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DESIGN AND IMPLEMENTATION OF SENSORLESS VECTOR
CONTROLLED DRIVE FOR PMSMs

SUMMARY

Systems based on electric motors became an important part of our life today. Many
applications such as electricity generation, ventilation and transportation, white and
brown goods depend on electric motors. Approximately 50% of electrical power
generated globally is consumed by electric motors. With the very fast growing
electric vehicle industry, this ratio is expected to increase even more.

High technology applications like defense industry, aviation and aerospace require
the use of higher performance components and techniques due to nature of these
industries. Industrial, white and brown goods applications however, count on
sustainable, easy to manufacture low cost products. In such industries, domestic and
international regulations push manufacturers to use efficient and environment
friendly technologies.

For electric drive systems, the requirement on using higher performing components
is generally satisfied by replacing induction motors with permanent magnet motor,
which has higher efficiency. Permanent Magnet Synchronous Motors (PMSM) use
permanent magnets placed on the rotor in order to generate armature field. This, in
turn eliminates the electrical losses caused by rotor windings and mechanical losses
due to friction between brushes and slip rings. Since stator field should rotate
synchronous to rotor field, drive systems require rotor position information. This
information can be obtained using sophisticated sensors like Hall effect sensors,
encoders and resolvers. In many applications though, increased size, complexity and
costs due to position sensors are not desired. Thus, necessity of sensorless rotor
position estimation schemes has emerged. Since its first introduction to literature,
many different methods are presented about position estimation.

This thesis presents the design of a sensorless vector control system for PMSM. A
three-phase inverter development board is obtained from market. Controller board
and software for this inverter board is designed in this study. Two different position
estimation methods are investigated in detail. One is based on estimating motor back-
EMFs (Electromotive Force) in two axis stationary reference frame. State estimation
is based on two Luenberger observers. Another method depends on estimating stator
flux vectors by back-EMF integration. Verification of the position estimation
schemes are done using simulations. It is observed that extended back-EMF observer
iIs more accurate and dynamic. Embedded software is developed by transforming
simulation models into discrete time functions. System verification is done using
hardware experiments with a test setup. No-load to full-load performance of drive
system along with dynamic changes in load configuration are observed. For a 3000
rpm (revolutions per minute) motor speed range from 200 to 3000 rpm is covered
with full-load while up to 4000 rpm is covered with reduced load and field
weakening. System is found dynamic and stable under these operating conditions.
Position estimation was accurate as to ensure correct operation of the motor.
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SUREKLI MIKNATISLI SENKRON MOTORLAR iCIN SENSORSUZ
VEKTOR KONTROLLU SURUCU TASARIMI VE GERCEKLENMESI

OZET

Elektrik makinalarina dayali sistemler giiniimiizde hayatimizin 6nemli bir pargasi
olmus durumdadir. Elektrik iiretiminden havalandirma ve iklimlendirmeye,
ulasimdan beyaz esyalara ve hatta her giin kullandigimiz kisisel esya ile araglara
kadar sayisiz uygulama elektrik motoru kullanimina dayanmaktadir. Giiniimiizde
kiiresel olarak fiiretilen elektrik enerjisinin neredeyse yaris1 elektrik motorlari
tarafindan tiikketilmektedir. Elektrikli araglarin giinden giine daha da yayginlasmasi
ve son kullanicilara erisiminin kolaylagsmasi nedeniyle bu oranin giderek artmasi
beklenmektedir.

Savunma sanayi, havacilik, uzay ve otomotiv gibi yiiksek teknoloji kullanimi fazla
olan uygulamalarda sektoriin dogasi geregi yiiksek performansli yontemlerin ve
komponentlerin kullanim1 gerekli olmaktadir. Endiistriyel uygulamalar ve beyaz esya
sektoriinde ise bu gereklilik devletler ve uluslararasi otoritelerin regiilasyonlari
sonucu olusmaktadir. Elektrikli siiris uygulamalarinda yiiksek performans
gereksinimi daha verimli elektrik motorlar1 ve siiriici sistemleri kullanilmasi ile
saglanmaktadir. Bu da genellikle eski nesil asenkron motorlarin daha yiiksek verime
sahip miknatisli motorlar ile degistirilmesi sonucu elde edilmektedir.

Stirekli miknatishi senkron motorlar endiivi alani iiretmek i¢in rotora yerlestirilmis
miknatislart kullanirlar. Bu sayede rotor sargisi, firga ve bilezik kullaniminin 6niine
gecilmis olur. Bunun sonucu olarak rotor sargisi iizerinde olusacak elektriksel
kayiplar ve firga ile bilezik arasindaki siirtiinme sonucu olusacak mekanik kayiplarin
Oniline gecilerek toplam verimin ylikseltilmesi saglanir. Stator manyetik alaninin
rotor manyetik alani ile senkron bir sekilde donmesi gereklidir. Bu nedenle
kullanilacak olan siiriicii sistemleri rotor manyetik alanina dik bir manyetik alan
vektorii olusturacak faz gerilimlerini statora uygulamalidir. Siirekli miknatish
senkron motorlarin siirlisiinde kullanilan siiriicli sistemleri rotor ac1 bilgisine ihtiyag
duymaktadir. Rotor agis1 konum algilayacak sekilde tasarlanmis sensorlerin
kullanim1 ile elde edilebilir. Bu sensdrlerden baslicalart manyetik alan algilayicilar,
enkoderler ve ac1 algilayicilardir. Sensor kullanimi siirlis icin biiyilk 6neme sahip
olan rotor agis1 bilgisini saglamak ile beraber sisteme inkar edilemez bir yiik
bindirmektedir. Motor hacminin, iiretim karmasikliginin ve maliyetinin artmasi ile
sensOr kullanimi1 sonucu artan bakim gereksinimi tasarimcilar1 ve arastirmacilari
sensorsiiz konum algilama teknikleri iizerinde ¢alismalar yapmaya itmistir. Ozellikle
beyaz esya uygulamalarinda olmak {iizere, bir¢ok alanda sensorsiiz vektor kontrol
yontemi yaygin olarak kullanilmaktadir. Servo uygulamalar1 gibi hassas konum
bilgisi ve konum kontrolii gerektiren uygulamalarinda ise sensorsiiz konum algilama
yontemleri yetersiz kaldigi i¢in kullanilmamaktadir.

Bu calismada siirekli miknatisli senkron motorlar i¢in sensorsiiz alan yonlendirmeli
kontrole yonelik bir siiriici sistemi gelistirilmistir. Siiriicii sistemi ii¢ fazli evirici
kati, kontrol kati ve kontrol igin gelistirilmis gOomiilii sistem yazilimindan
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olusmaktadir. Calismanin kapsami bu siiriicii sisteminin kontrol kati ve gomiilii
sistem yazilimi kisimlarinin tasarlanmasim icermektedir. Ug fazli evirici kati
piyasada hazir halde bulunabilen bir gelistirme kart1 olarak temin edilmistir. Bu
geligtirme kartt 48V ve 15A’e kadar plaka degerine sahip ii¢ fazli motorlar
siirebilecek donanima sahiptir. Sont direng ve islemsel kuvvetlendiriciler ile
olusturulmus akim 6l¢gme yapilari, agirt akim korumast i¢in karsilagtirict devresi, bara
gerilim Olgme devresi ve kontrol kat1 i¢in gerekli diisiik gerilimi yaratacak
anahtarlamali gii¢ kaynagi bu kart tizerinde hazir olarak bulunmaktadir.

Kontrol kati1 ise {i¢ fazli evirici kartina kolayca takilabilir bi¢imde bir modiil kart
olarak tasarlanmistir. Tasarim siireci uygun ozelliklere sahip bir mikrodenetleyicinin
ve ¢evresel elemanlarin se¢imi, sematik ¢izimi ve baski devre tasarimi asamalarindan
olugsmustur. Sematik ¢izimi ve baski devre tasarimi i¢in Altium programi
kullanilmistir. Kart boyutu ve komponent yerlesimleri temin edilmis olan ii¢ fazlh
evirici kartina uygun olacak sekilde belirlenmis ve baski devre tasarimi iki kath
olacak sekilde yapilmistir. Kontrol karti ile {i¢ fazli evirici kart1 arasindaki giris ¢ikis
ve besleme baglantilarinin uygun sekilde yapilmasi saglanmistir. Kontrol kart1 daha
sonrasinda tiretilmis ve dizgisi yapilmistir.

Sensorsiiz  olarak rotor elektriksel agisinin  tahmini igin iki farkli yOntem
incelenmistir. ilk olarak genisletilmis endiiklenen gerilim gozlemleyicisi detayl
olarak analiz edilmistir. Luenberger gozlemleyicisi yapisinda olan bu tahmin
yontemi sistem modelinin denetleyici igerisinde kurulmasina dayalidir. Sistemin
durum degiskenlerinin tahmini igin olgiilen ve bilinen durum degiskenleri sistem
modeli kullanilarak islenir. Sistem modeli olusturulurken bilingli olarak bir durum
degiskeni modelden c¢ikartilir ve bunun yerine bir kompanzator yerlestirilir. Sistem
modeli kullanilarak tahmin edilen durum degiskeni ile 6l¢iilen durum degiskeni
arasindaki hatanin sifirlanmasinda bu kompanzatér kullanilirsa, siirekli hal
durumunda kompanzatoriin ¢ikisi bilingli olarak sistem modelinden g¢ikartilmis
durum degiskenine esit olmaktadir. Bu gozlemleyici yapisi siirekli miknatisli senkron
motorda endiiklenen gerilim tahmini i¢in kullanilacak sekilde diizenlenmistir. Bunun
icin motorun iki fazli sabit diizlemdeki elektriksel modeli kullanilmistir. Motor
modelinden genisletilmis endiiklenen gerilim kismi ¢ikartilarak olusturulan sistem
modeli a ve B eksen akimlarimi tahmin edecek sekilde olusturulmustur. Tahmin
edilen akim ile dlgiilen akim arasindaki hata ise iki adet PI kontrolor ile kompanze
edilerek sistem modeline eklenmektedir. Siirekli hal durumunda bu PI kontrolérlerin
¢ikist modelden ¢ikartilmis olan genisletilmis endiiklenen gerilime esit olmaktadir.
Endiiklenen gerilim rotor elektriksel agisinin sinlis ve kosiniis bilesenlerini
icermektedir. Elde edilen bu siniis ve kosinilis bilesenleri ise bir agik takip
gbzlemleyicisi kullanilarak rotor elektriksel agisina ve filtrelenmis rotor eletriksel
hizina dontistiiriilmektedir.

Rotor acisinin tahmini icin stator aki tahmin ydntemi ayrica incelenmistir. Bu
yontem motorun iki fazli sabit diizlemdeki elektriksel modelini kullanmaktadir. Ak1
ifadesi faz akimlari, endiiktans matrisi ve rotor agisinin siniis ve kosiniis terimlerini
icermektedir. Endiiktans matrisi deger olarak oldukca kiiciik oldugu i¢in aki ifadesine
olan etkisi yok sayilabilir. Bu nedenle, aki ifadesinin rotor agisinin siniis ve kosiniis
terimlerini dogrudan verdigi varsayimi yapilabilmektedir. Stator akisi endiiklenen
gerilimin integralinin alinmasi sayesinde tahmin edilebilir. Fakat bu islem dogrudan
integral operatorii kullanilarak yapilamamaktadir. Integrali alinan terimlerin zamanda
degisken olmayan (DA) bilesenler icermesi ve baslangic degerinin belirsizligi
dogrudan integral operatoriiniin kullanimi sonucu karsilasilan problemlerdendir.
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Bunun yerine, aralarinda tiirev operatorii bulunan iki adet algak gegiren siizgec
kullanilmistir. Siizgeclerin zaman sabitleri yeterince biiyiik secildiginde, integral
islemini gerceklestirmek ile beraber DA bilesenlerin temizlenmesini saglamaktadir.

Act ve hiz tahmin algoritmalarinin basariminin testi igin MATLAB Simulink araci
kullanilmistir. Bunun icin bir alan yonlendirmeli kontrol sistemi modellenmistir.
Sistem modelinde motordan 6lgiilen {i¢ faz akimlar1 elektriksel a¢1 tahmini ile Clarke
ve Park dontistimleri kullanilarak d-q eksen akimlarina doniistiiriilmiistiir. Referans
d-q eksen akimlar ile hesaplanan d-q eksen akimlari arasindaki hatanin giderilmesi
icin d-q ekseninde referans gerilimleri ¢ikis olarak veren iki adet PI kontrolor
kullanilmistir. Referans gerilimi daha sonrasinda ters Clarke ve ters Park
dontistimleri kullanilarak {i¢ fazli sistemin referans gerilimlerine doniisiitiiriilmiis ve
statora uygulanmistir. Hiz kontrolil i¢in sabit ivmelenmeye sahip bir referans rampa
fonksiyonu kullanilmistir. Hizlanma ve yavaslama ayri sekilde belirlenen ivmelenme
degerlerinde rampanin kontrolii saglanmistir. Referans rampa ile tahmin edilen rotor
hiz1 arasindaki hata ¢ikis limitasyonuna sahip bir PI kontrolérden gegirilerek referans
q eksen akimi olusturulmustur.

Genisletilmis endiiklenen gerilim gozlemleyicisi motorun a-f koordinat sisteminde
diizenlenmis bir modeli iizerine kurulmus bir blok olarak modellenmistir. Olgiilen
akimlar, uygulanan gerilimler ve rotor agisal hizinin giris olarak kullanildig1 bu blok
tahmin edilen rotor elektriksel agisinin sinlis ve kosiniis bilesenlerini igeren iki
sinyali ¢ikis olarak vermektedir. Bu siniis ve kosiniis sinyalleri ise bir ag¢1 takip
gozlemleyicisinde, trigonometrik  esitliklerden faydalanarak ag¢1  hatasina
dontstiiriilmektedir. A¢1 hatasinin sirasiyla PI kontrolér ve integratdr blogundan
gecirilmesi sayesinde rotor agisal hizi ve konumunun elde edilmesi miimkiin
olmaktadir. Siiriis sisteminin basarimi yliksiiz ve yiiklii durumlarda incelenmistir.
Bununla birlikte ani yiik degisimleri altinda sistemin dinamik basarimi da
gozlenmistir. A¢1 tahmini ile rotorun gergek acisi karsilastirilarak sistemin dinamik
ve yliksek hassasiyete sahip oldugu gozlenmistir.

Stator aki tahmin algoritmasi motorun o-f koordinat sistemindeki matematiksel
modelinden faydalanilarak kurulmustur. Uygulanan faz gerilimleri, Olciilen faz
akimlar1 ve faz direncleri kullanilarak her adimda endiiklenen gerilim hesaplanmuistir.
Bu endiiklenen gerilimler ise algak geciren siizgecler ve tlirev operatoriinden
olusturulmus olan integral bloguna goénderilmektedir. Integral blogunun ¢ikisinda ise
rotor elektriksel agisinin kosinlis ve siniis terimlerini vermektedir. Ac1 takip
gbzlemleyicisi kullanilarak bu terimlerden ac¢i ve hiz bilgisinin elde edilmesi
saglanmistir. Simiilasyon sonuglarinda baslangic aninda olusan DA bilesenlerin
tahmin basarimini distirdiigii gozlemlenmistir. Algak gegiren silizgecler DA
bilesenleri temizledikten sonra hiz ve ag¢1 tahminleri hassas ve dinamik hale
gelmektedir. Siizgeglerin zaman sabitlerinin azaltilmast sonucu baslangic anindaki
hiz tahmin performansinin arttifi goriilmiigtiir. Fakat, kalici hal durumunda ac1
tahmininde kalict hal hatasi olugsmaktadir. Aki tahmin algoritmasinin sonuglari
genisletilmis endiiklenen gerilim gbzlemleyicisi ile kiyaslandiginda yeterince hassas,
dinamik ve giirbiiz olmadigr belirlenmistir. Bu nedenle deneysel testler igin
genisletilmis endiiklenen gerilim gozlemleyicisi se¢ilmistir.

GOmiilii  sistem yazilimi IAR Embedded Workbench gelistirme ortaminda
tasarlanmistir. Motor siirlici yazilimi birden ¢ok sonlu durum makinasi kullanilarak
olusturulmustur. Ug fazli eviricide kullanilacak anahtarlama frekansi ve akim kontrol
dongiistiniin siklig1 16 kHz olarak secilmistir. Rotor zaman sabitinin akim zaman
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sabitinden daha biiylik olmasi nedeniyle hiz kontrol dongiisiiniin sikligi 200 Hz
olarak sec¢ilmistir. Her anahtarlama dongiistinde bir yazilim kesmesi yaratilarak ii¢
faz akim oSl¢iimleri yapilmaktadir. Olgiilen ii¢ faz akimlar daha sonrasinda iki fazli
senkron doner diizleme doniistiiriiliip bu diizlemde gerceklenmis olan hiz
kontroloriine gonderilmektedir. Bu sayede q eksen akiminin dogrudan kontrolii
saglanmaktadir. Genigletilmis endiiklenen gerilim goézlemleyicisi ve ag¢1 takip
gozlemleyicisi ayrik zaman sistem fonksiyonlar1 seklinde gelistirilmistir. Acik
¢evrim yol verme islemi i¢in agik ¢evrim hiz rampasi ve bu rampadan tiiretilmis acik
gevrim pozisyon bilgisi kullanilarak motorun 200 rpm’e kadar hizlanmasi
saglanmistir.

Stiriicli sisteminin dogrulanmasi i¢in deneysel ¢alismalar gerceklestirilmistir. 24 V,
62 W, 3000 rpm plaka degerlerine sahip olan bir motorun siiriicii sistemi ile siirligii
gerceklestirilmistir.  Motoru nominal yiikk seviyesinde yiikleyebilecek bir test
diizenegi olusturulmustur. Motora akuple bir generatoriin ¢ikisina yerlestirilmis {i¢
fazl1 kopri dogrultucu ve ayarlanabilir direngten olusan bu yilikleme diizenegi ile
yiiksiiz ve tam yiikte calisma durumlarinda sistemin basarimi incelenmistir. Sistem
yiiksiiz durumdaki motoru 200 rpm ile nominal hiz araliginda kontrol etmekle
beraber alan zayiflatma yaparak 4000 devir/dk hizina ¢ikartabilmistir. Ani yiik
degisiklikleri uygulanarak sistemin dinamik basarimi gozlenmistir. Gegici ve kalici
hal durumlarinda sistemin kararli ve dinamik oldugu goriilmiistiir.
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1. INTRODUCTION

1.1 Background of Study

Electric motor driven systems became the backbone of the way of life we know
today. Countless applications such as electricity generation, ventilating and air
conditioning, industrial production lines, transportation, white and brown goods and
even everyday use widgets of people now count on electric machines. It is estimated
that half of the power generated globally is consumed by electric motors [1]. This
percentage most certainly will increase more especially due to electric vehicles
gaining more and more reputation along with the increasing accessibility for public.
In many high-tech applications such as defense industry, aerospace, aviation and
electric vehicles, nature of the application and sector requires using of the best
performing technologies and components. This is primarily caused by these
industries having a tight competition on performance and challenges faced. For some
other industries such as white and brown goods and industrial applications, energy
efficiency is not always the focus. For such industries, domestic and global
regulations provide requirements on using of efficient and environment friendly

technologies [2].

These requirements translate into electric drive systems as utilization of more
efficient and reliable motors with efficient and smart drivers. This high-level
specification on drive systems design is then followed as replacing old fashioned

induction and DC motors with efficient permanent magnet motors.

Permanent Magnet Synchronous Motors (PMSM) count on permanent magnets
placed on rotor for field flux generation. This eliminates using of field windings, slip
rings and brushes. Thus, eliminating electrical and mechanical losses caused by
resistance of field windings and friction between slip rings and brushes. These
motors should have a rotating stator field synchronous to rotor field. Thus, using of a
driver is necessary with such motors. Objective of the driver is to apply three-phase

voltages to stator, which generates a field vector that is perpendicular to rotor field



vector in order to generate maximum torque and drive the motor in an efficient way.
Nature of these drive systems require accurate rotor position information. This
information can be obtained by utilizing sophisticated position sensors like Hall-
effect sensors, encoders and resolvers. Although these sensors provide position
information that is crucial for vector control, an undeniable burden comes with
utilization of position sensors. Increased size, complexity and cost of motor
production combined with the increased maintenance frequency due to position
sensors, push designers and researches on developing methods of rotor position
estimation without position sensors. In many products, especially home appliances,
sensorless vector control is much appreciated and used. Any application that requires
precision position information such as servo systems though cannot utilize such

sensorless schemes.

Since its first introduction to literature, many different methods are developed for
sensorless position estimation. One of which, depends on estimation of induced
back-EMF voltage due to rotor field flux. These schemes use sophisticated observers
for back-EMF and rotor position estimation and they are used intensively by many

application design engineers and semiconductor companies [3-5].

1.2 Objectives and Organization of Thesis

This thesis covers the studies conducted for designing a sensorless vector control
system for PMSM. Objectives of the thesis include sensorless position estimation of
the rotor, independently controlling field and torque flux, operating the motor within
nominal speed and nominal load range along with the field weakened reduced load

range and ensure stable operation under load disturbances.

Two different position estimation methods are investigated. First, a Luenberger type
observer is implemented for back-EMF estimation in two-phase stationary reference
frame. Design of this observer model from motor mathematical model is explained in
detail. Back-EMF signals then processed using an angle-tracking observer, which
extracts rotor electrical position and speed. Then position estimation based on stator

flux estimation method is analyzed in detail.

MATLAB Simulink tool is used for verification of position estimation schemes.

Initial starting of the motor is done using open loop ramp. Operation of the machine



with no load, full load and transient changes in load is tested. The position and speed
estimation is found accurate. System remained stable under load disturbances. Speed
and position estimation performance of both methods are compared. It is seen that
extended back-EMF observer is more accurate and dynamic. Stator flux estimation
method caused estimation errors at initial start due to initial offset, which is then
cleared by the low pass filters.

A three-phase inverter development board is obtained from market. In order to
control the inverter board, a controller stage is designed for this study. Schematics
design is done considering the necessary external peripherals for the microcontroller.
Printed circuit board (PCB) design is done as a two-layer board that can be used as a
plug-in module with the inverter board. Extended back-EMF observer model is
transformed into discrete time equations and developed as embedded software
functions. Open loop startup is achieved using alignment and a speed ramp. Position
information is generated from this speed ramp until rotor estimated speed reaches

200 rpm. Beyond this point, motor is driven with close loop speed control.

Laboratory experiments are conducted in a test setup. Operation in nominal speed
range with no load and full load as well as transient loading is tested. Operation
beyond nominal speed is achieved by field weakening. Drive system responded fast

and maintained stable operation under load disturbances.
Organization of the thesis is as follows;

Chapter 1 gives the general information regarding the background and motivation of
the study along with a review on literature.

Chapter 2 explains theory of operation and modeling of PMSM.
Chapter 3 presents the theory of vector control and its application on PMSM.

Chapter 4 explains the design phase of the study. Hardware and software design

steps are presented in this chapter.

Experimental results are given in Chapter 5. These results are obtained by conducting

laboratory experiments with a test setup created for the study.

Chapter 6 gives the conclusion of the study and summarizes design steps and results

with certain techniques to improve the study further.



1.3 Literature Review on Advanced Control Methods of AC Motors

For years, AC motors have been used in very wide applications in the industry. Its
reliable operation, low maintenance requirements, low costs and simple operation
resulted in AC machine having no competitor for most of the applications throughout
the years. However, due the technological improvements in almost any field of the
industry required smarter use of electric motors. This necessity caused variable
frequency inverters to catch attention. Combining these inverters with advanced
speed and torque controllers, reliable and high performance operation of AC motors
was obtained thanks to very fast response of these controllers in dynamic and steady
state operation.

With the growth of semiconductor material technology and electronic devices,
variable speed drivers became an option with little expensiveness [6]. The maturity
of AC motor’s literature also provided a ground for research in advanced control
methods. One disadvantage of the AC motors over DC motors is the high-order
nonlinear dynamic characteristic and lack of an accurate and simple approximation
for modeling the machine analytically, as investigated by Robert G. Schieman [7].
Many approaches have been proposed. These include computer simulations [8],
analysis with complex variables [9], and transfer functions [10].

Approaches consisting of different reference frame analysis are also proposed [11].
One of the most well-known and appreciated method is Field Oriented Control
(FOC) proposed by F. Blaschke in early 1970s. The FOC provided the ability of
controlling torque and field current independently [12]. This ability was considered
as one of the advantageous features of DC motors due to their torque and flux being
decoupled. Control of the motor is implemented in rotating reference frame and thus,
this control method uses vector transformations between stationary and rotating
reference frame [13]. FOC has proven its virtue over scalar control in terms of
dynamic behavior. G.O Garcia et al. compared FOC and scalar control with same
hardware experiments, showing that FOC has a wider and flatter bandwidth while
scalar control gives poor speed response performance with oscillations during

transients [14].

Controlling the machine in rotating reference frame required accurate rotor flux

information. This information was used in order to decouple torque component of the



stator current from the flux component. Blaschke’s patented method of obtaining the
control vector angle depended on directly sensing rotor flux and speed [15]. Thus, it
was called as direct FOC. Hasse however, developed the indirect FOC method by
utilizing calculation of the rotor flux. His method eliminated the requirement of the
rotor flux sensors nevertheless rotor speed, voltage and current sensors were still
required along with the accurate motor parameters. These known values are then
used in order to compute rotor flux [16]. It is obvious that this is a feed-forward
system unlike the feedback structure of direct FOC. Although it is simpler to
implement, motor parameters have to be defined as accurate as possible to compute
rotor flux properly [17].

Being highly dependent on the motor parameters is a major issue of the indirect FOC
method. Change of the stator resistance due to temperature and stator inductance due
to saturation during operation can reduce the performance of drive system. Use of
incorrect parameters might then result in transient oscillations and steady state error
of the computed state variables [18]. Many studies were done with the goal of
overcoming this issue and developing new techniques [19]. L.J Garces proposed one
of the first in early 1980’s. He defined a way of adaptation of the change in rotor
time constant. This parameter was important to compute slip frequency in induction
motors [20]. T. Matsuo and T.A Lipo have utilized injection of a defined negative
current perturbation, which is then sensed as negative voltage and decomposed. This
allowed online resistance measurements to be made on the machine [21]. The
proposed scheme however, caused generation of inverse electromagnetic force and
second order harmonics that lead to detract from a smooth torque output. Koyama et
al. presented a new technique in which they utilized stator voltage and current
sensors to obtain actual stator resistance. This way, the need of a stator resistance
calculation or integration is eliminated and accurate identification of rotor time
constant is achieved [22]. The downside is the cost burden due to additional voltage
sensors. Extraction of the fundamental voltage signal was also difficult due to high
frequency PWM signals. Methods using Model Reference Adaptive Control
(MRAC) for parameter identification were also presented [23, 24]. These schemes
use a controller structure, which continuously update machine model in order to
compensate with the changes in parameters. This is achieved by implementing the

machine model inside the controller and continuously calculating the model



reference error with the help of actual measurements from the system. Block scheme
for MRAC is given in Figure 1.1
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Figure 1.1 : MRAC block scheme [23].

C. Liu used a slip compensation method for a current source inverter used for FOC.
Benefit of using a slip compensator is the reduced torque pulsations in the low speed
operation [25]. Nonetheless, the modified algorithm requires a more complicated

control scheme.

Along with the developments made on FOC, a new control method was being
developed in the late 1980’s called Direct Torque Control (DTC) or Direct Self
Control (DSC)[26]. It was introduced as an alternative control method to FOC for
induction machines [27, 28]. |. Takahashi stated his new control method as being a
“quick-response and high efficiency” control. DTC differs from FOC by requiring of
neither a current control loop nor vector transformations and space vector modulation
(SVM) but explicit torque/flux regulators. Moreover, DTC does not necessitate rotor
position sensing. This sole feature itself greatly simplifies the control complexity.
Even though it is considered as simple, DTC can achieve sufficient torque
performance [29]. With that said, it should be noted that DTC brings several
drawbacks as well. These drawbacks can be listed as, devolving performance during
low speed operation caused by torque and current ripple along with the variable
switching frequency and degradation in control ability. Since its introduction, many
researches were conducted in order to propose solutions to these disadvantageous
features of DTC. Habetler et al. implemented the space vector modulation in DTC.

This technique provided a fixed frequency operation while maintaining the torque



control characteristics [30]. Several different schemes were proposed regarding of
modulation used in DTC. One of which, modulates duty ratio to create voltage
vectors. The results show that torque ripple is greatly decreased [31]. Computing the
duty ratio was also an optimization problem, which became the subject of several
studies [32, 33].

Since the introduction of FOC, an advanced motor control method that does not
necessitate rotor position or speed sensors was the wish of many scientists and
engineers. This was mainly due to shaft sensors bringing complexity in hardware
manner and difficulty in space constraint applications. Sensorless vector control
made its way to literature in late 1980’s especially emerging from T. Ohtani’s studies
[34]. In his proposed method, a rotor flux estimator with a lag circuit imposing the
induced voltage of motor and command of the rotor flux, thus enabling calculation of
rotor flux even at standstill. He also states his method as being less dependent to
motor parameters than conventional vector control strategies. Systems utilizing
MRAC were also developed for speed estimation from measured voltage and current
values [35]. Estimated speed is then used as feedback of the vector control system.
MRAC based systems contain pure integrators that are affected from resistance
change due to thermal variations. F.Z Peng proposed a new method of estimating
rotor speed without using pure integrations and knowledge of stator resistance value
[Peng]. His method was depending on instantaneous reactive power of the rotor flux
and proved itself by being robust against parameter variations and achieving wider
bandwidth. J. Holtz and J. Quan used a pure integrator for stator flux estimation [36].
With the help of a nonlinear inverter model, their model self-adjusted voltage
distortions while drift components were compensated by offset identification. This
method shown high dynamic performance even at very low speeds but unable to

estimate speed at near standstill points.

An additional emphasis should be laid on position estimation schemes used in
sensorless vector control. Various types of observers, state filters and controllers are
proposed as position estimators. Luenberger type observers can be used in such
schemes, providing observation of system state vector while identifying the system
parameters [37]. In this case, extended Luenberger observer is utilized for a
nonlinear dynamical system and it observes rotor flux while identifying rotor time

constant simultaneously. Elmas and La Parra have used an extended Luenberger



observer for speed and position estimation in a switched reluctance motor drive [38].
They have implemented the controller inside a Texas Instruments’ digital signal
processor and successfully controlled the drive. Kim and Sul proposed of using a
reduced order observer to estimate induced back-EMF of a PMSM in rotating
reference frame [39]. Due to lack of back-EMF resolution in low speed regions, this
study covered the speed range of 150 to 2500 RPM.

Estimation of rotor position from flux linkages that are obtained by the use of
integrators are also presented [40]. The problem with these schemes is that
integration drift and offset may eventually degrade the estimator performance. Using
of an Extended Kalman Filter (EKF) is proposed to eliminate the errors caused by
these drifts and offsets [41]. Qiu, Wu and Kojori demonstrated a robust controller for
PMSM based on EKF in 2004 [42]. Structure of the EKF is given in Figure 1.2.
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Figure 1.2 : Structure of EKF [42].

Though EKF performs well under nominal conditions, this method has issues at
startup due to divergence of the EKF estimator. Moreover, computational complexity
of EKF is also a burden to processing power in the digital controller side.

Use of Sliding Mode Observers (SMO) is proposed for electric drives due to their
nature of reducing order, disturbance rejection and parameter insensitivity [43].
Robustness of the controller is supported by the use of adaptive methods in a
Brushless DC Motor (BLDC) driver, which filled the gaps of unfavorable aspects of
EKF [44]. SMO is further investigated in drive systems of PMSM for back-EMF
estimation [45]. Adaptive SMO for rotor speed estimation is given as a block scheme

in Figure 1.2.
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Figure 1.3 : Adaptive SMO for rotor speed estimation [45].

To further reduce computational burden on the controller, an easily implementable
sliding mode controller is presented based on Lyapunov stability criteria [46].

Although the fundamental model based methods achieved a good performance over
the nominal operating conditions, zero to low speed operation of these methods still
suffer from lack of resolution, causing open loop startup schemes to be used.
Saliency based methods are proposed to overcome this issue. These schemes utilize
injection of a high frequency signals into machine. Schroedl proposed his method of
rotor position detection of a standstill PMSM [47]. Idea of the proposed method is to
apply a test voltage phasor and simultaneously observe the measured current phasor.
Change of the current phasor according to applied voltage phasor will be affected by
rotor position. This is caused by the saliency of the rotor and saturation due to
permanent magnets placed on the rotor. Injected signals can be generated by various
methods. Schroedl used discrete voltage pulses for reluctance motor [48]. Signal
injection method can be used not only in standstill but also in normal operation to
estimate rotor position online. This however, brings some limitations over the signal
that is injected. These signals should be identified from the measured and
decomposed current components. Thus, they have to be defined independently from
the voltage vector applied to the stator. This brings an upper and lower limit to
frequency of the signals to be injected. At maximum rotational speed, these signals
should not have a frequency that is less than the frequency of the driving voltage

vector. Upper limit of injected signal frequency is defined by PWM frequency [49].



Signal injection methods are divided into two categories. P.L. Jansen, R.D. Lorenz,
F. Briz and many researchers used constant amplitude, rotating signal that is injected
to stationary reference frame [50-52]. Second method is to apply amplitude-
modulated signals into synchronous reference frame [53, 54]. Briz showed that
Injecting zero-sequence carrier signals into stationary reference frame could be
problematic due to filters necessary to filter out third harmonics of the fundamental
excitation from the measured signal. The phase distortion caused by the filters should
be compensated [55]. Xu and Zhu proposed of utilizing zero-sequence pulsating
signal injection into synchronous reference frame [56]. This method proved being
more robust since the signal is amplitude modulated by saliency and thus phase shifts
are eliminated. This method combines the high bandwidth and robust zero-sequence

method with the more accurate and more dynamic method of pulsating injection.
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2. THEORY AND MATHEMATICAL MODEL OF PERMANENT MAGNET
SYNCHRONOUS MOTORS

2.1 Structure of Permanent Magnet Synchronous Motors

Structure of PMSM is quite similar to induction motors. It has a stator that is made of
laminated stacks due to alternating current behavior in order to limit eddy currents.
Stator consists of three-phase windings. Stator structure of a PMSM is identical to an

induction machine stator as given in Figure 2.1.

Stator —>

Permanent
magnets

Rotor

Figure 2.1 : Structure of a PMSM.

Rotor of the PMSM has permanent magnets mounted on it in order to generate field
flux instead of the rotor windings used on a synchronous motor. Replacement of the
filed windings with permanent magnets means absence of the excitation losses. Thus,
a PMSM will have higher efficiency than a synchronous motor. Permanent magnets
provide higher magnetic flux density inside the air-gap thus increasing the dynamic

performance along with the torque output.

There is a variety of different PMSM structure types as given in a simplified diagram
in Figure 2.2. These types can be divided into two regarding the direction of the field

flux. These are radial flux and axial flux motors.

2.1.1 Radial flux motors

Radial flux means that the direction of field flux of the machine is perpendicular to
the shaft. Most of the motors will have radial flux structure. Higher power outputs
are achievable by the increasing the stack size of the motors.
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According to the placement of rotor and stator, PMSM can be divided into two
distinct types. These are called as inner rotor type and outer rotor type.

—

‘ !

. v ¢ v

Figure 2.2 : Different types of PMSM regarding motor structure.

2.1.1.1 Inner rotor type

An inner rotor PMSM has its rotor placed inside the stator and held by bearings in
both sides. Permanent magnets are magnetized radially and poled alternately. Due to
magnet pole area being smaller than pole are on the rotor surface, open circuit flux
density is less than the flux density of the magnet itself. In this structure, magnets are
protected against centrifugal forces and thus the machine can operate at very high

speeds without the risk of magnets coming off.

Due to small diameter of the rotor, their inertia is small. This leads to better dynamic
performance in terms of acceleration and transient response. Since the stator
windings are placed outer frame, thermal performance of the machine increases with

simple cooling mechanisms.

Placement of the permanent magnets into rotor affects machine’s characteristics.
Thus, different rotor designs exist as given in Figure 2.3. Most used types are
surface, spoke and buried permanent magnet rotors.

Figure 2.3 : Different rotor types of PMSM as surface mount, inset, spoke type and
barrier type respectively.
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Inner rotor PMSM are generally used in applications where high output power, fast
transient response is necessary and higher speeds are demanded. These can be listed

as industrial servo systems, pumps, traction systems and electric vehicles.

2.1.1.2 Outer rotor type

Outer rotor motors have the stator inside the machine, while having the rotor fixed to
outer surface of the machine. Rotor usually utilizes an external high conductivity
non-ferromagnetic cylinder that protects the magnets against demagnetization and
centrifugal forces as well as providing an asynchronous starting torque. This cylinder
also acts as a damper and thus improves smoothness of the output. Structure of an

outer rotor PMSM is given in Figure 2.4.

Figure 2.4 : Structure of an outer rotor PMSM.

Due to big rotor diameter, this type of motors has higher inertia than inner rotor
types. This feature allows very precise control and smooth operation in terms of

speed.

Outer rotor type PMSM is used generally in applications that require precise speed
control with small ripple such as hard disk and compact disk drives and drones.
These types of motors are also used in applications in which direct drive of the load
is preferred with reduced volume of the drive systems. These applications include
gimbal motors and light electric vehicle motors such as electric bicycles, scooters

and load carrier vehicles.

2.1.2 Axial flux motors

Axial flux machines have the direction of permanent magnet flux in parallel with

axis of the shaft. Axial motors have higher torque density and smaller volume

13



compared to radial flux motors. They can provide high torque output and low speeds
essentially eliminating the use of redactors in applications that desire low speed but
high torque operation. These applications include traction motors and electric
vehicles. Axial flux motors also divide into two regarding the placement of the rotor.

Figure 2.5 shows an axial PMSM structure with the stator placed between two rotors.

Figure 2.5 : Structure of an Axial PMSM [57].
2.2 Mathematical Model of Permanent Magnet Synchronous Motors

Electrical circuit model of PMSM is given in Figure 2.6. Rs and Ls are resistance and
inductance of each phase.

Figure 2.6 : Electrical model of PMSM.

The three-phase permanent magnet synchronous motor can be mathematically

modeled with the phase voltages expressed as in equation 2.1

ua ia !//a
U, |=Rs| iy [+o| W, (2.1)
uC iC l//c
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Where;

Ua, Up and u. are the three-phase voltages,
Ia, Ip and ic are the three-phase currents,
Y., ¥, and ¥ are the flux linkages.

p is the derivative operator.

Three-phase flux linkages are expressed in equation 2.2.

v, i, cos(6,)
Wy |=[L] Ty [+Weu | cOS(6, —27/3) 2.2)
W, i, cos(6, +27/3)

The inductance matrix [L] is expressed as given in equation 2.3.

L Mab Mac
[L]=|Ms L M, 2.3)
Mac Mbc Lc
Where;
Mab, Mac and My are the mutual inductances,
La, Lp and L. are the self-inductance of the phases,
P is the flux linkage of the permanent magnets,
6. is the rotor electrical position.

Phase voltages can be expressed as given in equation 2.4 after substituting flux

linkages given in equation 2.2.

ua ia ia ia ea
U, [=Rs|iy [+ p[L]| K [+[L] 2|}, |+| & (2.4)
uC iC iC iC eC

Where;

€a, € and e. are induced back-EMF voltages of phase a, b and ¢ which are expressed

as given in equation 2.5.
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e, cos(6,)
& |= @, Wey - p| cOS(6, —27/3) (2.5)
e, cos(6, +2x/3)

Maximum torque is generated when stator field vector is perpendicular to flux
linkage of permanent magnets. Considering only the fundamental signals, generated
torque on the machine air gap is expressed in equation 2.6.

e i-e i-e
Te:a a_l_b b_|_cc (2,6)

@, @, @,

Where;
we 1S the electrical speed of rotor,
Te is the electrical torque generated in air gap.

In this expression, phase back-EMF waveforms are generated according to winding
distributions on the stator and the generated flux according to magnetization
technique used on permanent magnets. Stator windings of a PMSM are usually
distributed in such a way to generate sinusoidal back-EMF voltage. For the torque
equation, phase currents and back-EMFs should match. Otherwise, torque ripple can
be generated on the output that is not desired. In order to maintain a smooth torque

output, phase currents has to be generated sinusoidal.
Electrical torque in the air gap can be coupled with mechanical characteristics of the

machine in order to compute operating point of the machine as given in equation 2.7.

d
‘]m'a e:Te_TL_Bm'a)e (2.7)

Where;
Jm 1S mechanical inertia,
B is viscous friction coefficient

T, is mechanical load applied on the shaft
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2.2.1 Vector transformations

Expressing the machine in three-phase system can be complex as shown in
mathematical model of the machine in equations 2.2, 2.3 and 2.4. The expressions
will become even more complex if controllers and estimators are introduced into
three-phase model. Thus, it is necessary to utilize certain transformations to decrease
the complexity and computation burden.

Since a star-connected three-phase stator will have phase variables depending on
each other, this system can be reduced and modeled as a two-phase system. The
transformation given in equation 2.8 is Clarke transformation, which is obtained
when |, is superposed with I, of the original transformation matrix [58]. It transforms
the three-phase variables into two-phase variables. The transformation is done in
stationary reference frame. That means in steady state operation, a and B variables
will change according to rotor position. In fact, a and B variables have sinusoidal
waveform with 90° phase shift that represents three-phase variables a, b and c.

1 cos(z—”) cos(4—ﬂj f,
3 3 ;
I Th (2.8)
0 sin(z—”j sin(z—”j f.
3 3

a

f

1
—_
=
1
Il
wlN

The inverse Clarke transformation given in equation 2.9 provides transformation of

two-phase variables with stationary reference frame into three-phase variables [58].

fa
' f, (2.9)

1 0
o2 27 . (2=
f, |[==|cos| — | sin| —
s =l5) (3
{3 (S
cos| — | sin| —
- 3 3 -

Representation of three-phase currents in two-phase stationary reference frame is

shown on the space vector diagram given in Figure 2.7. In this representation, the
current vector that has the two components i, and ig is rotating with speed w. with

reference to a-} axis.

17



C

Figure 2.7 : Stator current vector in abc and aff coordinate system.

Another special transformation comes in handy when modeling the machine that
transforms 2 phase stationary reference frame variables into 2 phase synchronous
reference frame variables. This is called synchronous reference frame due to its
fictitious dq axis being locked with machine’s rotor. In steady state operation, this
axis rotates with speed we and in phase with electrical position. The transformation is

called Park transformation and given in equation 2.10 [59].

fy] | cos(@) sin(9)]|f,

f,| |-sin(@) cos(6) || f, (2.10)
Inverse Park transformation given in equation 2.11 is used to transform d-q axis
variables back into o-f axis variables [59]. This transformation is useful when
control of the machine is done in d-q axis. Reference variables on the output of the

controller should be transferred into o-f axis reference variables, which are then

transferred into applied three-phase voltages via space vector modulated three-phase

He =

inverter.
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Space vector diagram given in Figure 2.8 shows the relationship between two-phase
stationary reference frame and two-phase synchronous reference frame according to

electrical position.

Figure 2.8 : Stator current vector in abc and aff coordinate system.
2.2.2 PMSM in stationary reference frame

Phase variables of u, and ug can be expressed as scalar variables in o-p axis as given

in equation 2.12.

BJ:B :H:ﬂHé ﬂ”m (2.12)

A surface permanent magnet machine will have direct and quadrature inductances Ly
and Ly almost equal. Interior magnet type machines will have saliency on the rotor,
thus direct and quadrature inductances will have large difference. To introduce
machine saliency into flux linkage expression, following approaches given in

equation 2.13 and 2.14 are used for expressing saliency and mean inductance.

L, -L
L, =——— 2.13)
2
B L, + Lq
L, = > (2.14)

Saliency introduced flux linkage expression is given in equation 2.15.
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Phase voltage equation is then rearranged as given in equation 2.16 with substitution
of flux linkages given in equation 2.15.

o5 Al ]

vo | oL | 7SIN(26) cos(26.)] C?S(ge) (2.16)

cos(26,) sin(20,

In this expression, machine inductance matrix is expressed as given in equation 2.17.

L,sin(26,)  L,—L,cos(26,) (2.17)

[L]:{LO+LACOS(208) LAsin(ZHe)}
In a-B axis, electrical torque generated in the air gap is expressed as given in

equation 2.18.

TEZ;ZD-(%'%W/;'L) (2.18)

Where;
p is the number of pole pairs.

Since the model is created with saliency introduced, it is wise to express the torque
generated due to saliency and include it as a part of total torque. Due to saliency in
the rotor, permanent magnets will intend to align the rotor in such a way to achieve
minimum reluctance in flux path. This torque is referred as reluctance torque, it is the
main torque component of a switched or synchronous reluctance motor and
permanent magnet assisted synchronous reluctance motors. Reluctance torque is

expressed in a-f axis as given in equation 2.19.

T, :g-Zp-E—LA A, cos(20€)—%(ia2 +iﬂ2)sin(209)j (2.19)
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Synchronous torque, generated due to flux of permanent magnets and generated flux
of phase currents is given in equation 2.20.

3 . ..
Ton :E-Zp-y/PM (i, cos(8,)+i,sin(6,)) (2.20)

Total electrical torque of the machine is composed of these two components and is
expressed as given in equation 2.21.

Te :Trel +Tsyn (221)

2.2.3 PMSM in rotating reference frame

Stator voltage equation of the motor is obtained using Clarke and Park
transformations on the fundamental model with the assumption of angle input of the
Park transformation is rotor electrical angle. This way, obtained d-q axis variables
are defined in a synchronous rotating reference frame. Stator voltages expressed with

currents and flux linkages as given in equation 2.22.

ud RS O id 1 _a)e l//d
— o . —+ .
o | 1o R|li,| e 17w, (2.22)
Flux linkage variables in d-q axis are expressed as given in equation 2.23. Machine

saliency is introduced in this expression by the use of direct and quadrature

inductances Lq and L.

Va | Ly 0] N 1

v | 10 L[li |77 o (2.23)
This flux linkage expression given in equation 2.23 is then substituted into the stator
voltage equation as given in equation 2.24.

Ug R, -ol, ||l . L, O Iy . 0
= . . . . a) . .
u | oL, R |Ti | |0 L [Pl [T (2.24)
Electromagnetic torque can be obtained by a simple expression of flux linkages and

currents as given in equation 2.25.
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3 o
'Q:EQP(Wmh—Wmh) (2.25)

Equation 2.26 is obtained when flux linkages of direct and quadrature axis are

substituted with equation 2.23.

Te=g-2p-((|-d—|—q)'id-iq+V/pM-iq) (2.26)

Again, assuming a salient pole machine, electromagnetic torque consists of two
components as given in equation 2.27.

Te :Trel +Tsyn (2.27)
Where, synchronous torque can be expressed only by the quadrature axis current as

given in equation 2.28.

Tyn =§-2p-(l//pm iy (2.28)

While the reluctance torque is expressed by machine saliency as given in equation
2.29.

Tre|=§-2p'((Ld—Lq)-id-iq) (2.29)
In a permanent magnet synchronous motor, most of the torque will be generated due
to quadrature axis current. Thus, it is fair to assume quadrature axis current iq will
represent and control the torque output of the machine itself. However, it should be
noted that in a highly salient machine as per MTPA approach, direct axis current igq
has to be utilized to generate maximum torque. For most of the applications that use
low saliency machines, iq is kept zero in operations below nominal speed and torque

Is generated and measured solely by iq.
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3. CONTROL OF PERMANENT MAGNET SYNCHRONOUS MOTORS

State of the art PMSM drive systems utilize three different control methods. They
can be categorized into two as scalar and vector control. Scalar control method
utilized for PMSM s referred as V/f control. Most used types of vector control
methods are divided into two as FOC and DTC.

V/f control method does not use a feedback system. Instead, 120° phase shifted
three-phase AC voltage is applied to the stator as an open loop system. Speed
adjustment is achieved by keeping a constant ratio between amplitude and frequency
of the voltages applied. This control method consists of three regions for operation.
Compensation region covers the standstill to low speed operation of the machine,
where voltage amplitude and frequency is small. In this region, voltage drop across
phase windings and switch elements on the inverter is not negligible. Thus, higher
voltage amplitude has to be applied in order to compensate for voltage drops. Once
the machine is started up, linear control region is entered. This is where the constant
ratio between amplitude and frequency is applied up to nominal speed. Beyond
nominal speed, further increasing of voltage amplitude is not applicable due to risk
of damaging insulations of the windings. Thus, field weakening operation is achieved

by increasing only the frequency of applied voltages.

Scalar control is a simple control method to implement. It does not require complex
and trigonometric calculations, thus a higher performing controller is not necessary.
Scalar control of PMSM is generally used in applications that do not require good
dynamic control of the machine such as fans. Stability issues also arise in high
frequency operation. Speed stabilizing loops are necessary in such schemes for better

performance [60].

FOC transforms machine from three-phase stationary reference frame into two-phase
rotating reference frame. Thus, enabling independent control of torque and field flux
components of the motor current. Two current controllers are used for d-q axis
current control. Speed controller creates torque current reference. Generation of

stator voltage vector is done using SVM. FOC requires rotor position and speed
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information. Reference frame transformations and high sampling rate current
measurements require more processing power than V/f control schemes. FOC
ensures a smooth speed controlled system with fast dynamic response. Current and
speed controllers utilize linear PI controllers. This makes tuning of the driver simple.
Motor parameters and system parameters regarding to the application is taken into

consideration while driver is tuned.

DTC is based on controlling torque and flux of the motor independently. Instead of
linear controllers, DTC utilizes non-linear hysteresis controllers for torque and flux
control. Modulation is not required in this scheme. Instead, a switching table is used
in order to utilize optimum vector. Figure 3.1 shows the block diagram of DTC.

T H ] Switching table E
orque Hysteresis : —
v [(H, [ B, [0SO 50 [S@ 5056 ) i
3 f Te
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Figure 3.1 : Block diagram of DTC [61].

DTC does not utilize current controllers. Instead, current is controller indirectly via
flux and torque controllers. Parameter dependency of DTC is smaller than FOC. The
biggest advantage of the DTC is very fast dynamic response feature. Steady state and
transient performance of torque control is good and preferable for applications

require fast dynamic control of the machine.

Several drawbacks come with DTC. These can be listed as deteriorated speed control
performance in low speed operation, variable switching frequency due to nature of
hysteresis control and arising torque and current ripple due to variable switching

frequency [62]. Table 3.1 is obtained if the three control methods are compared.
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Table 3.1 : Comparison of PMSM control methods.

ggs%%?ég Speed Control Complexity Tuning
VIf Bad Bad Small Easy
DTC Very Good Good Medium Difficult
FOC Good Very Good Medium Medium

3.1 Theory of Field Oriented Control

FOC exploits the simple mathematical model of PMSM in d-q axis and utilizes speed
and current controllers in d-q coordinate system. A generalized block scheme of FOC
IS given in Figure 3.2.
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Figure 3.2 : Generalized block diagram of FOC.

It can be seen that there are two inner loops for current and one outer loop for speed
control in a FOC system. Control frequency for the speed loop is generally
determined based on the mechanical inertia of the system. In each control cycle,
measured speed value is subtracted from speed reference value to obtain speed error.
This error is than compensated by a PI controller that outputs reference quadrature
axis current for current controllers. This Pl controller has positive and negative
output limits related with the driver hardware and motor demagnetization current to

ensure proper operation.

Current control loops are related with time constant of the stator phases and usually a
lot frequent than speed control loops. Actual FOC is done in these loops with
reference frame transformations and space vector modulation. For this, each control

cycle starts with sampling of the three-phase currents. Three-phase stationary
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reference frame currents (i,, i, and ic) are then transformed into two-phase stationary

reference frame currents (i, and ip) with Clarke transformation shown in equation 3.1.

o =) (2]

i . (27[) . (Zﬂj ’ 31)
0 sinf — | sin| — Ie
3 3

Two-phase synchronous reference frame currents (ig and iq) are then calculated using

B

Park transformation shown in equation 3.2. It should be noted that Park
transformation requires the knowledge of angle 0 between d axis and o axis. This is
equal to rotor electrical position 6, assuming zero degree electrical position is
obtained when rotor is aligned with phase a. Rotor position can be obtained using
position sensors or utilizing position estimators. These methods are explained in
section 3.3. For now, it is assumed that rotor electrical position is known and can be
directly used in Park transformation.

iy | | cos(6,) sin(6,)] ],
{ij{—sin(@r) cos(@r)}'[iﬂ} (3.2)
With Park transformation is done, stator currents split into two components. Direct
axis current iq represents field flux component of the stator currents. Direction of this
flux is determined with the sign of iy current. Positive iy current means field flux
generated due to stator currents are in same direction with flux of permanent magnets
and vice versa. Considering a non-salient machine operated below nominal speed.
Electromagnetic torque will be generated by iq and machine speed will increase if iq
is increased as shown in equation 2.7 and 2.26. Stator voltage equation in the
quadrature axis is rearranged with iy is switched to left hand side in equation 3.3. In
this arrangement, maximum uq will be limited due to DC bus voltage of the driver. If
the limit is reached then machine will rotate at nominal speed at nominal load. In
order to accelerate the machine further under this condition, numerator term has to be

increased. This is achievable by weakening the field flux generated by permanent

magnets by the utilization of negative iy current.
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s uq _a)e(Ldid —H//PM)

ly = R, (3.3)

Since uq is constant, iq will be increased related with the amount of iy injected to
stator. This operation point beyond nominal speed is referred as Flux Weakening or
Field Weakening operation. This is utilized in many applications such as washing
machines (spin dry) and electric vehicles. In normal operation below nominal speed,
Ig current reference is kept zero. Applications with highly salient machines will
however, utilize ig current in below nominal speed operations in order to achieve

maximum torque output as per MTPA approach.

Current controllers in synchronous frame outputs voltage references vq and vq. These
reference values are then transformed into a-f coordinate system using an inverse

Park transformation shown in equation 3.4.
u, | [cos(6) —sin(6,)] | U
uy, | |sin(6,) cos(6,) | |u, (3.4)

3.2 Space Vector Modulation

SVM is a special modulation technique that is used in order to get three-phase
sinusoidal output from a three-phase inverter. SVM is a direct way of converting a-f§
reference voltages to duty cycle values for the six switches in a three-phase inverter

given in Figure 3.3.

1
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Figure 3.3 : Three-phase voltage source inverter.
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Considering the three-phase inverter power stage, each leg can have two different
states. Top switch of a leg is on while bottom switch is off or vice versa. Both of the
switches in a leg is never turned on simultaneously since this will cause simply short-
circuit the DC bus called as an arm shoot-through case. Both of the switches turned
off will have no effect of driving the motor, thus each phase leg can have only two

states.

It is considered that a phase leg is in active state (or its state is logical 1) when top
switch of that leg is turned on. If the phase leg state is 0 then bottom switch is turned
on. There are total of 8 different combination of states in a three-phase inverter.
These combinations are shown in a three-phase vector diagram given in Figure 3.4.
The three-phase diagram is divided into 6 parts that are referred as sectors.

Ul20 Ugo
(010)

Uigo /
(011)

Uz40 Uso
(001) (101)

Figure 3.4 : Stator current vector in abc and aff coordinate system.

Each state combination corresponds to a different vector. Two null vectors are
located in the center since in these combinations, all three-phase legs are in same
state causing the phase to phase voltage differences to become zero. Which, in turn
generates no current. Thus, they are effectively zero vectors. The combinations are
given in Table 3.2 with corresponding vector numeration. S,, Sp and S¢ shows the

state conditions of each phase.
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Table 3.2 : Possible switch combinations and corresponding vectors.

wm
o

S¢ Vector
Oooo
Uo
Ueo
U120
Uiso
U240

Usoo
O111

PRrOoOOORr ol
RPOORREFLROO
PR RPRRPOOOO

Considering a symmetrical machine, phase voltages can be expressed according to

phase states in a matrix form as given in equation 3.5.

u 2 -1 -1||S

a U a
u, :% -1 2 -1y Sb (35)
U, -1 -1 2||S,

This matrix equation can be transformed into a-B coordinate system as given in

equation 3.6. using Clarke transformation.

R

o] 2" 2 2 |,

u, 3()@ _\/g ub (3.6)
2 2 ‘

Space vector modulation technique is based on generation of any vector within
maximum amplitude circle by modulating these eight main vectors. For example, the
given phase vector U,.; shown in Figure 3.5 can be generated by modulation of
vectors Up and Usy.

This modulation is done in a similar manner with time division multiplexing. Uy and
Uso Vectors are applied with corresponding duty cycles within a switching period.
Rest of the switching period is filled with null vectors. Equations 3.7 and 3.8 shows
the generation of phase vector by using space vector modulation.
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Figure 3.5 : Representation of a voltage vector with two main vectors in I. sector.

Phase voltages normalized to DC bus voltage in a-B coordinate system along with

phase states and applied vectors are listed in Table 3.3.

Table 3.3 : Phase voltages in a-f corresponding to applied vector.

S, Sy S. Vector Ug Ug
0 0 O Oooo 0 0
1 0 0 Uo E 0
3
1 1 0 Uso l i
3 3
0 1 0 U120 _—1 i
3 B3
0 1 1 U1so _—2 0
3
0 0 1 Us40 _—l _—1
3 B
1 0 1 Usoo l _—l
3 3
1 1 1 O111 0 0
T=Te+To+ T (3.7)
U, = (TeU 60T+T0Uo) (38)
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Where;

T: Switching period

To: Duration of applied vector Uy
Teo: Duration of applied vector Ug
Tnun: Duration of null vector

Phase vector components u, and uz can be expressed with vector durations by using

geometric rules as shown in equations 3.9 and 3.10.

T . o

Uy :%|U60|sm(60 ) (3.9)
To u/?

u,=—\WU,|+

g T| d tan(60°) (3.10)

In this case, required vector durations are obtained by substitution of normalized

vector magnitudes and trigonometric values as shown in equations 3.11 and 3.12.
— =Ug (3.11)

T_O _ (—Uﬂ +Ua\/§)

= ; (3.12)

Table 3.4 gives a generalized expression of obtaining vector durations according to
the sector, that phase vector lies within.

Table 3.4 : Vector durations for each sector.

T Sectors
5 | Il i v \Y \1
(Up+U,\3) U +UB) (g =U3) (U5 -Up\B)
Tl 2 2 2 2 ~Up
U0, 3) (U5 =Up\3) U +0,3) (U5 +U3)
Tj 2 2 Up ~Up 2 2
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For example, a phase vector in sector Il will have vector durations Tigp and Ti20

obtained from table as given in equations 3.13 and 3.14.

T]_go — _(uﬂ + ua \/5)

T > (3.13)

— =U (3.14)

3.3 Obtaining Position and Speed Information for FOC

As FOC requires accurate information on rotor electrical position, various methods
exist for obtaining this information. These methods are divided into two distinct
groups. This division is made on regarding whether any sophisticated position sensor
is used on the drive system or existing hardware on the driver is used to estimate
rotor position. Both methods have advantages and disadvantages when one compared
with the other. Thus, this is a tradeoff between features of these methods that

engineers are faced. They choose what fits their application the best.

3.3.1 Sensored field oriented control

In this method special types of sensor are utilized on the motor that are responsible of
indicate rotor position in a particular way. The drive system contains the requisite
hardware and software for processing the output of position sensor in order to obtain
rotor electrical position and speed information. Block diagram of a sensored FOC
drive system is given in Figure 3.6.
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Figure 3.6 : Block diagram of a sensored FOC system.
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Various types of position sensors exist and they are used in this method. Most used
types are Hall-effect sensors, angle resolvers and encoders.

Hall-effect sensors detect magnetic fields in front of them. These sensors are placed
in a convenient place on stator to detect magnetic poles of permanent magnets on the
rotor as they pass near the sensor. Hall-effect sensors provide a small footprint but

limited resolution on rotor position.

An encoder is a sensor that outputs information by digital pulses of ones and zeros.
Encoder has a stationary and a rotating part. Rotating part is fixed to motor shaft
while stationary part is fixed on motor’s body. Coupling of these two parts provide
encoder to detect position of the rotating part with reference to stationary part. These
parts can be coupled optically or magnetically. Incremental encoders transmit
relative position information by using two square wave signals that have 90° phase
shift between them. An absolute encoder has the ability to transmit position
information with multiple bits. Thus, this position is not relative to the previous step
but relative to zero point of the encoder itself. Encoders provide accurate position
information. They consume more space than Hall-effect sensors. Moreover, in order
to obtain actual rotor position from an encoder, angle offset between encoder’s zero
point and rotor’s zero point has to be subtracted. This process is called as calibrating

and it has to be done at least once after a motor is coupled with an encoder.

Angle resolvers also contain two parts. A transmit coil that is fixed on the rotor is
used to generate a rotating field. Two coils that are placed on the stator 90° degrees
apart from each other sense this field. Processing of an angle resolver’s output
signals are not straightforward as Hall effect sensors and encoders. These analog
signals have to be processed using observers to extract position information. Angle
resolvers provide very high resolution -theoretically infinite as it outputs analog
signals but limited to analog resolution of the processing device- but they consume a
lot of space in machine body.

It is obvious that there is a tradeoff between resolution and consumed space when it
comes to choosing a position sensor. It can be also observed that as the resolution is
increased, complexity of processing the position information is also increased. The

sensors also affect expected lifetime of the drive system.
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In general, sensored motor control is mostly used in industrial applications where
additional space consumption and the cost of the sensor are insignificant compared to
reliable and accurate position information it provides. Any position control
application will also utilize position sensors in sectors such as automotive, robotics,

aviation and space.

3.3.2 Sensorless field oriented control

Sensorless FOC of a motor is achieved when there is no sophisticated position
sensors utilized on the motor. Instead of a direct measurement of the rotor position,
an estimation based on the values of state variables at a certain time is done. These
state variables usually consist of applied voltages, measured currents and estimated
state variables such as flux and back-EMF. Control block diagram of a sensorless

FOC system is given in Figure 3.7.
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Figure 3.7 : Block diagram of a sensorless FOC system.

Since the first appearance of a sensorless motor control system in late 1980’s, a lot of
research has been done into exploring different ways of estimating rotor position.
Today many different schemes are exist and just like sensor types, there are tradeoffs
between the sensorless schemes. Most common types of sensorless control methods
can be listed as flux or back-EMF estimation based on stator voltage integration,
Luenberger type observers, Sliding Mode Observers and saliency based methods that

utilize signal injection into the stator windings.

One of the simplest position estimation method is achieved by the estimation of the
flux linkages by integrating the stator voltages [35, 36, 40]. In order to compensate
the drift and offset caused by the integration, EKF is used in many applications [41,
42]. Using of a SMO instead of EKF is also resulted in successful control of the
machine [43-46].
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As the semiconductor technology grew and improved greatly, high performance
microcontrollers are available with little cost to almost anyone. Thus, its appearance
in many motor drive systems provides the ability of using more complex sensorless
control algorithms that requires a lot of computation. Luenberger type observer is
increasingly used in sensorless FOC applications [37-39]. In this method motor
model without the back-EMF term is implemented inside the controller in order to
estimate back-EMF and thus flux linkage. This estimation provides the electrical
position of the rotor. Due to decreased amplitude of back-EMF in low speed regions,

this method requires an open loop startup procedure.

Another position estimation method that requires high performance signal processing
depends on estimation of the rotor position based on the saliency of the machine [47-
56]. This is achieved by online measurement of the direct and quadrature axis
inductances. In order to achieve such a measurement, stator windings are injected
with a known frequency signal. This signal is then extracted using filters and
observers from the measured state variables. Since this method provides rotor
position detection even in standstill operation, it is possible to combine signal
injection method with a back-EMF observer in order to cover all operating region of

a machine.

Two different methods of estimating rotor position are investigated in this study.
Extended back-EMF observer and stator flux estimator both use mathematical model

of the machine in a- coordinate system in order to estimate rotor position.

3.4 Extended Back-EMF Observer in Two-Phase Stationary Reference Frame

Extended back-EMF model of the PMSM in a-f coordinate system is obtained from
the model in d-g coordinate system. Phase voltage equation given in equation 2.24 is
re-written in a different form where the time derivative terms of currents are

introduced into first matrix with derivative terms as given in equation 3.15.

Uy Ra+poly -l Iy 0
u || el Respl | |i [T (3.15)
This model can be transformed into two-phase stationary reference frame using

inverse Park transformation. Obtained model is given in equation 3.16.
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u,| [Ry+pL, -aM, |i, —sin(4,)
= ol _|_ a)e . l// . )
Uy PM,,  Re+pLy ||, "1 cos(8,) (3.16)
In this model, machine inductances are represented as L,, Ls and M,z which represent

stator inductances in o and B axis along with the mutual inductance between o and 3

axis. Equations 3.17, 3.18 and 3.19 show how these inductance values are

represented.
L, =Ly +L,cos(26,) (3.17)
L, =L, —L, cos(26,) (3.18)
L, =L,sin(26,) (3.19)

The trigonometric terms with angle “26,” are introduced due to inductance matrix in
equation 3.15 being asymmetrical. Inductance matrix is re-written according to

equation 3.20.

Ug RS +10Ld —a, Lq id 0
= . +a) . .
U | @ (L +L - L) Re+o(L+L—L) [l ] Veu | 4 (3:20)

In this expression, “Lq4-Lq” and “Lg-Lg” terms are introduced into inductance matrix in
order to obtain a symmetrical matrix. Equation 3.20 is then re-arranged with a

symmetrical inductance matrix as given in equation 3.21.
U, Ra+pol, -—ol, I ) ) 0
|:UCJ_|: a)el—q Rs +,0|-d . iq +((Ld_Lq)'(a)e'|d _plq)+we'l//PM)' 1 (321)

Now, if the phase voltage equation given in equation 3.21 is transformed into two-
phase stationary reference frame, a simpler mathematical model without any second

harmonics term is obtained as given in equation 3.22.
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{Ua}_ R, + oL, a)e(Ld—Lq) .}

Us| |-o,(L-L,) Rs+ply |Lbs

_—sin(ee)}

| cos(6,)

B
(3.22)

—i—((Ld —Lq)-(a)e-id —piq)—i-a)e-t//PM).

In this expression, rightmost term can be considered as the extended back-EMF part
of the model as it contains crucial information of rotor electrical position. Extended
back-EMF term in two-phase stationary reference frame is expresses as given in

equation 3.23.

[Ea} _ ((Ld ~Ly)- (@, iy = piy )+ @, oy )'{;S::((ze))} (3.23)

B

Where;
e, Is extended back-EMF part in a axis,
ez is extended back-EMF part in B axis.

Equation 3.22 is then re-arranged with back-EMF term is replaced with back-EMF
matrix and the model is transformed into Laplace domain as given in equation 3.24.

u Ry+sly @, (Ly—Ly)|Ti, ] [e,
= it (3.24)
U] |-o,(Li-L,)  Re+sly | Lls] %

e

This relatively easy model to implement estimators and observers will only estimate
the extended back-EMF part of the model. Using of a Luenberger observer is very
typical for such application that requires state estimation with a feedback observer. In
order to obtain rotor position information, two current observers are used in o and f3
axis. These observers are based on motor model given in equation 3.24 except the
extended back-EMF part is removed from this model. Both observers utilize a
compensator that tries to correct error between the estimated and measured axis
current. Expression of a and P axis currents of the observer with extended back-EMF

part removed from motor model is given in equations 3.25 and 3.26.
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u, o, (L L, )i, +L(a)

i =
@ R, +5L, (3.25)

- u+o, (L - L, )i, +L(B)
r R, +5L,

(3.26)

Considering the observer is stable, current error in steady state will diverge to zero,
making the compensators to output removed back-EMF part of the model.
Compensator outputs L(a) and L(p) are expressed as given in equations 3.27 and
3.28.

L(a)=-¢€, (3.27)

L(B)=—¢, (3.28)

Control block diagram of the extended back-EMF observer is given in Figure 3.8.

In this block diagram, estimated state variables are shown as i, 75, é, and éz. They
represent the estimation of a-f axis currents and extended back-EMF terms. The

compensator block is usually consists of a simple PI controller.

Ug

v
; Iy 1 + AW
o < L
SLg+R, ©

L) ‘—‘

Figure 3.8 : Extended back-EMF observer block diagram in a-f reference frame.

up
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3.5 Angle-Tracking Observer

Estimated back-EMF signal obtained from the observer has to be decomposed and
rotor position has to be extracted from the back-EMF signals. This is achievable by

using the simple arctangent formula given in equation 3.29.

6, = tanl[?—“] (3.29)
€
Although this method is simple to implement, it has several drawbacks. This method
only gives estimated rotor electrical position. This means additional computation has
to be done in order to obtain estimated rotor speed. Using the derivative of estimated
position most likely will output noisy speed estimation. Thus, additional computation
for low pass filtering should be added into process. Furthermore, estimated position
is unfiltered and thus may contain high frequency noise. Using an unfiltered position
value for the vector transformations in FOC may result in stability issues along with
unwanted torque ripple on the shaft. It is also not wise to utilize low pass filters on
estimated rotor electrical position. This is mainly because unlike speed, position is a
time-varying signal. Low pass filtering such signal will result in phase shift that is
added to the estimated position signal. This phase shift will degrade the drive

performance.

Instead of obtaining rotor electrical position with arctangent formula, many
applications utilize an observer for this task. These observers are called as angle-
tracking observers. A very simple angle-tracking observer can be implemented using

the trigonometric subtraction formula of the sinus signal as given in equation 3.30.
sin(@e)cos(ée)—cos(ee)sin(ée) =sin(0e —ée) (3.30)

This equation can be made if a and B components of estimated back-EMF signals are
considered as sine and cosine values of #.. Right hand side of the equation is the
sinus function of error between the position of back-EMF signal and estimated
position obtained from angle-tracking observer’s output. If this error is small, then
this equation can be approximated to position error of the observer as given in

equation 3.31.
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(3.31)

The control block diagram of an angle-tracking observer is given in Figure 3.9.

. cos(é
sin(@e) — X |« (G) cos ¢
9 - é A
— ] > PI >Oe
coS(le) —> < . e
(Ge) X sin(@) sin

Figure 3.9 : Block diagram of angle-tracking observer.

Angle-tracking observer utilizes an integrator coupled with a Pl controller for
compensation. Pl controller clears position error by outputting the estimated rotor
electrical position while the integrator provides a filter to the input signal. For a more
practical approach, integrator and Pl controller block places are switched. This
arrangement shown in Figure 3.10 provides rotor electrical speed as the output of Pl
controller and rotor electrical position as the output of the integrator. This
arrangement is more convenient as it provides smooth information of speed and

position simultaneously.

. cos(d
sin(@e) —f X |« (G) cos [¢
0e - &) & ;
—5 Pl [ 1 > Ge
cos(le) —> < - e
(Oe) X sin(@) sin

Figure 3.10 : Modified block diagram of angle-tracking observer.

3.6 Stator Flux Estimator

Besides the back-EMF observer, there is another common method of rotor position

estimation based on motor fundamental model. This method is based on estimating
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stator flux. Recalling the motor mathematical model in a-f coordinate system given

in equation 3.32 and expression of flux linkages as given in equation 3.33.

RHF; :M:ﬂH; ﬂpbﬂ} (332)

W, | |L+L,cos(26,)  L,sin(26,) i, cos(6,)
vy | | Lesin(26) L-L,cos(26,) i, | "™ | sin(g,) (3.33)
Flux linkages actually consist rotor position information with the rightmost term of
the expression as cosine and sine terms. Since the first matrix consists of inductances
and value of inductances are neglectable, it can be said that flux linkages give the

cosine and sine terms of rotor electrical position. These flux linkages can be

estimated through back-EMF integration as shown in equation 3.31

v, u, | [Re 01]]i, cos(6,)

L’J ZI{LJ_[ 0 Rs][iﬁD 4% Lin(@e)} (3.31)
Pure integrators cannot be used in such method since this will be implemented
digitally. There is a risk of saturation of the integrating variable. Also DC offset and
drift problems may arise. Even a small offset will eventually lead to saturation.
Instead of using an integrator, low pass filters are used. If the time constant of the
filter is selected adequately high, it will act as an integrator and will eliminate DC
components. Instead of one, two low pass filters can be used with a derivative

operator in between in order to eliminate even higher DC offsets [63]. Block diagram

of flux estimator is given in Figure 3.11.

Low pass filter Derivative Low pass filter

\ d \
ea - }\‘(l
B > dt > Ao

Figure 3.11 : Block diagram of flux estimator.

\ 4

Y

Position and speed can be extracted by using the angle-tracking observer after the

flux linkages in o and B axis are estimated.
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4. DESIGN OF A SENSORLESS FOC DRIVE SYSTEM FOR PMSM

4.1 Scope of Thesis

Main components of a PMSM FOC drive system is given in Fig 4.1. Controller
component of the system can be made of a single chip or a specific board that
contains the controller chip and interacts with the inverter. Control chip that the FOC
and position detection algorithms are implemented can be an off the shelve
microcontroller, digital signal processor (DSP) [64], application specific integrated
circuit (ASIC) or an FPGA [65]. Structure inside the controller consists of a layer
that interacts with the inverter. This layer typically has PWM outputs, analog to
digital converter (ADC) inputs, fault inputs and miscellaneous digital inputs and
outputs depending on the hardware design. This layer defined as solely hardware,

which can be made of pins of a single chip or connectors of a controller board.

Three Phase Inverter

Figure 4.1 : Block diagram of a PMSM FOC system.

Hardware abstraction layer is however, the expression of the inputs and outputs
inside the controller software. It is good practice to separate hardware related
functions of a software from the functions that related solely on software. This is
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where hardware abstraction comes handy. It interacts with the input/output
peripherals of the controller. While doing so, hardware abstraction layer provides a
solely software expression and control of these peripherals to the rest of the software.
Three-phase inverter is usually a section of a specific power electronics board. This
board consists of the power input and filtering, power supply generation, three-phase
inverter, current and voltage measurement circuits, fault and protection circuits.

This thesis concentrates on the design of a controller board and requisite software
development for FOC of a PMSM for existing three-phase inverter hardware. These
components are shown in red dashed line in Fig 4.1. For the three-phase inverter

hardware, STMicroelectronics X-NUCLEO-IHMO08M1 development board given in
Fig. 4.2 is selected.
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Figure 4.2 : X-NUCLEO-IHM08M1 Three-phase inverter board [66].
Key specifications of this development platform can be listed as below [66];
e 10V to 48V operating voltage range
e 15A output current
e Temperature sensor for over temperature protection
e Fixed current comparator for overcurrent protection
e 3 phase current feedback

e 3 phase voltage feedback
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e DC bus voltage feedback
e Adjustable current comparator via PWM or digital to analog converter (DAC)
e 5V logic power supply generation

With the selection of three-phase inverter board, specifications for the controller
board are also specified. MKV46F128VLL16 microcontroller from NXP is selected
for the development and implementation of embedded software. This microcontroller
provides ARM Cortex M4 core with operating clock frequencies up to 168MHz with
128kB RAM and 24kB ROM [67]. Advanced PWM peripherals with programmable
dead time, high resolution and fault interlocking features are provided. Design of this
study work consists of three parts, which are hardware design of the controller board,
simulation of sensorless FOC and development of embedded software for the

controller board.

4.2 Hardware Design

Schematics and PCB design of the controller board is made with Altium software.
Schematic design of the controller board is made according to the signals that are
used in X-NUCLEO-IHM08M1 development board. Two headers are used in order
to connect the controller board to the inverter board. Four Light Emitting Diodes
(LED) are placed for status indication. Isolated and non-isolated programming
hardware for Serial Wire Debug (SWD) interface is also placed. Incremental encoder
interface is added to schematics for evaluation of the position estimation algorithms.
Additionally, Universal Serial Bus (USB) interface and other types of serial
communication interfaces are placed for easier debugging of the controller.
Schematics design of the controller is given in Figure 4.3.

PCB design of the board is done as a two-layer board. Placement of the components
is made according to the layout of the inverter board in order to prevent any
collisions. Headers are placed according to the headers on the inverter boar so that

two boards connect easily. Total size of the controller board is 60 x 96.52 mm.

45



X1
XTALO D EXTALO
NX5032GA §MHZ
ci 2

10pF 10pF

POT Meas
BEMF Tap

TU Meas

W Meas

BEMT

IV Meas
TW_Meas

NU_ADCA CH3

NIC Temp Meas

NU ADCA CH7c

100nF,

JTG TMS/SWD DIO
ITGSWD CLK

RESET B

N |

100nF

R23 4K7

{|1-cno

2
4 CLK Em
< ®S

T0RESET Emu

HEADER 10POS UNSHD VERT 127MM THT

>
%

Ere]
T<reseT B

HEADER 10POS UNSHD VERT 1.27MM THT

ITG_TMSISWD_DIO

3
g
= o _mEs
Sl22z1ZIE] u‘g
B 2l =
< ElE s
B e e = 1212
: 25
SElE 5S
EZBEERE H
EXEEE =
ESEIESS 5
3 3 23 3
X 8 2= z
2 8 2= S
E E Eg E
E
Z
2 2 L2
E 3 -
S = =1
P 5 =
FEE EEEPE
2EE EESZE
Jelofa] P
° =i
4 |alg EEE
EE S
2 EEla| [ (sl
3l slslgl5] [EEellE
LCE2BlE [==12E12
=l )= =
=EIE[<= oFE
Zlzl=lC|EEE 2
ZIoIEIZIEE| 2
o|FZg| £
HEEE
EE

2
3

+3v3
T
es| o5 oems] 5
3
Ry
R3s
470R

PTCYFTM3 CHS
PTCR/FTM3 CH4

PTC&/FTM3 CH4

PTCIOFTM3 CHG

a0

X spo sci

SPI0_SIN

P10 PCS3CURCOMP

&
10
12
14—
16
18
20

UARTI TX

5}
T0_RX

3 PTB2 ADCA_CH6 12C

w0 =<
CONTION 1224

2.54mm HEADER,D-ROW.ERKEK.

=
X

EXTERNAL COMM
13V3 avs 13v3

R20 R21
K7 K7

UARTO RX | UARTO TX  [UARTI RX

3v3 13V3
R27 R28
K7 K7
SPI0_SIN SPI0_PCS3:CURCOMP

TB2 Al
TB3'ADCB CE

A C
17¢12C SDA

GND

c22j100nF
USB D+

USB 3v3

SPI0_PCS3/CURCOMP
SPI0_SIN
SPI0_SCK

PI0_SOUT

ZPOS Header

TPOS Header

| QAJ
Liow v

5POS Header, 3.81mm, RA, TH

2
DI17DT33CTR

vout \T%vl
c17

10uF

V3

FIDIL TX

USB 3V310

FTDL RX.

UsB Dy 8
USBD-_9

LEDG

Rio LR LR12 (o4
AK7T 4KTF 4KTT4KT F470R

LED, Red

%

LED, Green

uF [100nF|
USB GNI

PO

13 s UFB

Cdge— B 74

eo| sfor [ oo |

a

GND

DX 10, 11 1P IDX.
DX—9

14 13 1F A

A
A8

St e s
svsb—e] L
ANZOLVIIINS|

K7 Iz
TRSOBCSSG6BO))
BCRS6

Revision

[ Sheet_of
[ Drawn B:

Figure 4.3 : Schematic design of the controller board.
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Figure 4.4 shows the microcontroller section of the schematics. MKV46F128VLH16
microcontroller and its necessary external peripherals such as bypass capacitors, pull-

up resistors and crystal oscillator are wired accordingly.

o
=
S
o “Emw
— I T =
5m<m<§<0:55§
-
Zlo ZE|= =1 =
7] [ z Lo 181 29l (5] |9
SIS 6 [ ] I B i =N P o R O
XTALO | ||:|| 2 EXTALO SEFFFEFFRIEIRIE 2 elEE
NsolszulA HZ v ”"‘”“%%ﬁz-ﬂ&%m:ﬂ':ﬁfz
> AKV46F128VLH16 | | '
Cl C2 T LR
10pF_ | 10pF it shat st ol =t < +3V3
al=Ral=Ral=Ral=l=l M
— zZ =2 2 zZZ2 E3al =
= 3 4 4 44 233 ] R ()
oo 53338 a3 % ks
POT Meas 8 g 8 Bg 1] B B 48
PTEO/CLKOUT32K & & £ £ e VDD ]
+3V3 BEMF Tap 2 ) 47 S
B PTEI/LLWU_PO VSS UARTI RX —
- - =— VDD PTC3/LLWU_P7 —=
ks 4] vss Pics |2 TIF B/FlexPWM A3 =
U Meas PTEIG PICI/LLWU P 4 [IF_A/FlexPWM B3 GND
W _Meas : AWELTY (43 PTCO/ADCB CH6L/SPI0 PCSO
PTE17/LLWU_P19 PTCO o
l0uF_JloonF| TV Meas 4 PTBI19/FTM3 CH3
PTEI8/LLWU_P20 PTBI9 -
W _Meas 8 © 4 PTBIS/FTM3 CH2
— PTEI9 z PTBI8
= BEME A 9 ADCA CH2 Iy PTB17 3 ARTO TX
GND U ADCA CH3 10 | ‘s D i3 o PTRI6 32 ARTO RX
NTC Temp Meas 11 | ‘ca Cre % pTR3 |38 PIBYADCB CH7¢/2C SDA
+3V3 +3V3A [U ADCA CH7c 12 ¢ < 37_PTB2’ADCA CH6e/12C SCL
T ADCA_CH7c 3 PTB2 SRV
=— VDDA = PTBI EEMEC
—L(*q VREFH g - PTBO/LLWU PS5 (=3 RESET B
00nF S [z VREFL = & o = RESET b TALO
O ¢ vssa g o =S PTAT9
Z = 2 =
=] = =]
3 = -
o< E o S,00 3
HOUHE22223I25290n <
EEQEEEEEEEEESER0nE
[ O O I S )
R D
NN LEXTALO +3V3
+3V3 +3V3 +3V3 43V3 2 - ||z
§ 2% < T g Il
X Bl 22 | [EsE R3S
RI R2 R3 - SR4 Sl:l=ER BE = 4K7
4K7 4K 7 4K7  $4K7 s(SIEEl ZEIRleSIE
olel8EE = 5 = P BEMF Ta
/SW angﬁgﬂ"—o =]
NMI RESET B TG/SWD CLK 1 I 2 o O R37
alZzIRIEICE(E)2l 4K7
B
3 c4 SEiEE
«t=|a =
100nF 100nF ) ; S|<|<|o =
JTG TMS/SWD DIOQ SIEER =
— — 5

Figure 4.4 : Schematic design for microcontroller and its peripherals.

Design of isolated and non-isolated debugging hardware for SWD is shown in Figure
4.5.
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Figure 4.5 : Schematic design for isolated and non-isolated debugging.
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Connection with the inverter board is done via two headers. Controller board is

designed with matching connectors, that are wired according to the signals of

inverter board. This section is shown in Figure 4.6.
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Figure 4.6 : Header connectors to match signals with inverter board.

The designed controller board is then manufactured and assembled as given in Figure

4.7.
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Figure 4.7 : Manufactured and assembled controller board.
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Connection of the controller board with the inverter board is done easily as intended.
Inverter board has a switching regulator that generates 5V output from the DC supply
voltage and this 5V supply is sent to controller board. A linear regulator is used on
controller board in order to generate 3.3V logic power supply that provides power for
the microcontroller, operational amplifiers and comparators. Figure 4.8 shows the

designed drive system.

Figure 4.8 : Drive system with controller, inverter and motor.

DC input power is supplied to the system via a two contact screw terminal. Three-

phase motor output is connected to a three-contact screw terminal.

4.3 Simulation of Sensorless FOC Using Extended Back-EMF Observer

In order to verify position estimation schemes, a simulation environment is created in
MATLAB Simulink. The motor parameters given in Table 4.1 are used for the motor
model. These motor parameters are obtained from an actual motor. This motor is
used in experimental work phase of the study. Block diagram of the sensorless FOC
system created in Simulink environment is given in Figure 4.9. System is modeled

and simulated as a continuous system.
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Figure 4.9 : Simulation block diagram of the sensorless FOC drive system.
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Table 4.1 : Motor parameters used in simulation.

Parameter Unit Value
Phase Voltage [V] 24
Power [W] 62
Nominal Torque [Nm] 0.2
Nominal Speed [rpm] 3000
Pole Pairs - 2
Back-EMF Constant  [V.sec/rad] 0.0023
Rs [Q] 0.437
Lg [H] 0.000536
L, [H] 0.000548

Motor model block with the defined parameters in Table 4.1 is given in Figure 4.10.
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<Rotor spe
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labc
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< Phase Currents

Permanent Magnet
Synchronous Machine

Figure 4.10 : Motor model in Simulink.

The simulation starts with no load and 3000 rpm speed reference. Nominal torque of
0.2 Nm is applied at 0.75 s simulation time. Speed reference is generated by speed

ramp generator block shown in Figure 4.11.

6000} » X
Ramp Up (RPMs) 1000 + *
Constant4  Divide1 bl
Add1
Subtract3
6000} » X >+
Ramp Down (RPM/s) 10005|—> + g
Constant6  Divide2
]
D' »+ Switch2
Speed Reference —p -
Subtract2 =|_>:\
> o Speed Ramp
Switch3
Unit Delay3
1

Figure 4.11 : Speed ramp generator model.
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This provides an acceleration-controlled speed reference in order to minimize

overshoots and guarantee stable operation. In this block, both the acceleration and

deceleration can be individually controlled. Simulations are done with 6000 rpm/s

selected as acceleration and deceleration ratio. Figure 4.12 shows 3000 rpm speed

reference and output of speed ramp generator. Desired speed is achieved within 0.5

seconds.
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Figure 4.12 : Speed reference and ramp output.

Speed controller calculates the error between desired and estimated speed. This error

is minimized using a Pl controller that outputs the quadrature axis current reference

with maximum output limited with maximum motor current. In operation below

nominal speed, direct axis current reference is kept at zero. Speed controller block is

given in Figure 4.13.
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Figure 4.13 : Speed controller model.
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Speed controller coefficients are tuned by observing step response of the system.

Figure 4.14 shows the speed controller performance during operation.
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Figure 4.14 : Speed controller performance.

Two PI controllers for motor currents are used for compensation of error between

current references and estimated currents ig and iy. Current controller block is shown

in Figure 4.15.
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Figure 4.15 : Current controller model.

Both of the current controllers are tuned for the same coefficients. Figure 4.16 shows

the performance of g axis current controller.
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Figure 4.16 : Q axis current controller performance.

It can be seen that g axis current is controller with minimal error during transients.

Performance of d axis current controller is given in Figure 4.17.
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Figure 4.17 : D axis current controller performance.

Current controllers output d and q axis voltage references. These references are then
transformed into two-phase stationary reference frame and finally to three-phase
stationary reference frame. Voltage references then applied to the stator directly.

Figure 4.18 shows the phase voltages along with zoomed-in view.
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Figure 4.20 shows the shaft speed under load disturbances. It is seen that the system
response is fast and speed is recovered quickly with minimal overshoot.
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Figure 4.20 : Shaft speed with no-load startup to full load transition.

Three-phase currents are read from the motor model. Then, the currents are
transformed into two-phase stationary reference frame a-f. Currents i,, iz and applied
voltages at previous step u,, Uz with the previous estimation of rotor electrical speed
is entered as inputs into extended back-EMF observer model given in Figure 4.21.
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Figure 4.21 : Extended back-EMF observer model.
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Output of the extended back-EMF observer are the back-EMF terms given in
equation 3.23 Components of the back-EMF term o and p correspond to negative
sine and positive cosine signals of rotor electrical position &.. The angle-tracking
observer given in Figure 4.22 uses these sine and cosine signals to extract estimated

rotor electrical position and speed.

rad/s to RPM

cos

Nestimated

N
¥ Westimated

> x —| Low Pass Filter
Valpha + 1

_ Pi(s) e s (1)
% Thetaestimated

Vbeta
=

sin

Figure 4.22 : Angle-tracking observer model.

Speed information is obtained before integrator block. Since this information

contains high frequency noises, a lowpass filter with 0.5 ms time constant is used.

In another simulation environment, position estimation based on flux estimator is
implemented. Extended back-EMF model is replaced with flux estimator model
given in Figure 4.23. In this estimator model, two low pass filters are used with a

derivative operator in between.
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Figure 4.23 : Flux estimator model.

Position and speed is again extracted by using the angle-tracking observer. However,

this model is now rearranged since alpha and beta flux estimations now correspond
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to cosine and sine terms instead of the minus sine and cosine terms of extended back-
EMF observer.

The simulation is done for the extended back-EMF observer first. The position and
speed estimation results are obtained for each estimation method. Figure 4.24 shows

the extended back-EMF estimation with zoomed-in view.
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Figure 4.24 : Output of back-EMF observer with zoomed-in view.

Figure 4.25 shows the position estimation performance of extended back-EMF
observer method.
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Figure 4.25 : Position estimation performance of extended back-EMF observer.

It can be said that position estimation is accurate and has a very high dynamic
performance. Since the startup is done as open loop, position estimation error from

standstill to 200 RPM has no effect on the performance of the control. Figure 4.26

shows the speed estimation performance.
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Actual vs Estimated Shaft Speed
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Figure 4.26 : Speed estimation performance of extended back-EMF observer.

Low pass filter used in the angle-tracking observer provides a smooth speed
estimation output with no significant delay present. The simulation verifies transient
and steady state operation of the extended back-EMF observer with angle-tracking

observer.

Simulation is done for the position estimation based on flux estimation method.
Figure 4.27 shows the output of flux estimator model. Alpha and beta values of

estimated flux is shown with zoomed-in view.
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Figure 4.27 : Flux estimation with zoomed-in view.
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It can be seen that amplitude of estimated flux is stabilized only after certain time of
operation. This is caused by the time constants of low pass filters used in flux

estimator model. Position estimation performance is given in Figure 4.28.
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Actual vs Estimated Rotor Electrical Position
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Figure 4.28 : Position estimation performance of flux estimator.

Effects of the initial start due to filter coefficients can be clearly seen in position
estimation output. In open loop region, maximum position error is about 120 degrees.
Around 0.4 seconds, position estimation became accurate and dynamic. Decreasing
the time constants caused steady state position error to increase. Speed estimation

performance is given in Figure 4.29.
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Figure 4.29 : Speed estimation performance of flux estimator.

Position error at initial startup also caused undesired increases in estimated speed.
Due to non-smooth initial estimation, transition point between open loop startup and
closed loop operation is increased to 700 rpm. With these simulations, it is observed

that the extended back-EMF observer performed better than flux estimator.
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4.4 Embedded Software Design

Design of the FOC embedded software is developed in IAR Embedded Workbench
environment. The general structure of the software has multiple Finite State Machine
(FSM) structures. Main state machine consists of the states “Init”, “Ready”, “Run”
and “Fault” as shown in Figure 4.30 along with the state transitions. Microcontroller
automatically goes through a Power-On Reset (POR) after it is powered up. After the
reset microcontroller goes into initialize state. This state defines the functions
necessary for initializing requisite microcontroller peripherals such as clock
generation, general-purpose timers, PWM and ADC. State is automatically changed
to ready after initializing is done. When microcontroller is in ready state, speed
command is expected as a user input. If a non-zero speed reference is set, then the

state transition from ready state to run state is executed.

E

Init Done

Ready Fault Cleared
Stop Command Speed Command @
L‘ihult Detected

Figure 4.30 : Main state machine diagram.

4.4.1 Selection of switching and control loop frequencies

Switching frequency of the inverter is not directly calculated but selected based on
certain parameters of the application and common rules. In order to select switching
frequency for a FOC application, effects of the switching frequency and its
relationship between control loops should be understood. Switching frequencies up
to 30 kHz are generally used for motor control applications. There are advantages

and disadvantages for both higher and lower frequencies. Current control loop
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frequency is directly related to switching frequency. In fact, switching frequency
defines the upper limit for control loop frequency. In digital implementation, this is
achieved by calling the current control loop at every PWM interrupt. If a slower
frequency is desired than control loop can be called at every second interrupt. Lower

limit of the switching frequency can be defined by control loop frequency.

Selection of switching frequency starts with selection of the lower limit. This lower
limit depends on several parameters. First of all, it should be equal or higher than the
minimum control loop frequency. Minimum control loop frequency depends on two
factors, which are related with the application specifications and motor parameters.
In order to generate sinusoidal current shape correctly, control loop frequency must
be at least 10 times higher than electrical output frequency. This means one period of
the sine wave will have at least 10 independent points. Higher the amount of points,
better the quality of the waveform in terms of harmonics. For this application, 4000
rpm is selected as maximum operation speed and at least 20 points for sine wave is
selected. Electrical frequency of the sinusoidal output is calculated as given in

equation 4.1.

N
f =—-p=134Hz
e 60IO (4.1)

Then minimum control loop frequency can be calculated as given in equation 4.2.

fioo > f, -20 = 2680Hz 42)

loop =

Another parameter that is closely related to control loop frequency is the electrical
time constant of the motor. Control loop period must be at least 10 times faster than
the time constant. This factor is important because loop stability issues and

oscillations will occur if this rule is not followed correctly.

FOC has two inner control loops. Control loop frequency of each loop should also be
determined. RL time constant of the motor in direct axis is calculated as given in
equation 4.3

L
4 = 0.0012655 (4.3)

Ty =—"
d
RS
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RL time constant of the motor in quadrature axis is calculated as given in equation
4.4.

T, = IF;—: =0.001254s (4.4)
Since time constant of the motor is very close in both axis’ same control frequency
can be utilized for both of the current controllers. Loop frequency must be at least 10
times faster than the time constant of g axis, which is faster than d axis. Equation 4.5
calculates the minimum loop frequency based on this time constant.

> i-10 =7975Hz

loop =
q

f (4.5)

Thus, minimum switching frequency in order to satisfy control loop requirements is
calculated as 8 kHz. However, another parameter is taken into consideration for
selecting minimum switching frequency. As the motor current increases to couple of
amperes, high frequency vibrations that occur on the stator windings due to PWM
become audible. Depending on the application, elimination of such noises is
necessary most of the time. This defines a new lower limit and it is directly related to
hearing ability of the people. Depending on the age, audible range is 20 Hz to 20 kHz
for humans. However, from 16 kHz sound pressure levels detected by ears greatly
decreases. That is why, in many motor control applications 16 kHz switching
frequency is selected as a standard. In this application, this fact is also taken into

consideration and thus minimum switching frequency is selected as 16 kHz.

Since the minimum required frequencies for switching and control loop is defined,
actual frequencies should be selected. There is no definition for a practical upper
limit for switching frequency. In fact, after the requirements on minimum switching
frequency is satisfied, further increasing of the frequency will only result in increased
switching losses or increased costs due to use of better performing semiconductors.
Thus switching frequency for this application is selected as 16 kHz and dead time

between high and low switch signals is set as 1.5 us.

Loop frequency can be selected as 8 kHz or 16 kHz. Higher loop frequency results in

better dynamic performance and increased waveform quality.
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There is an upper limit for control loop frequency and it depends on many factors.
Since this control will be implemented digitally, all the process required for control
loop should be executed in the selected loop period. There are no certain rules for
calculating how long the control loop will take simply because it depends on the
developer, type and the clock frequency of the microcontroller, compiler,
optimization settings of the compiler and other necessary tasks that the application
requires. Such as the safety routines for IEC60730 Class B software, that is very

common in home appliances products.

In this application though, it is already known with prior practical experience that 16
kHz current control can be achieved with MKV46 series microcontrollers by using
144 MHz system clock (RAM clock) and 72 MHz fast peripheral clock settings.

Thus, control loop frequency is also selected as 16 kHz.

Mechanical time constant of the motor is very large compared to electrical time
constant. Therefore, it is necessary to use a slower frequency for speed control loop.

In this application, 200 Hz speed control frequency is selected.

4.4.2 Design of control loops

Figure 4.31 shows the flowchart diagram of the speed control loop. Speed reference
is transferred to speed controller with an acceleration-controlled manner. This is
achieved by applying fixed ramp function to speed command. Every speed loop
starts with this ramp calculation. Speed error between the ramp output and actual
speed is then calculated and compensated with a PI controller. This PI controller
outputs required motor current in amps. However, it should be noted that in normal
operation only the quadrature axis current reference is generated this way. Direct axis
current reference is kept zero for normal operations below nominal speed. For the
field weakening operation above nominal speeds, a sophisticated field-weakening
controller is necessary in order to generate direct axis current reference. Output of
the PI controller is limited to maximum allowable current in the application. In this

case, it is set to plus and minus 3.5 A as it is the motor maximum current.

Figure 4.32 shows the current control loop flowchart. This loop is repeated every
62.5 microseconds and it consists of the direct and quadrature axis current
compensators along with the position and speed estimator. Every loop begins with

the reading of the measured currents via ADC. These currents are then transformed
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a-p and d-q axis currents respectively. Park transformation is done based on the
previous output of the position estimator. Calculated currents and applied voltages in
a-B axis are then used as input to back-EMF observer block. The observer outputs
new estimations of position and rotor speed. New position estimation is then used for
calculation of d-q axis currents and their errors. These errors are compensated with
two independent PI control blocks, which outputs reference voltages in d-q axis.
With the help of inverse Park Transformation and SVM, required duty cycle values

for each PWM is calculated and then applied.
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Figure 4.31 : Flowchart diagram of speed control loop.

Start Every
62.5us

Measure Currents

v

Observer

v

Current Controller

v

Update Duty Cycles

Figure 4.32 : Flowchart diagram of current control loop.

Block diagram of the speed and position estimator is given in Figure 4.33. Each loop

starts with the calculation of estimated motor current in a- axis. This is achieved by
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implementing the motor model with the extended back-EMF term is excluded as
given in Figure 4.9. Applied voltages, measured currents and previously estimated
speed values are entered as inputs to motor model that calculates the estimated
current. The error between estimated and measured current is then compensated with

a P controller that outputs excluded part of the motor model that consists of back-

EMF term.
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v

PI Controller

v

Calculate Position Error

v

PI Controller

v

Integrator

Estimated
Position

Figure 4.33 : Flowchart diagram of speed and position estimator.

Since the initial position of rotor is unknown and position estimation at very low
speed has low performance due to low back-EMF generation, an open loop startup
process is utilized. First, rotor is aligned to a known position. This is achieved by
applying a vector that aligns the rotor to electrical zero degrees. Then an open loop
speed ramp is applied to the speed controller. This is called open loop since the speed
and position feedback necessary for the FOC is not obtained from the estimator but
from the open loop ramp itself. When motor reached 200 rpm, induced back-EMF is
enough for the observer to estimate rotor speed and position accurately. Thus, speed
and position feedback is obtained from the estimator beyond 200 rpm.
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5. EXPERIMENTAL RESULTS

Experimental verification of the driver system is done by the conducted experiments.
The motor with its parameters given in Table 4.1 is driven with the designed drive
system. In order to test dynamic behavior of the system, a test bench that is capable
of loading the motor is set up. The test bench consists of a 400V rated PMSM
coupled to the driven motor’s shaft, which acts as a generator. Output of the
generator is rectified using a three-phase rectifier. Obtained DC voltage is then fed
into a variable resistor. Setup used for obtaining experimental results is given in

Figure 5.1

Variable
) Power
Resistor
Supply
Oscilloscope
Generator
Rectifier
Multimeter '
S Motor

Drive System

Figure 5.1 : Experimental test setup.

Online control and data acquisition of the drive system is done using the
FreeMASTER Online Debug Tool. This tool is capable of sampling and modifying
software variables along with the scope and recorder functionalities that provides
time graphs of the signals. Performance of the extended back-EMF observer can be
obtained from these graphs. The detailed waveforms of the position and speed
estimation scheme in nominal speed are given in Figure 5.2. In this Figure, red and
green waveforms correspond to the estimated back-EMF terms alpha and beta in
order. Blue waveform shows the estimated position while orange waveform shows

the estimated speed in rpms.
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Figure 5.2 : Estimation outputs.

Performance of the drive system is evaluated by two different tests. No load
performance of the system is tested first. Applying of nominal speed command with
transient changes and speed reversal is tested. Figure 5.3 shows the speed ramp and
actual shaft speed with red and green waveforms in order. Speed ramp is selected as
2000 rpm/sec. It can be seen that the drive system is capable of following the speed

ramp accurately.
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Figure 5.3 : Speed ramp and actual speed waveforms.
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Figure 5.4 shows the applied voltages of alpha and beta at nominal speed in red and
green waveforms in order.
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Figure 5.4 : Applied voltages of alpha and beta.

Output of the space vector modulation corresponding to reference alpha and beta
voltage is given in Figure 5.5. In this Figure red, green and blue waveforms

correspond to the duty cycle values of phase A, B and C in order.
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Figure 5.5 : Output of the SVM.

Waveforms of phase currents are shown in Figure 5.6.
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Figure 5.6 : Phase currents.
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Figure 5.7 shows the calculated direct and quadrature axis currents. Red and green
waveforms correspond to Iq and Iq in order. It can be seen that the direct axis current
is kept at zero while quadrature axis current is increased to nominal load current.
Figure 5.8 shows the oscilloscope capture of the one phase current at nominal load.
Harmonics seen on the current waveform is due to motor having trapezoidal

distributed windings.
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Figure 5.7 : Direct and quadrature axis currents.
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Figure 5.8 : One phase current at nominal load.

Figure 5.9 shows the induced back-EMF waveform of the motor when its shaft is
rotated externally.
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Figure 5.9 : Back-EMF waveform of the motor.

No load operation of the machine in field weakening region is also tested. 4000 rpm
speed reference is set and achieved with the utilization of a direct axis current of -2
A. Quadrature and direct axis currents with the estimated speed is given in Figure
5.10 with red, green and cyan waveforms in order.
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Figure 5.10 : Field weakening operation.
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One phase current in no load field weakening operation at 4000 rpm is given in
Figure 5.11.
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Figure 5.11 : Phase current waveform at field weakening region.

Channel 1

Coupling Termination

5002

The second test for the validation of the drive system performance was the dynamic
response of the system under transient changes on shaft load. This transient load
change is achieved by switching the variable resistor to a fixed point. Figure 5.12
shows the system variables under transient changes. This graph starts with the
machine loaded nominally, then when the time stamp shows 32s, connection to the
load resistor is switched off. This causes the only load on the shaft to be inertia of the
load generator. This sudden load change causes an overshoot of 10%. Speed
overshoot is compensated within approximately 1 second. At time stamp of around
35.5s machine is again fully loaded. This transient loading cause machine shaft speed

to decrease about 10%, which is then compensated in approximately 1 second.

It is observed that the system remains stable under transient changes in load. Figure
5.13 shows PWM output of a single phase. Dead time between two rising and falling
edges can be seen as 1.5 us. Due to the gate drivers used on the inverter board
(L6398 from STMicroelectronics) having inverted low side inputs, both signals have
same polarity. Channel 2 is inverted on the oscilloscope.
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Figure 5.12 : Dynamic performance of the system under transient load changes.
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Figure 5.13 : PWM outputs of a single phase with inverted channel 2.
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6. CONCLUSION AND FUTURE WORKS

In this thesis, a sensorless FOC drive system for PMSM is designed and
implemented. The drive system consists of the three-phase inverter stage, control
stage and embedded software. Scope of this thesis covers design of the control stage
along with the embedded software. Inverter stage is obtained as a development board
ready from market. X-NUCLEO-IHM08M1 development board is capable of driving
three-phase motors up to 48V and 15A. Three-phase current shunts and differential
amplifiers utilized for current sensing with an overcurrent comparator for fault

detection.

Control stage of the drive system is designed as a module board that can be
connected to the three-phase inverter board. Design of the controller board consists
of selecting an appropriate microcontroller and necessary external peripherals,
drawing of the schematics and PCB design. Altium tool is used for designing of the
schematics and PCB. Component placement and board size selection is made
according to three-phase inverter board. Two-layer construction is selected for PCB
design. Matching of input and output signals along with the power supply buses is
ensured between controller and three-phase inverter board. Designed controller board

is then manufactured and assembled.

For the sensorless position estimation, two different approaches are investigated.
Firstly, extended back-EMF observer is analyzed in detail. This observer is a
Luenberger type state observer that utilizes the system model inside the controller.
State estimation is based on processing measured and known state variables into the
system model. If the system model is created with certain state deliberately excluded,
then a compensator can be utilized in order to clear error between output of the
Luenberger observer and measured value. Output of the compensator is then equal to
the excluded state of the model. Implementation of the Luenberger type observer is
done on machine mathematical model in two-phase stationary reference frame. Two
current estimators with extended back-EMF terms removed from machine model are

utilized. These current estimators use applied stator voltages and estimated electrical
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speed. Error between actual currents and estimated currents are then corrected with
the use of two PI controllers, which output the extended back-EMF term of the
machine. Since this term includes sine and cosine terms of rotor electrical speed, an
angle-tracking observer can extract rotor position information along with low pass

filtered rotor electrical speed.

Rotor position estimation based on stator flux estimation method is also investigated.
This method exploits the two-phase stationary reference frame model of the motor.
Flux linkage expression consists of phase currents, inductance matrix and rotor
position information as sine and cosine terms. Since the inductances are very small in
value, it is assumed that the inductance matrix have no significant value in flux
linkage. Thus, it is ignored and it is assumed that the flux linkages in a-p coordinate
system give rotor electrical position as cosine and sine terms directly. These flux
linkages can be estimated by back-EMF integration. Since pure integrators cannot be
used practically due to ramp drift, DC offset and initial value problems, two low pass
filters with a derivative operator in between are used instead. With sufficiently
selected time constant for the filters, integration operation is achieved with ability to

clear out offsets.

Verification of the sensorless position estimation schemes is done by MATLAB
Simulink simulations. This is achieved by creating two FOC drive model simulations
for extended back-EMF observer and flux estimator that estimates rotor position and
speed. Three-phase currents are transformed into d-q axis currents using Clarke and
Park transformations with position estimation. Error between desired and measured
currents in d-g axis is then calculated and corrected with two Pl controllers for each
axis providing d-q axis reference voltage output. Reference output voltage is then
transformed into three-phase stator voltage values using inverse Clarke and inverse
Park transformations and applied to motor phases. Speed control is created in an
acceleration-controlled manner. This is achieved by using a ramp generator that
outputs a fixed acceleration ramp to desired speed reference controlled by ramp up
and ramp down acceleration values in RPM/s unit. Output of the speed ramp is then
used for speed error calculation, which is then corrected by a PI controller that

outputs q axis reference current with output limitation.

Extended back-EMF observer is created based on a modified motor model in o-f3

coordinate system in which applied voltages, measured currents and estimated
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electrical speed is entered as inputs, extended back-EMF term with sinus and cosine
terms of rotor electrical position is obtained as outputs. Output of the extended back-
EMF observer is then entered as input to angle-tracking observer that utilizes
trigonometric identities to calculate position error, which is then corrected, by a Pl
controller and an integrator. PI controller clears the position error while integrator
provides a smooth output. Placement of these two blocks is also in a convenient way
that ensures both speed and position information is obtained using these blocks.
Performance of the drive system is observed in no load and full load operation as
well as transient changes in load. Position estimation is compared with actual

position and it is found out that estimation is accurate and dynamic.

Stator flux estimator is implemented using machine mathematical model in two-
phase stationary reference frame. Applied voltages, measured currents and phase
resistances are used in order to calculate back-EMF of previous step. Calculated
back-EMFs are then passed into integrator block, which is composed of two low pass
filters and a derivative operator. Output of the integrator block provides rotor
electrical position as cosine and sine terms. Angle-tracking observer is again used for
speed and position extraction. This is achieved by modifying the inputs of angle-
tracking observers since o and P terms now consist the cosine and sine terms
respectively. It is found out that initial start is problematic due to offset at initial start.
During the initial transient, speed and position estimation is not accurate. After the
offset is cleared by low pass filters, speed and position estimation become accurate
and dynamic enough to control the machine sensorless. It is observed that decreasing
the time constants of the filters cause better speed estimation at initial start while it
increases steady-state position estimation error. With the simulation results compared
with extended back-EMF observer method, it is seen that the flux estimator method

is not robust, accurate and dynamic enough to implement for experimental tests.

Embedded software is developed in IAR Embedded Workbench integrated
development environment. Motor drive software is composed of multiple finite state
machines. PWM frequency and current control loop frequency is selected as 16 kHz
while speed control loop is 200 Hz. At each PWM period, phase currents and DC bus
voltage is sampled via ADC. Three-phase currents are then transformed into two-
phase rotating reference frame. Speed controller is implemented in d-g coordinate

system to ensure proper utilization of quadrature axis current. Extended back-EMF
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observer and angle-tracking observer are implemented as discrete systems. Open
loop startup is implemented using an open loop speed ramp that also generates open

loop position information.

System verification is done by conducting laboratory experiments. A 24 V, 62 W,
3000 rpm motor is driven with the drive system. A test setup capable of fully loading
the motor is created using a generator that is coupled to the motor and a variable load
resistor with rectification. No load and full load performance of the system is tested
with experiments. It is observed that the system is capable of driving the motor in
nominal speed range as well as field weakening operation from 200 rpm up to 4000
rpm. Motor is loaded fully and operated up to nominal speed. Dynamic performance
of the system is tested with transient changes in loading. Transient and steady state

response of the system is found stable and dynamic.

Additional improvements can be made on this study such as implementing the
extended back-EMF observer in d-q reference frame. This is desirable since any
filters implemented in a-p reference frame may introduce phase shift on state
variables. Implementation of the observer in d-g reference frame is however more
complex and prone to stability issues during tuning phase due to positive feedback
nature. Comparing the observers developed in both of the reference frames could

reveal transient and steady performance differences in them.

Since startup is managed using alignment and open loop startup functions, first
rotational movement is not smooth. Although this causes no issues in many
applications such as fans, pumps and washing machines, some applications such as
electric vehicles and industrial drives disapprove any uncontrolled motions in startup.
This issue can be eliminated by hybrid use of saliency based position estimation
schemes with fundamental model based methods. Rotor position in standstill can be
obtained using high frequency signal injection methods. This information on
standstill position then provides the ability of starting the motor directly in closed

loop mode.

Robustness of the system can also be improved by utilizing online parameter
measurements or modeling parametric changes inside the controller. Fault detection
algorithms that react in situations like blocked rotor, loss of a phase and hardware

problems on inverter may also be developed in order to increase fault tolerance.
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Figure A.1 : PCB layouts: (a)Top side. (b)Bottom side.
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