of the C2000 families is used for
processing. A comprehensive code was also written in code composer studio (CCS).
Semikron three phase inverter sets are used as well.

The main drive scheme is equal in both chapters one and two. Two IGBT based
voltage source inverters used to drive both wound field synchronous motor and the
surface mount permanent magnet synchronous motor. The DSP commands the inverter
switches with the generated PWM signals as the output of the control schemes. An
interface board is responsible to isolate and amplify the transferred signals between the
DSP and the inverter. The main control loop of this system consists of the inner current
loop and the outer speed loop.

In order to control the machine in the rotating reference frame, the motor needs
to be modelled in the dg synchronous reference frame. Equation (2.6) and (2.7) describes

the voltage equation in the d and q axes.

Vg = (Rs + jweLg)ig — welgig + wed, (2.6)
Vg = welglg + (Rs + jweLy)ig (2.7)

where Vg, Vg, Id, iq, Ld, Lg, Rs, we and Ar stand for d axis voltage, g axis voltage, d axis
current, g axis current, d axis inductance, g axis inductance, stator series resistance, rotor
angular speed and back-EMF. In the case of the surface mount permanent magnet
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synchronous motor, there is no excitation on the rotor so the back-EMF term in (2.6) will
be zero. Also, in the case of the wound field synchronous motor, the rotor field winding
is not excited and hence the back-EMF term does not exist.
Assuming the back-EMF is zero, the flux linkages along the d and q axes are defined by
(2.8) and (2.9):
Ag = Lgly (2.8)
Ag = Ll (2.9)
Consequently, the dq axis equivalent circuit of the synchronous motors can be

represented by:

. Ld
id Rs

VdT we)\q

(@)

Vg T WeAd

(b)

Fig. 2.13: Equivalent circuit of the synchronous motors in d and g axes.

When implementing the field oriented control (FOC) for the motor, several

techniques are incorporated to improve the operation of the motor.
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Fig. 2.14: Overall FOC block diagram of the system.

Fig. 2.14 depicts the overall block diagram of the control scheme which tracks
the fundamental component of the commanded current reference.
The six phase currents are converted to afxy parameters using the following

Clarke transformation for the asymmetrical six phase synchronous machine.
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1 cos(z?") cos(%") cos(g) cos(%n) cos(%”)

iq lq
. ) 4 . .5 .9 s
ig 0 sin (?") sin (?n) sin (g) sin (?") sin (?”) iy
i 2 41T 81 5m T om l
i:, = sl 1 cos(?) cos(?) cos(z) cos(g) cos() ic (2.10)
. 4 .8 .5 . .9 .
[l:(HJ 0 sm(?") sm(?n) sm(?n) Sln(g) Sln(?”) lleJ
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1
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For the case of the symmetrical six phase synchronous motor, the Clarke transformation

is represented by:

1 cos(g) cos(z?n) cos(m) cos(%”) cos(s?”)

g lq
ig 0 sin(g) sin(z?n) sin(m) Sin(%n) s in(s?n) Ip
l:x — \F| 1 cos(z?n) cos(%”) cos(2m) cos(s?”) cos(lg—”) ;C (2.11)
y 6 . 2T . AT . . 8w . tom, @
fos 0 sin(3) sin(3) sin(Zm) sin(3)  sin(=) L
li,_| 1 1 1 0 0 o Ll
l() 0 0 1 1 1 J

The first three terms in each row of the above matrixes relate to the first three phase
winding set and the second three terms correspond to the parameters of the second three
phase winding set.

The six phase time varying currents are decoupled into four currents in two
isolated planes. The first plane in which the fundamental torque component is developed
is called the o/ plane. The flux interaction between the stator and the rotor is mainly
done in this plane. The intermediate planes which only one of them exists in the case of
six phase motor do not contribute to fundamental torque production and only create
losses. The last plane represented by the last two rows in the Clark transformation matrix

corresponds to zero sequence currents flowing between the neutrals.
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Park transformation is used to alter these four parameters to the rotating components
with the rotor so they do not change as the rotor spins. The Park transformation matrix is
represented by:

cosf sinf
—sin@ cos@ (2.12)

where 0 is the rotor instantaneous angle. This transformation converts the two phase o4
components in the stationary reference frame into two phase dg components in the
rotating reference frame as explained in (2.13) and (2.14).
Ig = Iycos0 + Igsin® (2.13)
Iy = —Isin® + IgcosO (2.14)
In the main control block diagram shown in Fig. 2.14, the current references are
generated in the dqg reference frame. The d axis current reference is always set to zero
whereas the q axis current reference demonstrates the torque producing component of
the current and is the output of the speed control loop.

The actual currents measured by the sensors are converted into agXy subspaces
and compared to the reference currents in the agXy plane acquired by inverse Park
transformation. In order to better regulate the six phase currents, the stationary reference
frame currents are divided into clockwise rotating and counterclockwise rotating
elements and separate proportional-integral (PI) controllers are augmented to adjust each
of the errors. The outputs of the controllers are converted back into the actual abcdef
frame as commands for the inverter switches in modulator forms. A sinusoidal PWM
method is utilized in this work. It has to be mentioned that the rotor angle is provided by

the encoder mounted on the shaft of the motor wherever required.
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In addition to the inner current control loop, an outer speed control loop with
much less band width and time constant is implemented to achieve the speed
controllability, Fig. 2.15. A reference speed is commanded by the software and this loop
tracks the reference by adaptively providing the proper current command in the g axis
which will produce the required torque to increase or decrease the speed.

The anti-windup loop shown in red prevents the speed to rise tremendously [71].
The established q axis current reference is passed into a limiter. The upper and lower
limits are selected such that the achieved speed with the maximum applied torque is
within the acceptable range. The actual q axis current reference is compared to the
output of the limiter and the generated error is added back to the actual speed error.
Therefore, it is assured in this way that the current command is not increased suddenly
by the loop.

The feed forward branch in conjunction with the anti-windup loop provides two
degrees of freedom in adjusting the speed control loop. While the main loop tracks the
fundamental component of torque and speed, the feedforward branch creates a secondary
loop which removes one pole of the overall transfer function and hence reducing the
speed overshoot during the transient as stated in [71].

Harmonic contents always exist in the system due to non-idealities which needs
to be removed so that the output currents are of a low distortion. One method of
diminishing harmonics is through harmonic component rejection scheme which is added

to the main FOC as shown in Fig. 2.16.
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Fig. 2.15: Speed control loop of the FOC.

Harmonics of orders -5, +7, -11, +13 and etc are of the highest magnitude in a
symmetrical six-phase system. Therefore, harmonics -5 and +7 is rejected in this system.
In the block diagram below, w, h, 6r and T refer to the fundamental frequency, harmonic
order, instantaneous rotor angle and sampling period, respectively. The harmonic
rejection loop exactly acts like the fundamental current control loop except for the
rotating reference frames which are set at the desired harmonic speed and P1 controllers
tune the dc parameters. Afterwards, the cancelling component of the currents generated
by the controller is injected by the inverters. The 2hwT term added to the angle in the
inverse Park transformation takes into account one sampling period for computation
time, half a sampling period for modulation delay and another half sampling period for
current averaging. This helps the used angle in the transformation being closer to the

actual angle.
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Fig. 2.16: Harmonic rejection scheme block diagram.

Another method of diminishing the harmonic contents is to virtually add an
active resistance to change the poles and zeros associated with the aimed harmonics. It is
proved in [72] that the active resistance in the first plane is directly proportional to the
magnetizing inductance and the active resistance in the second plane is directly
proportional to the leakage inductance of the stator windings.

In order to maximize the dc bus utilization, [73] proposes a method to optimally
enhance the dc bus usage such that higher output voltages are achieved by the same dc
bus level. It removes the zero sequence components as it will not flow in a system with
isolated neutrals. Equations (2.15) and (2.16) represent the two key equations for zero
sequence injection.

_ Mmax+Mmpin
Zerosequenceinjection - _f (215)

Mpew = Mg + Zerosequenceinjection (2.16)
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By removing the zero sequence injection parameter of the modulators at each sampling
instance, it is guaranteed that the dc bus is not allocated to zero sequence injection.

The deadtimes in the inverters can potentially introduce harmonic voltages in the
order of switching frequency in the system. Therefore, a compensating signal is added to
the PWM modulators to offset the deadtime effects. The following equation describes
the required signal to be added:

M*; = M + sign(is). tg. fow- Vac (2.17)
Where M*g, M, i, tg, fow and vy are the adjusted modulator signal, the reference
modulator, the phase current, deadtime, switching frequency and the dc bus voltage.
Depending on whether the current is flowing to the inverter or back to the dc bus, the
corrective signals are added or subtracted from the modulators.

After implementing the above mentioned schemes in the drive, the general
performance of the drive system was examined by tracking key parameters.

The inner control loop has to acceptably operate fast. A current command is
asserted and the actual current response is captured. A settling time of 2 ms is recorded
for the current control loop. The bandwidth of the current loop is set at 300 Hz.

The outer loop which operates relatively slower than the inner current loop is
also evaluated. Speed step response is shown in Fig. 2.19 along with the three phase
currents. 10% speed overshoot and 4s settling are believed to be acceptable. The

bandwidth of the speed loop is set at 50 Hz.

55



DS0-X 20248, MYE1137320: Frillov 03 12,0818 2017
Toanoys 2 3 4

2780z

20,002/ Stop

£ BE2Y

Agilent

Acquisition

Maormal
126kSais

Channels

10.0:1
10.0:1
10.0:1
10.0:1

Cursors

>

TR PR TR PO YT

+198.000000000rms
TIAK:
+5,0505H:
A1)
+0.0V

Channel 3 Menu
4+ Coupling BW Limit
ot |

Fine

Invsrt

o

Probe

D50 20248, MYET137520: FriMov 03 12.06:55 2017
1oaooys 2 3 4

@

-120.0%

1.000%/

Stop

£ GE2%

% Agilent

Acquisitian

Marrral
125kSals

Channgls

Cursars

|

+138.000000000ms
THAK:

,‘""h.:.;.rw

ST S POU | P TR o RN

+5.0505H:
AY[T):

+0.0V

Channel 3 Menu
42 Coupling Bl Limit
oC |

Fine

Irmrert

O

Frobe

(b)

Fig. 2.18: Current step response, a) broad range and b) zoomed version.
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As depicted in Fig. 2.20, operating with three active legs instead of six at light
load enhances the converter and the overall efficiency, in spite of being less convenient
in terms of copper losses. Namely in Fig. 2.20(c), the efficiency is increased up to 2.6%,
which occurs at 0.145 p.u. output torque. The normalized torque values at which the
number of active phases should be swapped is shifted to 0.188 p.u. in the SEOE [Fig.
2.20(c)] with respect to the SECE, in which it occurs at 0.33 p.u. [Fig. 2.20(a)]. For
example, at 0.24 p.u. output torque, the SEOE offers an overall efficiency of 97.8% [Fig.
2.20(c)], whereas in the case of the SECE, which at 0.24 p.u. still tracks the blue curve
(3 phases), the efficiency is 90%.

This shows at least 7.8% improvement in efficiency when comparing SECE and
SEOQE on the experimental prototype.

Next, an increase in the stator resistance is emulated by adding 0.3 Q to each
phase. Fig. 2.21(a) shows that, with the greater resistance, both the efficiency curve as a
whole and the threshold torque value are reduced. Moreover, Fig. 2.21(b) demonstrates
that the threshold torque and the efficiency in general become larger and lower,
respectively, at higher switching frequencies.

Even though the numerical quantities are not exactly the same in the simulations
(Section 2.2 and 2.3) and experiments (presumably due to parameter deviations from
their ideal values), it can be seen that the general conclusions (concerning the fact that
SEOE improves the efficiency with respect to SECE and to using all phases, and also the

type of variation with Rsand f) match between both types of results.
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Fig. 2.20. Efficiency measurement of the actual prototype considering (a) only converter losses, (b) only
copper losses, and (c) overall losses.
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Fig. 2.20. Continued.
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Fig. 2.21. Experimental comparison of the overall efficiency with the SEOE at (a) different stator

resistances, and (b) different switching frequencies.

Lastly, Fig. 2.22 represents the transient behavior during the mode swapping.
One phase current of each three-phase winding set (phases al and a2, in accordance with

Fig. 2.1) is shown, along with the torque and speed waveforms. The magnitude of the
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current references is automatically doubled in the DSP when the phase number is halved
(Fig. 2.22 (a)), and vice versa (Fig. 2.22 (b)). There is a brief change in the torque when
the mode commutation happens, presumably due to nonlinearities and to the differences
in the converter and copper losses between modes. In any case, the control rapidly
compensates this disturbance, and the speed is kept unaltered. If this short torque
variation were inconvenient for a certain sensitive application, it could be reduced by

taking into account those effects when recalculating the current references.

Jgo0ws 2 1.00W/ 3 5.00A7 4 5004/ 20.40% 20.00%/ Stop

2| TORQUE

ApFHASE_AZ

(@)
Fig. 2.22. Phase currents, speed and torque waveforms during the mode transition from (a) 6 to 3 phases,

and from (b) 3 to 6 phases. The scale of the speed and torque is 400 rpm/div and 2 Nm/div, respectively.
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Fig. 2.22. Continued.
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3. IMPROVED SENSORLESS DRIVE FOR SYNCHRONOUS MOTORS
BASED ON HIGH-FREQUENCY SINUSOIDAL SIGNAL INJECTION WITH

SIMPLIFIED EXTRACTION OF POSITION-ERROR INFORMATION

3.1. High-frequency Impedance Characteristic of the Surface-Mount Permanent
Magnet Synchronous Motor (SPMSM)

Generally, a synchronous motor is modelled in the rotating reference frame by:
vy =T1yig + LS%id + wp(Lsiq + Ko) (3.1)
Vg = tyiq + Ly 2iq — WyLsiq (3.2)
where vq, Vg, id, ig, I's, Ls, @orand Ke represent d-axis rotor voltage, g-axis rotor voltage, d-
axis rotor current, g-axis rotor current, stator winding resistance, stator winding
magnetizing inductance, rotor angular velocity and back-EMF constant, respectively.

Given a dg synchronous reference frame rotating so that d is aligned with the

rotor flux, the high-frequency equivalent circuit of the SPMSM can be expressed as

) d.
Vah = Tanlan + thaldh (3.3)
. d .
vqh = thlqh + th E th (34)

where Vg, Vgn, Fdn, 'qh, Lan, Lgn, ian @nd ign are the d-axis high frequency voltage, g-axis
high frequency voltage, d-axis high frequency resistance, g-axis high frequency
resistance, d-axis high frequency inductance, g-axis high frequency inductance, d-axis
high frequency current and g-axis high frequency current, respectively. The above

equations represent the motor considering only the high frequency injected signals.
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Now, we assume the steady state condition to further simplify (3.3) and (3.4):
Van = (Tan + j®nLan)ian (3.5)
Van = (Tan + j®nLan)ian (3.6)
The equation (3.5) and (3.6) can be further simplified into:
Van = Zanlan (3.7)
Vgn = Zgnign (3.8)
where Zgn and Zqn are d-axis high frequency impedance and g-axis high frequency
impedance.
Let us define the rotor angle estimation error by
6, =6,—0, (3.9
with 8, being the rotor angle estimation error, 6, the actual rotor angle and 8, the

estimated rotor angle.

A matrix representation is used to express (3.7) and (3.8):

Udh Zan O Hidh]
vqh [ Zanl lign (3.10)

By multiplying both sides of (3.10) by the inverse high frequency impedance matrix,

(3.11) is obtained:
ldh Zdh 0 -1 Van vdh
AR I o
th

On the other hand, it is shown below that the variables in the actual synchronous

reference frame and the estimated synchronous frame are related to each other by:
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Xa] _ [ cosB,. sind,.|[X4] (3.12)
Xql | —sind, cos6,||X,] '
(X4] _ [cosB, —sind,|[Xa] (3.13)
X,] |sind, cosd, | |Xql '

If the high frequency voltages are injected through the estimated reference frames, based
on (3.12) and (3.13), induced high frequency currents along the estimated reference

frames are calculated by:

[idh] COSér —Sinér -idh:l

lgnl  |sinB, cos6, |liqn

_ - Lo~ q = 0
_ |cos6,  —sin6,||zan [Udh]
1 ‘Uqh

sinb,,  cos6, |

th

1

~ 10— oly 4 R A
_|cos6,  —sinb,||zan cosO, sinb, [Udh
sin@,  cos0, ! Ugn

v | Pl IR
0 —||—sinB, coso,
th B

where Dgp, Dgn, Lan, Iqn are the high frequency voltage along the estimated d-axis, high
frequency voltage along the estimated g-axis, high frequency current along the estimated
d-axis and the high frequency current along the estimated g-axis, respectively.

The induced high frequency currents along the d and g-axis can be rewritten as:

A 1 1 ~ ~ 1 . =~ N\ A

Tan = Zanan [(Zavg - EzdiffCOSZQT) Dan — (EZdiffSLnZQT)vqh] (3.15)
a 1 1 . ~ ~ 1 . = A
th = Zthqh [(—EZdiffSLnZQT) Van + (Zavg + EZdiffSLnZQT)vqh] (316)

where

Dapg = —20Zan (3.17)
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Zaiff = Zan — Zqn (3.18)
Zavg and Zgiss are the average of d and g-axis high frequency impedance and difference of
d and g-axis high frequency impedance, respectively.
Based on (3.15) and (3.16), it is decided to which axis of the estimated reference frame
the high frequency signal should be injected. In this case, the fluctuating voltage can be
injected both in the d and g axis of the estimated reference frame. For example, if the
high frequency voltage is injected along the d-axis:
Dan = Vipjcoswpt (3.19)
Dgn =0 (3.20)
where Vinj and wn are the magnitude of the injected voltage and the angular speed of the
high frequency voltage.

Equations (3.15) and (3.16) can be rewritten by plugging (3.19) and (3.20) in them:

~ _ Vinjcoswht 1 ~
lan = =5 (Zavg = 5 Zaiffc0s26;) (3.21)
n __ Vipjcoswpt 1 . A
lqh = Tzqh (—EZdiffSlleer) (322)

It is inferred that the high frequency current induced along the d-axis of the estimated
reference frame is proportional to a dc value added to the cosine of the rotor angle
estimation error whereas the high frequency current induced along the g-axis of the
estimated reference frame is proportional to the sine of the rotor angle estimation error.
Therefore, it is more proper to measure the high frequency current induced along the g-
axis of the estimated reference frame as it is directly proportional to the rotor angle

estimation error. It also has to be mentioned that this current includes the rotor angle
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information provided that the difference in the high frequency impedance of the d and q
axes are fairly large.

In order to evaluate the high frequency impedance characteristics of the studied
machine, a measurement reference frame is attached to the rotor so as it rotates, various
rotor positions are covered as shown in Fig. 3.1. dmeas, Omeas, d, q and «a are the d-axis of
the measurement reference frame, g-axis of the measurement reference frame, actual d-

axis, actual g-axis and the relative angle between the actual and measurement axes.

q
A

Qmeas dmeas

» d

Fig. 3.1: Measurement and the actual reference frame for high frequency impedance measurement.

The following plots demonstrate the high-frequency impedance characteristic of
the studied SPMSM at different voltages and frequencies. The relative position of the
actual rotor reference frame with respect to the measurement reference frame is swept in
steps of 30 degrees and the associated high-frequency impedance is experimentally

calculated by 3.23.
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7, = Ldmeas (3.23)

Idmeas

where Zq represents the impedance along the d-axis of the measurement reference frame.
Now as the measurement frame rotates, Zq plots a sinusoidal curve. The minimum points
of Zq4 correspond to d-axis high frequency impedance since the injected currents along
with the permanent magnet fluxes will saturate the iron along this path. In contrast, the
peak points of this curve correspond to g-axis impedance. Since the tests have been
implemented in discrete angles, the ideal sinusoidal profile of the high frequency
impedance cannot be seen.

The lowest impedance corresponds to the actual d axis, which is aligned with the
magnets. On the other hand, the impedance increases as the frequency is higher. At a
certain frequency, the g axis high frequency impedance is decreased as the magnitude of
the injected voltage is increased but the d axis high frequency impedance is not varied.
This is due to d axis already being saturated and possessing the least impedance. Based
on Fig. 3.2(a) and 3.2(b) the 40 V, 500 Hz high-frequency voltage is chosen as the most
suitable injected voltage, which results in 5.9 Q of high-frequency impedance difference
along the d and g axes. This difference makes it possible to obtain information about the
rotor position angle through (3.22). The injected frequencies of around ten times of the
fundamental frequency is found to be proper. It should be mentioned that the high

frequency voltage is injected in the af} plane.
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Fig. 3.2: High-frequency impedance characteristic of the SPMSM versus mechanical rotor angle at a)
different magnitude of the injected voltages of 500 Hz frequency, b) different frequency of the injected

voltages of 40 V magnitude.

The asymmetrical six phase motor possesses two other control planes which can be used

for injection. The zero sequence plane does not carry any current since the neutrals of
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the two three phase winding sets are not connected to each other. However, the xy plane
can be utilized for high frequency voltage injection. The high frequency impedances in
the xy plane was also measured to investigate the possibility of injecting through this
plane. Since the second plane has less impedance compared to the fundamental plane,
less voltage is required to build up the required current. In this sense, a 20 V, 500 Hz
voltage is injected along the x axis of the second plane and the high frequency
impedance is measured as depicted in Fig. 3.3. The high frequency impedance difference
along the x and y axis in the second plane is approximated to be 0.25 Q which is very
smaller than the first plane. Therefore, high frequency injection in the xy planes for rotor

position estimation does not yield acceptable performance.

o
(9

High frequency impedance (Ohm)

P | I [ R [ I
0 50 10 150 20 250 300 350

Rotor angle (deg)

Fig. 3.3: High-frequency impedance characteristic of the SPMSM versus mechanical rotor angle at 20 V,

500 Hz high frequency sinusoidal voltage injection in the x axis.
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At the ranges of the high frequencies injected, the high frequency impedances are mostly
composed of inductive terms rather than resistive. As a result, the following deduction is
valid:
Zan = Tan +jwWpLlan~jwpLan (3.24)
Zgn = Tqn T j@pLgn~jwnLqn (3.25)
With the above assumptions, (3.22) can be further simplified into:

n VianiTLZér

lgn (TaiffCOSWpt — WpLgifrSinwpt) (3.26)

" 20n%Lanlen
where rgitr and Lgifr are the resistance difference between the high frequency d and q axis
and inductance difference between the high frequency d and g axis, respectively.

In order to extract from (3.26) information about the rotor position error, the following

operation is performed:

; A VinjLdi .
i5, = LPF(igpsinwpt) = —ﬁ sin26, (3.27)

where LPF stands for low pass filter. If the rotor position estimation error is small

enough, (3.27) can be further simplified by

. Vinilai ~
i = Lnlaits 5 (3.28)
r 2wpLlgnLqn

which explicitly illustrates the relation between this variable and the rotor position
estimation error. Given such relation, this signal is adopted as the input to the rotor

position estimator.
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3.2.  Proposed Improved Sensorless Scheme

Fig. 3.4 depicts the block-diagram representation of the iz _extraction proposed as
also expressed in the previously derived equations. The transformation of the measured
stator currents to the rotating reference frame is performed by using the estimated rotor
position angle. Afterwards, I,,is extracted by applying a band-pass filter (BPF) to the
overall g-axis current. Finally, in accordance with (3.27), the error signal iz is

calculated by multiplying i,,by a sinwp,t term and passing it through an LPF.

O,
: v g
la —» > i
|lb——{ abcdef Sinwht
lc—» .
Id » Iq iq h .
le—> 4 BpF > LPF [— i5
f—»

Fig. 3.4: Calculation of the error signal.
The BPF in Fig 3.4 can be digitally implemented as indicated by the red dashed square
in Fig. 3.5 [68].

Sinwht

X* i
X)—> LPF *»@ :ﬁ

> LPF —> ié}

Fig. 3.5: Digital implementation of the BPF (shown in the red box) in conjunction with the error signal

calculation.



The intermediate signals X and Y defined in Fig. 3.5 are obtained by

X = LPF (i sinwpt) (3.29)
Y = LPF(i coswpt) (3.30)

And hence,
lqn = Xsinwpt + Ycoswpt (3.31)

i, = LPF((Xsinwpt + Ycoswyt) * sinw,t) = LPF(Xsinw,t + Ysinwptcoswpt) =
LPF(;X) (3.32)
Therefore, the scheme of Fig. 3.4 can be simplified as shown in Fig. 3.6.

Sinwht

Iq —»@—» LPF — » iz,

Fig. 3.6: Simplified method of iz _calculation.

Consequently, the new approach of iz calculation removes two LPFs of the
previous approach (Fig. 3.5), which in practice allows a faster response of the sensorless
scheme. Moreover, three multiplications, the calculation of a cosine function, and one
addition, are also saved. This further simplifies the implementation and provides extra
execution time that the digital signal processor (DSP) can employ for other purposes.

The calculated iz has to be controlled to mitigate the errors in the rotor position
estimation. A bang-bang controller is utilized, as shown in Fig. 3.7, to adjust in closed-

loop the estimated rotor angle such that the error is minimized [57].
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Fig. 3.7: Block diagram for estimating the rotor angle and the speed.

The controller generates the time derivative of the estimated rotor angle. An LPF
is used to filter the noise and provide the estimated rotor speed. The bang-bang
controller gain and the LPFs bandwidth are selected such that the overall estimation
speed is compatible. For instance, if the controller gain is set very high such that the
LPFs cannot keep up with the speed corrections of the sensorless algorithm, the
estimation will diverge from the actual value. Moreover, if the bandwidth of the LPFs
are set very narrow, the estimation scheme’s dynamics will be too slow to update the
current position of the rotor.

3.3. Experimental Results

The proposed sensorless scheme was tested in the experimental setup shown in
Fig. 3.8. An originally 24 phase synchronous motor with external access to coil
terminals as shown in Fig. 3.9 was rewound to obtain an asymmetrical six-phase
synchronous motor. The back-EMF waveform of the 24 phase motor was used to
determine the proper configuration to yield the asymmetrical six-phase winding as
depicted in Fig. 3.10. The six-phase SPMSM is driven by field-oriented control using

Semikron inverters. Note that, since only the flux/torque producing plane [69] is
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employed in the tests, no substantial differences could be expected for other phase
numbers. A Texas Instruments Delfino TMS320F28379 DSP is used for the control
implementation. Table 3.1 illustrates some parameters of the setup. The bandwidth of the
speed LPF has to be relatively low to achieve an accurate speed estimation. A bandwidth
of 2 rad/s was chosen in this work. For the rightmost LPF in Fig. 3.4, a bandwidth of 200
rad/s was found to be convenient, and for those contained in the BPF in Fig. 3.4, a

bandwidth of 2000 rad/s was set.

Fig. 3.8: Experimental prototype.
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Fig. 3.9: Winding connections of the original 24-phase SPMSM.
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Fig. 3.10: Six-phase back-EMF waveforms of the motor shown in one full period.

Table 3.1

0.03 0.035

Experimental Setup Characteristics

Parameter

Value

Rated power

Rated speed

Number of poles
Stator winding
resistance

Stator self-inductance
Switching frequency

Sampling frequency

60 kW
1800 rpm
4

0.47 Q

3mH
5 kHz

200 kHz
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The motor is driven at 75 and 100 rpm by the proposed improved scheme and the
estimated rotor electrical angle is compared in Fig. 3.11 (a) and (b) to the actual angle
captured by an Allen Bradley encoder mounted on the shaft. Both angles match each
other, which emphasizes the accuracy of the proposed scheme. An error of 0.9 % was
detected in rotor angle estimation.

In the following, the transient behavior of the improved sensorless scheme is
shown in Fig. 3.12 when altering the speed from 75 to O rpm. To study the effect on the
current closed-loop without other uncertainties, the drive is set in torque (current) control
mode and the speed changes are caused by step torque commands. To facilitate the
inspection of the speed settling time, a virtual step speed command is shown in the
captures along with the actual speed. Such signal rises at the instant when the torque
command is applied, and its value matches the steady-state speed.

The input error signal iz gets affected in steady state by the scheme as well. For

instance, the smaller amount of operations in the proposed scheme leads to a less
oscillatory error signal as shown in Fig. 3.13. More stable input to the rotor angle

estimator itself results in faster dynamic response.
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Fig. 3.11: Estimated and measured electrical rotor angle versus time at a) 75 rpm, and b) 100 rpm. The

scale is 4.2 rad/div.
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Fig. 3.12: Speed transient behavior when dropping the speed from 75 to 0 rpm.
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Fig. 3.13: i3, in steady-state for conventional and proposed scheme. The scale is 0.25 A/div.

The angle estimated by the sensorless scheme is provided to the closed-loop

control as the transformation angle. Therefore, any ripple in the angle estimation can give
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rise to ripple in the current or speed. The harmonic spectrum of the sine of the estimated
angle, which is used in the stationary-to-synchronous transformation matrix, is plotted
and compared for both schemes in Fig. 3.14. The conventional scheme produces higher
harmonic content, which means more oscillation in the rotor angle estimation, whereas
the proposed scheme contains less distortion. The total harmonic distortion is 11.2% in
Fig. 3.14(a) and 4.8% in Fig. 3.14(b). Odd harmonic orders up to 11 are dominant in the

analysis.

0.05

e o
= o
<3 N

Amplitude (pu)
=
[\

3 5 7 9 11
Harmonic order

@

Fig. 3.14: Harmonic spectrum of sin8,., normalized with respect to the fundamental, for a) conventional

scheme and b) proposed scheme.
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Fig. 3.14: Continued.
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4. SUMMARY AND FUTURE WORK

In the first part of this dissertation, a method, called SEOE, has been proposed
for enhancement of the efficiency in multiphase electric drives by taking into account
both the converter and stator copper losses. It improves the efficiency at light load
operation of the machine (either motor or generator) by adequately selecting the number
of active converter legs as a function of the current magnitude. Given that the efficiency
enhancement mainly occurs at light load, the proposal is especially suitable for
applications in which this type of operation is frequent, such as electric vehicles and
wind turbines. It is shown that the loss reduction is also significant in comparison with
the approach, called SECE, in which only the converter losses are considered. The
amount of energy saved by the SEOE, with respect to the conventional use of all phases,
becomes more significant as the machine possesses a lower stator winding resistance and
as the switching frequency increases. A 6-phase experimental prototype was built and
the functionality of the proposed SEOE was verified, as well as the outcomes of the
theoretical study. The maximum increase in efficiency by using the SEOE, compared to
using all phases, is about 2.6%, which can result in a substantial energy saving in the
long term. Nearly seamless transitions are ensured when swapping the number of phases
in real time, by automatically adjusting the current references.

In the second part, an improved position sensorless scheme based on high-
frequency sinusoidal voltage injection was proposed in this dissertation. The proposed

scheme offers better performance characteristics compared to the existing conventional
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scheme. This is mainly achieved by removing some of the LPFs of the latter, which are
proved to be unnecessary. Both methods were implemented on an experimental setup
with an SPMSM. It was concluded that the improved technique provides faster speed
transient response compared to the conventional one, for identical parameters. The rotor
angle estimation was also observed to be smoother in the proposed improved scheme,
which can further enhance the closed-loop control of the SPMSM.

Generally, the position sensorless schemes based on high frequency injections
cause extra torque ripple in the system due to the induced high frequency currents. Since
the high frequency voltages are injected in the fundamental plane of the surface mount
permanent magnet synchronous motors, it adds up to the torque ripples created by the
major harmonics which are present in the system. On the other hand, multiphase motor
drives and specifically six phase in this case provides other control planes (xy planes).
Injection of extra high frequency currents through the secondary plane such that it
cancels out the torque ripple created by the high frequency current injected for position
estimation can be investigated to remove the additional torque ripples in the system.

The back-EMF and current vectors in the first and second planes of the sample
SPMSM is shown in Fig. 4.1 (a) and (b). A parametrized analysis of the developed
torque in both planes is performed below with the parameters defined in (4.1)-(4.5). It is
assumed that the main high frequency current for position sensorless estimation is
injected in the first plane. Therefore, two type of torque will be developed in the first
plane. The first type is the fundamental torque which is desired and is the result of the

interaction of fundamental current and back-EMF, (4.6).
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Fig. 4.1: Back-EMF and current vectors in first and second planes of the six phase SMPMSM.
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e; = Ejcos(wit — @e1) (4.1)

i = Ipcos(wpt + @) (4.2)

es = Escos(wst — @es5) (4.3)
e_; =E_j;cos(w_st+ @Qo_7) 4.4
I = Iprcos(wprt + Qi) (4.5)

where ei, in, s, €7, in, E1, In, Es, E-7, In, w1, wn, ws, 0-7, ®n, t, ge1, Qih, Pes, Pe-7, Qin
stand for fundamental frequency back-EMF, injected high frequency current in the first
plane, forward fifth harmonic back-EMF, backward seventh harmonic back-EMF,
injected high frequency current in the second plane, magnitude of the fundamental back-
EMF, magnitude of the injected high frequency current in the first plane, magnitude of
the forward fifth harmonic back-EMF, magnitude of the backward seventh harmonic
back-EMF, magnitude of the injected high frequency current in the second plane,
fundamental rotational speed, rotational speed of the injected high frequency current in
the first plane, forward fifth harmonic rotational speed, backward seventh harmonic
rotational speed, rotational speed of the injected high frequency current in the second
plane, time, phase angle of the fundamental back-EMF, phase angle of the injected high
frequency current in the first plane, phase angle of the forward fifth harmonic back-
EMF, phase angle of the backward seventh harmonic back-EMF and the phase angle of

the injected high frequency current in the second plane, respectively.

Ty, = ey = EyI;cos(@e1 — @i1) (4.6)
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where Ty, i1, l1, @iz stand for fundamental torque, fundamental current in the first plane,
magnitude of the fundamental current and the phase angle of the fundamental current,
respectively.

The fundamental back-EMF is assumed as the reference for angle measurement
and fundamental current being in phase with it for simplification. A high frequency
torque is also developed in the first plane due to the interaction of the fundamental and
high frequency components as described by (4.7).

Thy = e1ip = Exlpcos((wy — wp)t + @e1 — @in) (4.7)
where Thy stands for the high frequency torque in the first plane.
On the other hand, the injected high frequency current in the second plane also interacts
with the +5™ and -7" harmonics as the dominant harmonics in this system which creates
another high frequency component of the torque in the second plane:

Thy = esiy + eqiyr = Eslyr cos((ws — wp)t + @es — @) + E7 1 cos((w_y —

Wt + Pe7 = Qi) (4.8)
Now, in as a degree of freedom should be injected such that extra torque ripples cancel
each other. For example, if:
—Twi — Wy = W1 — Wy => Wy = —8w, + wy (4.9)
the required frequency of the injected signal in the second plane is obtained by (4.9).
However, the first torque ripple term in (4.8) will create a new ripple as described below:
S5w; — wy = 13w, — wy, (4.10)
So another high frequency component should be injected to remove the created ripple in
the second plane by (4.10).
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The amplitude and phase angle values of the injected high frequency signals are also

calculated accordingly as:

Eyly = Eplyr => Iy = =22 (4.12)

7

Pe1 = Pin = Pe—7 = Pin' TT=> Qipt = Pe7 — Per + Qip + 7 (4.12)
Obviously, accurate control schemes for the injected high frequency signals are required

to properly adjust their amplitude and phase angles at the desired values.
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