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MAXIMUM TORQUE PER AMPERE AND FLUX WEAKENING CONTROL
OF IPM MOTORS FOR ELECTRICAL VEHICLES

SUMMARY

This thesis presents the basics of permanent magnet synchronous machine principles.
A novel speed control algorithm for permanent magnet synchronous motors (PMSM)
which maximizes efficiency without requiring phase current sensors is proposed in
this thesis. The algorithm is described for a buried magnet type interior permanent
magnet (IPM) motor but it is also suitable for surface mount type motors. The
suggested algorithm implements maximum torque per ampere (MTPA) control in a
PMSM drive system, considering the parameter variations due to magnetic saturation
and change in temperature.

Interior permanent magnet synchronous motors (IPMSM) are commonly utilized for
electric mobility since they have the ability to operate at a wide speed range while
having a better torque density than other type of motors. Various control methods are
discussed here and their abilities were compared to each other for different operation
regions. In the constant torque operation region, MTPA (maximum torque per ampere)
strategy is compared to the control strategy where the direct axis current set to zero.
Above the base speed region, CCCP (constant current constant power) strategy was
applied and when the rotor speed increased beyond the critical speed, control strategy
is switched to MIP (maximum input power) control to sustain the optimal behavior of
the machine. For each region, reference of the direct axis current is calculated in
accordance with the generated reference of the stator current amplitude. Afterwards,
quadrature axis current is calculated from the determined torque command and
calculated direct axis current. In simulations, a vector control algorithm was utilized
consisting of two main parts; outer control loop is being the speed and torque controller
in cascaded form and the inner control loop is being the direct and quadrature axis
current controller. The required information of the motor used in the simulations is
obtained from the supplier while the DQ (direct-quadrature) axis inductances are
measured for corresponding DQ axis currents. By doing so, simulation results became
more realistic for both static and dynamic operations. This thesis presents the basics
of permanent magnet synchronous machine principles and theoretical analysis
supported with simulation results for variable speed operation regions.

In order to state the research objective of this thesis, a basic background is presented
at the beginning. Then, the mathematical models of PMSMs are deduced, where the
motor model in a d-q frame is a foundation of the vector control method. It is necessary
to give a thorough analysis about the control principles of PMSMs for different
operation conditions. Initially, the maximum torque per ampere (MTPA) control is
described in detail in the constant torque region. Then, the FW control is explained in
the constant power region. To simulate the control operations of PMSMs in different
regions, a conventional motordrive system model is presented with its mechanical
loads. Meanwhile, a closed-loop control, which implements MTPA control at low

X1X



speeds and FW control at high speeds, is implemented to operate the conventional
inverter in the motor-drive system.
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ELETRIKLI ARACLAR iCIN KULLANILAN IPM MOTORLARIN AKIM
BASINA MAKSIMUM TORK VE AKI ZAYIFLATMA YONTEMLERIYLE
KONTROLU

OZET

Bu tez c¢alismasinda, elektrikli araglar i¢in kullanilabilecek sabit miknatisli senkron
motorlar (PMSM) anlatilmistir. Sabit miknatisli senkron motorlarin ¢alismasi igin
gereken giic, uygun motor siiriiciisii ve bataryalar araciligiyla saglanmustir.
Gergeklestirilen kontrol metodu sayesinde bahsi gecen motorlarin maksimum tork
yiikleri altinda elektrikli ara¢ sistemleri i¢in kullanimi miimkiin hale getirilmistir. Bu
sistemler sayesinde daha fazla yiikk altinda bu motorlar kullanilabilmektedir.
Dolayisiyla aracin verimi artmaktadir. Kullanim alanmi oldukga biiyiik olan ve giin
gectikce biiyliyen PMSM’li tahrik sistemleri, ilerde elektrikli arag sektoriinde
calisacak 6grencilere bu baglamda temel olusturmada ve 151k tutmada muhakkak ¢ok
faydali olacaktir.

Yapilan c¢alismalar sonucunda sabit miknatisli motorlarin  degisken ¢aligma
bolgelerinde gercekei bir sekilde simiilasyon ortaminda analiz edilebilecegi
goriilmiistiir. Hareket analizinde belirlenen geri besleme bilgileri DSpace’in
Microautobox {iriinii araciligryla motor kontroliinde kullanilmistir. Microautobox ile
kontrol edilebilen sabit miknatishi motorlarin, istenilen hareket degerleriyle
biitiinlestigi goriilmiistiir.

Otomatik kontrol sistemleri kisaca bahsetmekte fayda vardir. Kontrol sistemleri
gliniimiizde ileri toplumlarin giinliik yasantisina girmis ve hemen hemen her alanda
kullanilmaktadir. Evlerdeki otomatik ¢amagir makineleri, otomatik bulagik makineleri,
termostatli firinlar veya diger bir ifadeyle akilli firinlar, iitiiler, endiistriyel ve arastirma
alaninda kullanilan robotlar, mikro islemciler, bilgisayarlar, uzay tasitlar1 v.b. kontrol
sistemleri, iretim ve yonetim kalitesini siirekli olarak arttirmakta olup, yasam
bigimimize olumlu bir sekilde etki etmektedirler. Kontrol sistemleri herhangi bir
endiistri toplumunun tamamlayici bir parcasi olup artan diinya niifusunun ihtiyaci olan
malzemeleri iiretmek icin gereklidirler. Kontrol sistemleri kisaca; enerji, malzeme
veya diger kaynaklarin akisini diizenleyen cihazlar olarak da tanimlanir. Bu cihazlarin
diizenlenmesi; karmasikliklarina, goriiniislerine, kullanim amagclaria ve islevlerine
gore degisir. Kontrol sistemleri, kontrol edilen biiyiikliiklerin degerlerini sabit tutarlar
veya bu degerlerin, 6nceden belirlenmis bigimde degismesini saglarlar.

Bilim ve teknoloji ilerledik¢e insan kas giicliniin iiretimdeki pay1 azalmaktadir.
Uretim, makine ile yapilan veya insan giiciiyle yapilan iiretim diye ayrilsa, makine
tarafi siirekli olarak artma egilimindedir. Makinelerin kullanimi da yine insan denetimi
yerine baska makineler veya techizatlar yardimiyla yapilmaya c¢alisilmaktadir.
Makinelerle yapilan iiretimde, neredeyse calisan sistem iizerinde insan denetimi yok
denecek diizeydedir. Otomatik kontrol sistemleri, ¢alisan sistemlerin insan giiciine
gerek kalmadan kontrol edilmesini konu olarak ele alir. Diinyada emek yogun iiretim,
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pahali bir iiretim yontemi haline gelmistir. Otomasyon sistemi ile {iretim, daha
ekonomik olmaktadir. Otomasyon, {iretimin her asamasina hizli bir sekilde girmeye
devam etmektedir. Boylece daha ucuz ve standardi 6nceden belirlenen Olciilerde
tiretim yapilabilmektedir.

Endiistriyel kontrol alanindaki teknolojik gelismeler ve yukarida da bahsedildigi gibi
otomatik kontroliin ve otomasyonun hizla artan konumu, bircok 6zel motorun ortadan
kalkmasina, uygulamalarin gogunun nispeten az sayida motor tipiyle gerceklesmesine,
dikkatin servo motorlara, kaynak ve kontrol diizenlemelerine kaymasina neden
olmustur. Boylece iistiin bir performans ve esneklik saglanmistir. Sabit hizli bir
motordan daha fazlasinin gerekli oldugu pozisyonlama, yiiksek kararlilik, periyodik
calisma, dinamik yiik ve hiz degisikligi gibi durumlarda servo sistem vazgegilmez
tercih olmaktadir. Bu baglamda tezde hali hazirda biiyiik ilerlemeler kaydeden
elektrikli araglara yonelik motor kontrolleri hakkinda bilgiler verilmektedir.

Sabit miknatishi senkron motorlar (PMSM), sahip olduklar avantajlar1 dolayisiyla
giiniimiizde daha ¢ok tercih edilir duruma gelmistir. Avantajlarinin baslicalart; yiiksek
verim, giivenilir calisma ortami, daha az bakim, sessiz ¢alisma, kolay sogutma, uzun
Oomiir ve kolay kontrol edilebilme seklinde belirtilebilir. Bununla beraber; karmasik bir
kontrol yapisina sahip olmalari, pahali bir sistem olusu, rotor pozisyonunun
algilanabilmesi i¢in pozisyon sensorlerine ihtiya¢ duymasi gibi dezavantajlara da
sahiptir. Pozisyon sensorlerinin kullanilmadigi durumlarda ilave algoritmalar gerekir.
Ancak giinlimiizde gelinen noktada gelistirilen ydntemlerle, bu motorlarin
dezavantajlar1 6nemsiz duruma gelmeye baslamis ve kullanimlari artmistir. Otomotiv
sektorli, uzay ve bilgisayar teknolojileri, tip elektronigi, askeri alanlar, robotik
uygulamalar ve ev {iriinlerinde sik¢a kullanilmakta ve kullanim alanlar gittikge
genislemektedir. Bir PMSM motor, {li¢ faz sargili stator, sabit miknatish rotor, geri
besleme tiniteleri, evirici ve siirlicii katmani ile denetleyici yapilarindan olugmaktadir.
Stator sargilarinin enerjilendirilmesi rotor pozisyonuna gore yapilir. Rotor konumu
algilayicilar ile belirlenir. Bunun diginda, siiriicii i¢in akim veya gerilim bilgileri de
olgtilerek kullanilmalidir. Hiz ve konum denetimi i¢in en ¢cok Hall ya da optik sensorler
kullanilir. Rotor pozisyonunun sensorsiiz olarak belirlendigi teknikler de giderek
yayginlagsmaktadir.

PMSM motorlarda motorun akimi, torku, rotor konumu ve hizi gibi parametreler
cesitli kontrol yontemleri kullanilarak kontrol edilir. Bu kontrol su sekilde olmaktadir;
denetleyicinin irettigi kontrol sinyali, secilen kontrol algoritmasina gére PWM
sinyallerinin durumunu kontrol eder. Bu sekilde denetleyici tarafindan motor
parametreleri kontrol edilir ki, denetleyici hem yazilim, hem de donanim yapilarindan
olusur.

PMSM motorlarin  kontroliinde yapilarmin basitligi nedeniyle ve birgok
uygulamalarda yeterli verimi karsilamas1 nedeniyle klasik denetleyiciler (PI ve PD
tipi) kullanilir. Ancak denetlenecek sistemin modeline ihtiya¢ duymalar1 ve en uygun
kazang degerlerinin deneme yanilmayla belirlenmesi dezavantaj olusturmakta;
sinlizoidal ve ani degisimlerdeki performanslar yetersiz olmaktadir. Dolayisiyla, PI
ve PD tipi denetleyiciler hassasiyet aranmayan uygulamalarda sikca kullanilmaktadir.
Cok hassas denetim gerektiren uygulamalarda ise modern denetim teknikleri tercih
edilmektedir. Giiniimiizde modern denetim tekniklerine, bulanik mantik, yapay sinir
aglari, genetik algoritma, sinirsel bulanik denetleyiciler 6rnek verilebilir.

Daha o6ncede bahsedildigi iizere, bu tez sabit miknatish senkron makine ilkelerinin
temellerini gostermektedir. Sabit miknatisli senkron motorlar (PMSM) i¢in motor
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verimliligini maksimize edicek yeni bir hiz kontrol algoritmasi bu tezde onerilmistir.
Algoritma, gomiili miknatis tipi (IPM) motorlar i¢in uygulanmistir. Ancak yiizey tipi
motorlar igin de uygundur. Onerilen algoritma sayesinde manyetik doygunluk ve
sicaklik degisimleri géz Oniinde bulundurarak, maksimum tork amper (MTPA)
kontroliinii uygular.

Gomiilii sabit miknatisli motorlar iyi bir tork yogunluguna sahip olduklar i¢in yaygin
olarak elektrikli araglarda kullanilmaktadir. Cesitli kontrol yontemleri burada
tartisilmigtir, ve farkli calisma bolgeleri icin karsilagtirllmigtir. Sabit tork operasyon
bolgesinde, MTPA (maksimum tork amper) kontrol stratejisi ve D ekseni akimini
sifira ¢eken kontrol metodu karsilagtirldiginda, motordan elde edilebilecek
maksimum torkun MTPA metodu ile en verimli sekilde elde edildigi gozlemlenmistir.
Bunun yani sira D ekseni akimini sifira ¢ekerek, diger metotda elde edilen torklara
¢ikilamamistir. Motor kontrolii baz hizinin {istiindeki bdlgelerde “sabit akim sabit gii¢”
(CCCP) kontrol stratejisi uygulanarak caligtirilmig, ve rotor hizinin kritik hiz ve
Otesinde arttigt kosullarda, kontrol stratejisi makinenin optimum davranigini
sirdiirmek i¢in “maksimum giris gilicii” (MIP) algoritmasina uygun olarak
degistirilmistir. Her bolgede, dogru eksen akimi (id) i¢in referans, stator akimi
belirlenerek olusturulmus ve buna bagli olarak da ¢eyrek eksen akimi (iq)
hesaplanmigtir. Simulasyonlar i¢in, iki ana bdliimden olusan bir vektor kontrol
algoritmasi kullanilmistir. D1g denetim dongiisii ardisik bicimde olusturulmus ve bu
sayede hiz ve tork kontrol edilmistir. I¢ kontrol dongiisiinde ise akim kontrol
edilmigtir. DQ eksen endiiktanslari, DQ eksen akimlarina karsilik gelecek sekilde
stirekli bicimde degistirilmistir. Simiilasyonlarda kullanilan motorun gerekli bilgileri
tedarik¢iden elde edilmistir. Bu sekilde, simiilasyon sonuglari hem statik hem de
dinamik islemler i¢in daha gercekei hale getirilmistir.

Bu tezin arastirma amacini belirtmek i¢in, kullanilan motor ¢esidi hakkinda temel arka
plan bilgileri tezin basinda yer almaktadir. PMSM’nin matematiksel modeller
aciklanarak, olusan DQ eksen akimlar1 anlatilmistir. Farkli ¢alisma kosullari igin
degisik kontrol prensipleri hakkinda kapsamli bir analiz verilmistir. Farkli operasyon
bolgelerinde PMSM kontrol islemlerini simiile etmek i¢in, geleneksel motor siiriicii
sistemi modeli mekanik yiiklerele gosterilmistir. Bu arada, yiiksek hizlarda aki
zayiflatma (FW) kontrol metodu kullanilmistir. Kapali ¢evrim kontrol uygulanarak,
motor tahrik sistemi konvansiyonel motor siiriiciisii ile tahrik edilmistir.
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1. THESIS INTRODUCTION

1.1 Introduction

Permanent Magnet Synchronous Motors (PMSM) have long been used in servo motor
drives and has lately become more popular in lager motors for industrial applications.
Another target application for PMSM is electric vehicles, were its small size and
robustness is a big advantage compared to Induction or DC motors. This development
of PMSM has been made possible according to the introduction of new magnetic
materials like Neodymium Iron Boron (Nd2Fe14B) and Samarium Cobalt (SmCo5).
These types of magnets have a high energy density and high resistance for de-
magnetization. Previously Ferrite or Aluminum Nickel Cobalt (AINiCo) magnet had
to be used, this made the motors bulky and they were susceptible to demagnetization
if the control of the motor current was incorrect. The demagnetization problem was
one of the reasons that the id = 0 control strategy was adopted [2], this works well for
round rotors but for a salient rotor a couple of their advantages are lost. It limits the
motors speed range and the maximum efficiency cannot be reached. To take advantage
of the properties of modern magnetic materials, a new approach to controlling the

motors has got possible them has to be taken.

The current vector control algorithm of an IPMSM in different speed operation regions
were explored. Form the theoretical analyses, the optimal behavior of the IPMSM can
be achieved by considering two phase control algorithm: maximum torque per ampere
(MTPA) control strategy in constant torque region, flux-weakening control strategy in
high-speed region. The algorithm provides robust current regulation with maximum
efficiency and torque capability for IPMSM. In different region, the optimum d-axis
current command can be calculated according to different control strategy. The g-axis

current command is determined from the torque command and d-axis current.

1.2 Motivation

Modeling and simulation is usually used in designing PM drives compared to building

system prototypes because of the cost. Having selected all components, the simulation



process can start to calculate steady state and dynamic performance and losses that
would have been obtained if the drive were actually constructed. This practice reduces

time, cost of building prototypes and ensures that requirements are achieved.

In works available until now ideal components have been assumed in the inverter
feeding the motor and simulations have been carried out. The voltages and currents in
different parts of the inverter have not been obtained and hence the losses and
efficiency cannot be calculated. In this work, the simulation of a PM motor drive
system is developed using Simulink. The simulation circuit includes all realistic
components of the drive system. This enables the calculation of currents and voltages
in different parts of the inverter and motor under transient and steady conditions. The
losses in different parts are calculated. A comparative study associated with hysteresis
and PWM control techniques in current controllers has been made. A speed controller
has also been designed for closed loop operation of the drive. Design method for the

PI controller is also given.

1.3 Purpose of Thesis

Though the presence of rotor saliency provides an additional source of torque in IPMs,
utilizing that advantage adds complexity in the control of these machines. IPMs
produce sinusoidal 3-phase back EMF voltages that provide constant power if 3-phase
sinusoidal current is maintained in the stator. Phase current components in phase with
corresponding back EMF voltages (Quadrature axis current), produce only magnetic
torque but do not contribute in producing reluctance torque. The current components
90 degrees out of phase with back EMF voltages (Direct axis current), produce
reluctance torque in conjunction with quadrature axis currents. Thus, there exist an
infinite number of current vectors providing the same amount of torque. For most
efficient operation, the current vector with the lowest possible magnitude should be
chosen to reduce winding losses. Significant variation in motor parameters and
operating conditions make it difficult to come up with optimum current vectors. In this
thesis, a current minimizing control strategy, also known as Maximum Torque per
Ampere (MTPA) control for [PMs is proposed. Rather than using conventional vector
control, a method based on only DC link power measurement is suggested. Parameter

variation arising from different sources is also considered in the control application.



1.4 Thesis Outline

Chapter 2 presents the literature review of control strategies developed over the years
for permanent magnet synchronous motors. General theory of the permanent magnet
motors is also discussed here, with focusing on different control algorithms. The

chosen control strategy and previous work done on it is discussed.

Chapter 3 presents the review of general theory of permanent magnet synchronous
motors, with focus on different rotor types and their properties, the chapter also present

the motor used in this project.
Chapter 4 gives a presentation of mathematical equations that can be used for a PMSM.

Chapter 5 presents a more detailed investigation of the preferred control method,
maximum torque per ampere. It will also present the difference in control strategies

for different rotor types.
Chapter 6 presents the simulink model of the motor and the control algorithms.

Chapter 7 presents the individual simulations and their results of the models from

chapter 6.

Chapter 8 discusses the result of the work and give suggestions for improvements and

future work.






2. REVIEW OF PREVIOUS WORK

2.1 Literature Review

PM motor drives have been a topic of interest for the last twenty years. Different

authors have carried out modeling and simulation of such drives.

In 1986 Sebastian, T., Slemon, G. R. and Rahman, M. A. [1] reviewed permanent
magnet synchronous motor advancements and presented equivalent electric circuit
models for such motors and compared computed parameters with measured

parameters. Experimental results on laboratory motors were also given.

In 1986 Jahns, T.M., Kliman, G.B. and Neumann, T.W. [2] discussed that interior
permanent magnet (IPM) synchronous motors possessed special features for adjustable
speed operation which distinguished them from other classes of ac machines. They
were robust high power density machines capable of operating at high motor and
inverter efficiencies over wide speed ranges, including considerable range of constant
power operation. The magnet cost was minimized by the low magnet weight
requirements of the IPM design. The impact of the buried magnet configuration on the
motor’s electromagnetic characteristics was discussed. The rotor magnetic saliency
preferentially increased the quadrature-axis inductance and introduced a reluctance
torque term into the IPM motor’s torque equation. The electrical excitation
requirements for the IPM synchronous motor were also discussed. The control of the
sinusoidal phase currents in magnitude and phase angle with respect to the rotor
orientation provided a means for achieving smooth responsive torque control. A basic
feed forward algorithm for executing this type of current vector torque control was
discussed, including the implications of current regulator saturation at high speeds.
The key results were illustrated using a combination of simulation and prototype [PM

drive measurements.

In 1988 Pillay and Krishnan, R. [3], presented PM motor drives and classified them

into two types such as permanent magnet synchronous motor drives (PMSM) and

brushless dc motor (BDCM) drives. The PMSM has a sinusoidal back emf and requires
5



sinusoidal stator currents to produce constant torque while the BDCM has a trapezoidal
back emf and requires rectangular stator currents to produce constant torque. The
PMSM is very similar to the wound rotor synchronous machine except that the PMSM
that is used for servo applications tends not to have any damper windings and
excitation is provided by a permanent magnet instead of a field winding. Hence the d,
q model of the PMSM can be derived from the well known model of the synchronous
machine with the equations of the damper windings and field current dynamics
removed. Equations of the PMSM are derived in rotor reference frame and the
equivalent circuit is presented without dampers. The damper windings are not
considered because the motor is designed to operate in a drive system with field-
oriented control. Because of the nonsinusoidal variation of the mutual inductances
between the stator and rotor in the BDCM, it is also shown in this paper that no
particular advantage exists in transforming the abc equations of the BCDM to the d, q

frame.

As an extension of his previous work, Pillay, P. and Krishnan, R. in 1989 [4] presented
the permanent magnet synchronous motor (PMSM) which was one of several types of
permanent magnet ac motor drives available in the drives industry. The motor had a
sinusoidal flux distribution. The application of vector control as well as complete
modeling, simulation, and analysis of the drive system were given. State space models
of the motor and speed controller and real time models of the inverter switches and
vector controller were included. The machine model was derived for the PMSM from
the wound rotor synchronous motor. All the equations were derived in rotor reference
frame and the equivalent circuit was presented without dampers. The damper windings
were not considered because the motor was designed to operate in a drive system with
field-oriented control. Performance differences due to the use of pulse width
modulation (PWM) and hysteresis current controllers were examined. Particular
attention was paid to the motor torque pulsations and speed response and experimental

verification of the drive performance were given.

Morimoto, S., Tong, Y., Takeda, Y. and Hirasa, T. in 1994 [5], in their paper aimed
to improve efficiency in permanent magnet (PM) synchronous motor drives. The
controllable electrical loss which consisted of the copper loss and the iron loss could
be minimized by the optimal control of the armature current vector. The control

algorithm of current vector minimizing the electrical loss was proposed and the



optimal current vector could be decided according to the operating speed and the load
conditions. The proposed control algorithm was applied to the experimental PM motor
drive system, in which one digital signal processor was employed to execute the
control algorithms, and several drive tests were carried out. The operating
characteristics controlled by the loss minimization control algorithm were examined

in detail by computer simulations and experimental results.

The paper in 1997 by Wijenayake, A.H. and Schmidt, P.B. [6], described the
development of a two-axis circuit model for permanent magnet synchronous motor
(PMSM) by taking machine magnetic parameter variations and core loss into account.
The circuit model was applied to both surface mounted magnet and interior permanent
magnet rotor configurations. A method for on-line parameter identification scheme
based on no-load parameters and saturation level, to improve the model, was discussed
in detail. Test schemes to measure the equivalent circuit parameters, and to calculate

saturation constants which govern the parameter variations were also presented.

In 1997 Jang-Mok, K. and Seung-Ki, S. [7], proposed a novel flux-weakening scheme
for an Interior Permanent Magnet Synchronous Motor (IPMSM). It was implemented
based on the output of the synchronous PI current regulator reference voltage to PWM
inverter. The on-set of flux weakening and the level of the flux were adjusted
inherently by the outer voltage regulation loop to prevent the saturation of the current
regulator. Attractive features of this flux weakening scheme included no dependency
on the machine parameters, the guarantee of current regulation at any operating
condition, and smooth and fast transition into and out of the flux weakening mode.
Experimental results at various operating conditions including the case of detuned

parameters were presented to verify the feasibility of the proposed control scheme.

Bose, B. K., in 2001 [8], presented different types of synchronous motors and
compared them to induction motors. The modeling of PM motor was derived form the
model of salient pole synchronous motor. All the equations were derived in
synchronously rotating reference frame and was presented in the matrix form. The
equivalent circuit was presented with damper windings and the permanent magnet was
represented as a constant current source. Some discussions on vector control using

voltage fed inverter were given.



Bowen, C., Jihua, Z. and Zhang, R. in 2001 [9], addressed the modeling and simulation
of permanent magnet synchronous motor supplied from a six step continuous inverter
based on state space method. The motor model was derived in the stationary reference
frame and then in the rotor reference frame using Park transformation. The
simulation results obtained showed that the method used for deciding initial conditions

was very effective.

In 2002 Mademlis, C. and Margaris, N. [10], presented an efficiency optimization
method for vector-controlled interior permanent-magnet synchronous motor drive.
Based on theoretical analysis, a loss minimization condition that determines the
optimal g-axis component of the armature current was derived. Selected experimental

results were presented to validate the effectiveness of the proposed control method.

In 2004, Jian-Xin, X., Panda, S. K., Ya-Jun, P., Tong Heng, L. and Lam, B. H. [11]
applied a modular control approach to a permanent-magnet synchronous motor
(PMSM) speed control. Based on the functioning of the individual module, the
modular approach enabled the powerfully intelligent and robust control modules to
easily replace any existing module which did not perform well, meanwhile retaining
other existing modules which were still effective. Property analysis was first conducted
for the existing function modules in a conventional PMSM control system:
proportional-integral (PI) speed control module, reference current-generating module,
and PI current control module. Next, it was shown that the conventional PMSM
controller was not able to reject the torque pulsation which was the main hurdle when
PMSM was used as a high-performance servo. By virtue of the internal model, to
nullify the torque pulsation it was imperative to incorporate an internal model in the
feed-through path. This was achieved by replacing the reference current-generating
module with an iterative learning control (ILC) module. The ILC module records the
cyclic torque and reference current signals over one entire cycle, and then uses those
signals to update the reference current for the next cycle. As a consequence, the torque
pulsation could be reduced significantly. In order to estimate the torque ripples which
might exceed certain bandwidth of a torque transducer, a novel torque estimation
module using a gain-shaped sliding-mode observer was further developed to facilitate
the implementation of torque learning control. The proposed control system was
evaluated through real-time implementation and experimental results validated the

effectiveness.



Araujo, R.E., Leite, A.V. and Freitas, D.S. in 1997 [12], mentioned the different
simulation tools available and the benefits that were obtained by accelerating the
process for the development of visual design concepts. Among various software
packages for simulation of electronic circuits, like SPICE and SABER, EMTP,
EUROSTAG, or for specialized simulations tools for power electronics system like
SIMPLORER, POSTMAC, SIMSEN, ANSIM, and PSCAD, they had chosen
MATLAB/Simulink. MATLAB/Simulink had user-friendly environment, visual
design, Real-Time Workshop and libraries of models for the various components of a

power electronic system.

Ong, C in 1998 [13], explained the need for powerful computation tools to solve
complex models of motor drives. Among the different simulation tools available for
dynamic simulation he had chosen MATLAB/SIMULINK® as the platform for his
book because of the short learning curve required to start using it, its wide distribution,

and its general purpose nature.

Macbahi, H. Ba-razzouk, A. Xu, J. Cheriti, A. and Rajagopalan, V. in 2000 [14],
mentioned that a great number of universities and researchers used the
MATLAB/SIMULINK software in the field of electrical machines because of its
advantages such as  user friendly environment, visual oriented programming
concept, non-linear standard blocks and a large number of toolboxes for special

applications.

In 1997 Reece, J.H., Bray, C.W., Van Tol, J.J. and Lim, P.K. [15], discussed three
possible computer simulation tools such as PSpice, HARMFLO and the
Electromagnetic Transients Program (EMTP) in their project on power systems
containing adjustable speed drives. They selected EMTP as the primary simulation
tool because of its broad range of capabilities, which were well matched to their

problem.

French, C.D., Finch, J.W. and Acarnley, P.P. in 1998 [16], had found that in recent
years the increase in desktop computing power has lead to an increase in the
sophistication of both design and simulation tools available to the design engineer.
One such tool becoming more wide spread amongst academia and industry was
Mathwork’s Simulink / Matlab package. This paper described how Simulink could be

used as an integrated development environment for simulation and real time control of



electric motor drive systems. This was carried out with the aid of motor models
together with simulation and real time control circuits. It was demonstrated how such

a set-up could be used as a cost effective control system rapid prototyping scheme.

Onoda, S. and Emadi, A. in 2004 [17], had developed a modeling tool to study
automotive systems using the power electronics simulator (PSIM) software. PSIM was
originally made for simulating power electronic converters and motor drives. This

user- friendly simulation package was able to simulate electric/electronic circuits.

Venkaterama, G. [18]; had developed a simulation for permanent magnet motors using
Matlab/simulink. The motor was a 5 hp PM synchronous line start type. Its model
included the damper windings required to start the motor and the mathematical model
was derived in rotor reference frame. The simulation was presented with the plots of

rotor currents, stator currents, speed and torque.

Simulink PM Synchronous Motor Drive demo circuit (2005) [19] used the AC6 block
of SimPowerSystems library. It modeled a permanent magnet synchronous motor
drive with a braking chopper. The PM synchronous motor was fed by a PWM voltage
source inverter, which was built using a Universal Bridge Block. The speed control
loop used a PI regulator to produce the flux and torque references for the vector control
block. The vector control block computed the three reference motor line currents
corresponding to the flux and torque references and then fed the motor with these
currents using a three-phase current regulator. Motor current, speed, and torque signals

were available at the output of the block.

The demo circuit (2005) in Simulink for Permanent magnet synchronous motor fed by
PWM inverter [20] had a three-phase motor rated 1.1 kW, 220 V, 3000 rpm. The PWM
inverter was built entirely with standard Simulink blocks. Its output went through
Controlled Voltage Source blocks before being applied to the PMSM block's stator
windings. Two control loops were used. The inner loop regulated the motor's stator
currents. The outer loop controlled the motor's speed. Line to line voltages, three phase

currents, speed and torque were available at the output of the scope blocks.

In the above works, none of them have considered a real drive system simulation in

Simulink operating at constant torque and flux weakening regions.
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2.2 Troque Production

The torque production in an IPM is a function of ¢m, id, ig, Lda and Lq. There are an
infinite number of iq and id combinations which can produce the same amount of

torque. Introducing the inductance drop even complicates iq and ia selection further.

The torque produced by any IPM can be split into two components. The component
arising from the permanent magnet flux is called reactance torque or magnetic torque

and expressed by:

3p .
Tmagnetic = 22 dumiq 2.1)

The other component arising from rotor saliency can be called reluctance torque and

expressed by:

3p o
Tretuctance = 22 (Lg — Lq)ldlq 2.2)

Since permanent magnets have higher reluctance or lower permeability than iron,
inductance along the d-axis is usually lower than that along the g-axis [26]. Thus, for
conventional IPMs Lg is smaller than Lg. This in turns necessitates introduction of

negative i4 in order to produce any positive torque.

Figure 2.1 shows the variation required in iq for different iq in producing a particular
amount of torque. A constant parameter motor model was considered to avoid
complexity. Negative id reduces the required amount of ig by aiding in the reluctance
torque generation. Figure 2.2 shows the amount of torque produced by ¢pm and which
is essentially directly proportional to the magnitude of ig. Figure 2.3 shows the
contribution of reluctance torque arising from iq. Since a positive value of direct axis
current is opposing the magnetic torque, a positive iq is never desired. As shown in
Figure 2.4, for any torque level, there exists a particular iq, i pair that causes minimum
phase currents. Since resistive loss in the stator solely depends on phase current
magnitudes, it is always preferred to operate the motor as close as possible to these iq,
i4 pairs. Since it is similar to maximizing the torque output for a particular amount of

current, the operation scheme is called Maximum Torque per Ampere (MTPA).
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Figure 2.1: Variation in required iq for
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The concept of MTPA can be better realized from closer observation of Figure 2.5.
The MTPA line shows the ig, ia pairs which produce desired torque with the minimum
possible current magnitudes. The concave curves show the constant torque lines
indicating all the iq, ia pairs falling on those lines produce the same amount of torque.
But as discussed earlier, there exists only one particular iq, iq pair that produces desired
torque with minimum current magnitude. These desired pairs are the points where

constant torque lines intersect with MTPA line. The dotted quarter circle represents

different

id wvalues; point of

minimum phase current varies for

different torque level.

the maximum allowed current limit for the particular motor.
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2.3 Previous Work On MTPA

Developing a control strategy for MTPA operation has drawn considerable attention
and various solutions have been proposed so far. Early researchers proposed
techniques based on constant parameter motor models which fail to give satisfactory
performance over the entire operating region. Later, control schemes considering
magnetic saturation and temperature effects were proposed. With the advancement in
processing power of DSP controllers, more computation intensive algorithms have
been proposed in recent years. Based on their operational strategies, proposed control

schemes can be roughly grouped into two main categories;

» A priori methods (based on premade tables, polynomials or solution of equations

based on motor model and parameters),
» Methods based on a search algorithm.
2.3.1 A-Priori Methods
Most of the control strategies proposed so far use premade tables, estimation

polynomials or utilize equations to compute MTPA operating points. Two major

techniques implementing a-priori methods are observed in the literature as

» Control schemes based on the solution of the biquadratic equation(Methods that

directly compute iq, id at a given condition),

14



» Control schemes based on iq, id relationships at MTPA (iq is computed through
Proportional Integral (PI) controller, ia as a function of ig, speed and other

parameters).

2.3.2 Control Schemes Based on Biquadratic Torque Equation

As explained in Section 3.1, maximizing the torque equation subject to ig>+is?> gives
necessary iq, id pairs for the MTPA trajectory for a particular motor. Several methods
have been proposed based on the solution of the biquadratic equation obtained by
differentiating the torque equation with respect to stator current magnitudes
[4][28][31]. Since it is computationally intensive to solve the equation in real time,
most of the work in the literature proposed using pre-computed look up tables or
estimation polynomials. Offline optimization is performed and either stored in the look

up tables or curve fit into equations.

Neumann proposed computing the iq, iz as a function of normalized torque in [27].
Current components are computed without considering the effects of the magnetic
saturation. At higher current levels, magnetic saturation reduces the flux at the air gap
and quadrature axis inductance Lq significantly. The nonlinear saturation along with

rotor saliency makes it complicated to find optimum iq, iq pairs at high current.

A control strategy using the derivative of the torque equation based on constant motor
parameters was proposed in [4]. Since the proposed method requires solving a fourth
order equation, an offline solution was proposed using the least square estimation
method. The proposed least square estimation method provides the current reference
as a second order function of the quantity called ‘virtual control” which is a scaled

version of the required torque.

Authors in [28] proposed using real time implementation of the biquadratic equation
solution method based on a constant parameter motor model with a systematic
approach proposed by Ferrari [29]. The method provides a solution for the reference
current instead of using an iterative search which made it possible to be adopted for
online implementation. A recursive method was also proposed in [28] to incorporate

inductance variation due to core saturation.

Lorenz proposed offline parameter estimation and a-priori computed an MTPA locus
in [30], where the offline estimator is used to produce the MTPA trajectory considering

parameter variations. The computed trajectory was different from the one obtained
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using the constant parameter model; especially at higher current regions. The method
also proposed online estimation of motor inductances which were only used to

generate a reference voltage for current regulation.

A lookup table based solution was proposed in [31] that considers the effects of the
temperature variation as well. Kim proposed generating of two 2-D lookup tables for
two different permanent magnet flux linkage conditions ¢m1 and ¢m2. A flux observer
was proposed to estimate permanent magnet flux linkage ¢u. Final reference currents
were computed by performing interpolation between values found from pre-computed

lookup tables for ¢pm1 and ¢pm2 and estimated flux linkage ¢m.

Lorem ipsum dolor sit amet, consetetur sadipscing elitr, sed diam nonumy eirmod
tempor invidunt ut labore et dolore magna aliquyam erat, sed diam voluptua. At vero
eos et accusam et justo duo dolores et ea rebum. At vero eos et accusam et justo duo

dolores et ea rebum. At vero eos et accusam et justo duo dolores et ea rebum.

2.3.3 Control Schemes Based on id, iq Relationship at MTPA

Instead of finding id, iq using polynomials or look up tables, several researchers
proposed using the id, iq relationship for MTPA. In these methods, only id was
generated as functions of ig, speed and other parameters. A PI controller or some other

means were used to generate iq reference.

Morimoto proposed computing the required id based on equations found by
differentiating the torque expression with respect to current magnitude [32]. This gave

following straight forward relationship between id and iq:

i, = (I)M _ (I)M2 +i 2
7 2(Lg — Ly 4(Ld—Lq)2 q (2.3)

id can be represented by the stator current is:

N YR NS
U 2la—Ly)  (a(L,-1L,) 2 24)

where ig = /id2 + iq2 .
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In the proposed algorithm, a PI speed controller was used to generate the necessary iq
based on the operating conditions. The required i« for MTPA operation was generated
using equation 2.4. Introduction of the computed iz changes the operating point while
the PI controller adjusts the iq reference that in turns produces a new id reference. The
procedure ultimately converges to a suitable id, ig pair. An almost similar technique
was proposed by the same authors in [33] which considers Lq as a function of iq to

compensate for magnetic saturation.

Niazi and Toliyat proposed online estimation of L4, Lq and utilized the estimated
parameters while computing the reference currents [10]. A steady state motor model
was used for parameter estimation. This method was proposed for permanent magnet
assisted synchronous reluctance motors that has a similar torque equation as [IPMSMs.
The iq, iq relationship mentioned in equation 2.5 provides another convenient form of

solution based on current phase angle 3 in a straight forward manner [35].

/—q)M + J¢MZ +8(Ly — L,%)is?

— oin—1
B =sin \ 4’(Ld — Lq)is 2.5)
N bu’ o
201 (a1 (2.6)

Equation 2.5 was used with the estimated La, Lq along with some perturbation
technique for maximizing torque generation. An almost similar strategy was also
proposed in [36], but modifications were made in the parameter estimation technique.
An affine projection algorithm [37] was proposed for parameter estimation which
required fewer computations compared to Recursive Least Square or Kalman filtering

techniques.

Kang, Lim et al. proposed a method based on offline training of the motor at constant
temperature to develop a lookup table of reference current magnitudes and phase
angles for operating at MTPA [38]. The novelty of the method was mostly on adding
the temperature compensation considering the weakening of permanent magnets at

high temperature. A reverse lookup table was used for torque estimation in the
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proposed method. The magnetic flux linkage was modeled using the reversible

temperature coefficient of the permanent magnet material.

Modeling id as a function of igand speed was proposed in [39] by Mademlis,
Kioskeridis, et al. Instead of using the equation based on MTPA, a loss modeling
control (LMC) was proposed. The control scheme proposes determination of optimum

id using a predetermined polynomial of speed and iq.

2.3.4 Control Methods Based on Search Algorithm

Another well-known technique involves using some online search algorithm for
achieving MTPA operation. The benefit of using such an approach is to get lower
parameter dependence. Even an ill-defined motor model can give satisfactory
performance because of lower dependence on the motor model. The downside of these
algorithms is poor performance during transients. Most of the search algorithms rely
on some means of perturb and observe method which takes time to converge to a
desired operating point. Moreover, Mademlis, Kioskeridis et al demanded that,
algorithms based on searching sometimes fail to attain a desired state and cause

undesirable torque disturbance [39].

Among different search based algorithms proposed for PM motors, Colby and
Novotny proposed a technique in [40] which only requires DC link current
measurement. Instead of going into the DQ reference frame, a method was proposed
which implements the control in the 3-phase abc reference frame. In the proposed
method, DC link current is used to generate an optimum voltage reference to minimize

losses.

Zhu, Chen and Howe in [5] proposed searching for optimum id, ig by monitoring the
real time performance of the motor. The amount of id is controlled by measuring the
error between the actual and the reference current in the flux weakening region. During
MTPA operation, the id command is generated by observing the current phasor
magnitude or from DC link current measurement. While the speed remains constant, a
change in the DC link current is used to determine the performance of the machine and

adjust the id command.

On the other hand, authors in [9] and [41] proposed an online tracking method to
determine optimum current phase angle § for MTPA operation. Anton in [9] proposed

estimation of 8 by observetion method to minimize the magnitude of the stator current.
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At MTPA point, f would be oscillating around its optimum value. The proposed
technique performs well at steady state but would fail during rapid load and speed
command changes. Kim in [41] proposed a method that would bring the §T/8 to zero
at MTPA point through high frequency current injection.

Bolognani proposed a hybrid controller which uses pre-computed current phase angle
B for MTPA operation using a constant parameter motor model [42]. A new reference
frame was proposed called the MTPA reference frame which is essentially the dgq
reference frame shifted by the current phasor angle B. The phase shifting of the
reference frame caused only iq " to produce torque. An algorithm to modify
precomputed S was only introduced at steady state as a compensation for parameter

variation.
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3. BURIED MAGNET MOTORS

3.1 Introduction to IPMSM

The PMSM is a synchronous AC motor, normally with a three phase stator winding
similar to induction motors. The rotor however, is different. Permanent magnets
provides a constant flux to magnetize the motor. The lack of an electrical

magnetization system gives the advantage of a more energy efficient motor.

Depending of the armature winding distribution the PMSM can be di- vided into two
types, Brushless DC (BLDC) or Permanent Magnet AC (PMAC) motors. The PMAC
motor has armature winding that spans close to 180 electrical degrees, which gives
the motor a sinusoidal back EMF. This is the motor type that this thesis will focus on.
The BLDC has armature windings that spans over a smaller angle, which gives the

motor a trapezoidal shaped back EMF.

The PMSM is normally controlled with a frequency converter that sup- plies the motor

with the correct frequency and voltage/current values.

3.2 Rotor Designs

There are many possible design choices for the rotor, some of them can be seen in
Figure 3.1. Magnets can be mounted on the surface, in the surface and under the
surface, all with different advantages/disadvantages. Surface mounted magnets will
not withstand high rotational speed due to high centrifugal forces which crack or
separates the magnets from the rotor. Subsurface- or buried- magnets need to be
insulated from each other with slots or non magnetic material to avoid a magnetic short
circuit, but the magnets are protected and held into place at high speeds. Figure 3.1a,

3.1b, 3.1e, 3.1f & 3.1i show rotors with buried magnets.

Figure 3.1a and 2.1f show rotors with damper windings, the winding provides a

possibility for asynchronous starting and dampens oscillations.
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Figure 3.1g and 3.1h show rotors with rounded magnets, which gives a more sinusoidal

field distribution with less harmonics [3].

A rotor with surface magnets has a wide magnetic air gap, resulting in a low
magnetizing inductance and difficulty to affect the machines electromag- netic
properties by controlling the stator current. With buried magnets the air gap can be
smaller and the magnetizing inductance higher, increasing the controllability of the
magnetic properties caused by the stator current. This gives the motor a possibility to

extend its speed range by reducing the flux, so called flux weakening operation.
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Figure 3.1: Different types of rotor configurations.
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3.3 Definition of Saliency

Saliency is a measure of the non-symmetry of the motors magnetic properties. The
non-symmetry occur by the difference in the reluctance path between the rotor and
stator. This difference comes from variations of the rotors geometry or material, and
a difference can be seen in the motors induction parameters Ld and Lq. Three

different types of saliencies can exist, non-, positive or negative salient.

It doesn’t seem to be any consensus about naming different saliency rotor types, does
NS stands for Normal Saliency or Negative Saliency? And what does Normal,
Negative, Positive and Inverse means in terms of saliency? Some thinks Inverse
Saliency is the opposite compared with a traditional buried magnet rotor (Ld < Lq),
while other think that Inverse Saliency is the opposite of an electrically excited

synchronous rotor (Ld > Lq).

To complicate things further a round rotor with magnets attached to the surface will
physically look as if it would be salient (see Figurel 3.1), but it doesn’t have any
saliency at all because the magnets permeability is almost the same as air and will

not affect the reluctance path.

Table 3.1: Different conventions of naming of
salient machines.

Ld>Lg Ld <Lg

Bianchi[4] Normal Inverse
Mancado[5] Inverse Normal
Mancado[6] Negative Positive
Kronberg Positive Negative

The author’s definition of saliency is based on the traditional electrically excited
synchronous machine and its magnetic properties, this will be referred as Positive

Saliency.

» SPMSM - Surface mounted Permanent Magnet Synchronous Motor. Rotor type
without any saliency, equal reluctance along the rotor circumference.

» NSPMSM - Negative Saliency Permanent Magnet Synchronous Motor. Rotor type
with lower reluctance between the poles.

» PSPMSM - Positive Saliency Permanent Magnet Synchronous Motor. Rotor type

with lower reluctance at the poles.
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4. MATHEMATICAL ANALYSIS

4.1 Introduction to Control Theory of IPMSM

A three phase PMSM is normally constructed with sinusoidally distributed phase
windings, with a 120° phase shift between the three windings. In a stator reference
frame coordinate system the phase vectors A, B, C can be seen as they are fixed in
angle, but with time varying amplitudes. This three vector representation makes
calculation of machine parameters unnecessarily complex. By transforming the system

into a two vector orthogonal system, the necessary calculations could be much simpler.

4.2 Transformations

A three phase machine can be described by a set of differential equations with time
dependent coefficients. By transforming the motor parameters, the complexity of
machine calculations can be reduced. The most common methods to do this are the

Clarke and Park transformations.

According to the definitions the transforms give a third component, 0 or zero-
sequence. But since a motor normally is a balanced load, the zero- sequence can be

ignored.

The two transformations presented below are not the original Clarke and Park, but in
a slightly modified form to make them power invariant [9]. By using these
modifications it is possible to calculate the correct power/- torque values from the
transformed motor parameters without the need to transform them back to three

phase values.

4.2.1 Clarke’s Transformation
The Clarke transformation changes a three phase system into at two phase system with
orthogonal axes in the same stationary reference frame. The new two phase variables

are denoted a and B, the original and transformed system can be seen in Figure 4.1a.
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The ABC parameters are transformed into aff0 parameters by equation 4.1, and in

reverse by equation 4.2 [10].

fapo = T fagc @.1)

fasc = T fapo 4.2)

Where f can be any one of the motors armature parameters, and the transformation

matrix T is.
— 1 1 1 -
2 2
2 V3 V3
T= |= Y2 ¥
31 0 > > 4.3)
1 1 1
V2 V2 V2
s q
B Fa |
LT
R‘\
A
> (K
C C
(a) ABC to aff (b) ABCtodq

Figure 4.1: Clarke and Park transform

4.2.2 Park’s Transformation

The Park transformation changes a three phase system in one stationary reference
frame into a two phase system with orthogonal axes in a different rotating reference
frame. The two new phase variables are denoted d and q, and are referred to as the

motors direct- and quadrature-axis. The original and transformed system can be seen
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in Figure 4.1b. The ABC parameters are transformed into dq0 parameters by equation

4.4, and in reverse by equation 4.5 [10].

fapo = T fasc (4.4)

fapc = T fapo 4.5)

Where f can be any one of the motors armature parameters, and the transformation

matrix T is.
r 2m 2 T\
cos(@,,) cos <6m - ?> cos <6m + ?>
21 ) 2m ) 2m
T = 3 sin(6,,) sin <9m — ?> sin (Hm + ?> (4.6)
1 1 1
2 2 2

By using the Park’s transform, the stator parameters such as voltages, cur- rents, and
flux linkages, are associated with fictitious stator windings that rotate with the rotor.
The time varying parameters between stator and rotor are thus eliminated and all
variables are expressed in the same orthogonal or mutually decoupled direct- and

quadrature-axes.

4.3 Motor Equations in the Rotor Reference Frame

After the described transformation the different parameters in a synchronous
machine can be described by the following equations. Flux linkages below are

described in equations 4.11 through 4.14:

. d/lsd

Vsq = Rslsqg + dt _(‘)elsq 4.7
. dAsqg

Vsq = Rgisqg + dt — Welsq 4.8)
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dA,

vp = Rpip+—>=0 (4.9)
. dlg
Vo = Ryip + - 0 4.10)
Asa = (Lmg + Lsg) + Lingip + Apm = Lgalsq + Linalp + Apm 4.11)
Asq = (Lmq + Lsa) + Linglq = Lsqlisq + Lmgiq + Apm 4.12)
Ap = Linalsa + Lpip + Apm (4.13)
Ao = Lingisq + Lol @.14)

By describing the Permanent Magnet as a current source, the flux linkage Apm can be

se€en as:

/1pm = Lmdipm “4.15)

The subscripts d and q denotes if the component is along the direct or quadrature axes,
and; vsd and vsq are the terminal voltage components. vb and vq are the induced voltage
in the damper windings and can be considered to be zero at steady state. isd and isq are
the armature winding current components. Lsa and Lsq are the armature self-
inductances components. Lss is the stator leakage inductance. Rs is the armature
winding resistance. Apm is the flux linkage per phase generated from the excitation
system. Rp and Rq are the damper windings resistance. Lp and Lq are the damper

windings self-inductance.

Instantaneous power in ABC reference system is defined as:
Pin,abc = Vglg +vplp + Vi, 4.16)

Using the above transformation it is expressed in dq0 domain as:
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Pin,dq = E(vdid + vqiq) + 3voioPinapc = Vala + Vplp + Vel “4.17)

Ignoring zero sequence and inserting equations 4.7 and 4.8 into the above, we get:

3 . . 3 . 2 dlsd . ., 2
Pin,dq = We Z (Asd lsq - Asq lsd) + E (Rslsd + 7 lsa + Rslsq
2 (4.18)
+—1i)
dt
Where the first term accounts for the electromagnetic power and w, is the electrical
angular frequency. The mechanical angular frequency can be expressed as: w, = g W

where p is the number of poles. Assuming steady state, the electromagnetic power P,

can be expressed as:

3P, .
P, = wny 29 (Asdlsq - Asqlsd) 4.19)

Divide the power with rotational speed w,, to get the motors electromechanical torque
T, and replace the flux linkages 454 and Ag, with equations 4.11 and 4.12, to get the

following equation:

3p . . .
T, = EE [(Lsdlsd + Apm)lsq - qulsq lsal 4.20)

4.4 The Permanent Magnet Synchronous Machine Equivalent Circuits and
Mechanical Motor Model

To be able to simulate the electrical behavior of the motor in any electrical circuit
analysis program the motors equivalent circuit (Figure 4.2 and 4.3) is needed. By
transforming the drive voltage into DQ parameters and connecting it to its respective

DQ equivalent circuit, measurement of the models currents can be done.
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Figure 4.2: Equivalent circuit for a salient
machines direct axis.
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Figure 4.3: Equivalent circuit for a salient
machines quadrature axis.
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From the current values the motors torque can be calculated and the speed can be

calculated from the following equation:

p dow,
n 4.21)

Where T}, is the load torque, w, is the rotational speed and J is the motor and loads

inertia. With the above parameters it is possible to implement a model of a PMSM in

a circuit simulation software. However, in this thesis a Simulink model has been used.
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S. CONTROL THEORY

5.1 Introduction to Control Methods

Synchronous motors have to be driven by a Variable Frequency Drive (VFD) to be
able to run at different speeds. Control methods for electric motors can be divided into
two main categories depending of what quantities they control. The control algorithm
Scalar Control controls only magnitudes, whereas the algorithms Vector Control
controls both magnitude and angles. These two main methods can be further divided
into a number of different methods depending of their functionality, an overview over

different control methods can be seen in Figure 5.1.

VFD

Vector

v - foc | [ pro |
e _
(psc) SVM)

Figure 5.1: Overview of available control strategies.

5.2 Scalar Control

The simplest method to control a PMSM is scalar control, where the relationship
between voltage, current and frequency are kept constant through the motors speed
range. The frequency is set according to the wanted synchronous speed and the
magnitude of the voltage/current is adjusted to keep the ratio between then constant.
No control over angles is utilized, hence the name scalar control. The method uses an
open-loop control approach without any feedback of motor parameters or its position.
This makes the method easy to implement and with low demands on computation
power of the control hardware, but its simplicity also comes with some disadvantages.

One of them are instability of the drive system after exceeding a certain applied
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frequency, to overcome this the rotor has to be constructed with damper windings to
assure synchronization of the rotor to the electrical frequency [11]. This will limit the
number of design choices for the rotor, e.g. the magnets has to be located on the inside
of the damper bars. Most PMSM are therefore constructed without damper windings,

and they are not suitable for traditional scalar control.

Another drawback with the lack of feedback is the systems low dynamic performance,
which limits the use of this control method to e.g. fan- and pump-drives [11]. For
applications that demands high dynamic performance, vector control is recommended.
One way to improve the performance without the use of position feedback is to use the
variations in the inverters DC link voltage to determine the correct modulation [12]

[13].

5.3 Vector Control

With control of both magnitude and the angle of the flux it is possible to achieve higher
dynamic performance of the drive system than scalar control can offer. Two different
types of strategies exist for vector control, Field Oriented Control and Direct Torque

Control.

5.3.1 Field Oriented Control (FOC)

The concept of FOC was first invented in the beginning of 1970s [53]. This method
brought forward intensive efforts in investigating high performance control of ac
drives because of the fact that an induction motor controlled by an FOC
method/algorithm can be controlled in a similar manner to the control of a separately
excited dc motor [18]. Such FOC is also known as vector control, decoupling control,
and orthogonal control [18]. In general, the principle of FOC schemes implies
independent (decoupled) control of flux — current and torque — current components of
a stator current through a coordinated change in the supply voltage amplitude, phase
angle and frequency. As the flux variation tends to be slow, especially with current
control, constancy of flux should produce a fast torque response, and consequently

reasonable speed response [50].
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Figure 5.2: Phasor diagram of a PMSM in d-q frame.

The fundamental objective of most FOC algorithms is to control the amplitude, phase,
and frequency of stator flux linkages. This objective can be achieved by controlling
the stator current phasor, Is as shown in Figure 5.2. In terms of phasor components

as shown in Figure 5.2, the voltage equation can be expressed as follows:
Vs = Eemg + Rsis + jXqla + jXqig (5.1)

Where, Vs is the stator phase voltage, Eemr is the back-EMF in a PM motor, is is the
stator current phasor, and X« and X are the DQ axes reactances. The value of the back-
EMF, Eemf, can be calculated from the flux linkage due to the permanent magnet,

Apm, as follows:

Eemp = Wedpm (5.2)

Notice, in the phasor diagram of Figure 5.2, voltages, currents and flux linkages are in

RMS values.

To illustrate how the FOC method controls the motor in a motor-drive system, a
general control structure is presented in Figure 5.3 for a better demonstration. There
are two loops in the control scheme of Figure 5.3: the inner current loop and the outer
speed loop. Normally, the current loop is used to obtain a desired torque. Meanwhile,

the speed loop assures that the actual speed follows the commanded speed.
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Figure 5.3: General control scheme of the Field Oriented Control.
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In most controller designs related to FOC logic structure, control algorithms are
embedded in the speed regulator portion of the speed loop. Thus, the design of the
speed regulator could be simple or complex according to the various FOC algorithms.
Notice that there is no reference torque that can be found in Figure 5.3. This does not
mean that the torque is not controlled. In fact, a reference torque can be generated by
the speed regulator. Then, current references can be obtained according to this
commanded reference torque. Moreover, torque feedback can also be added into the
speed regulator through a torque transducer, not shown in Figure 5.3. To avoid
complexities, the general speed regulator can be decomposed into the speed regulator
which gives the torque reference, and the torque regulator which produces the current
reference. In general, the speed regulator is the main controller in most FOC logic
structures. As to the inner- loop controller, the current regulator assures that the current
follows its reference value which is the output of the speed regulator. The design of
the current regulator usually depends on motor parameters. While, the design of the

speed regulator is usually based on the nature of the control algorithms.

In conventional FOC categories, there are several control algorithms/strategies, which,
namely, are the MTPA strategy, the FW strategy, unity power factor control, and
optimal efficiency control, etc. [18-20]. For traction applications, the MTPA control is
the most effective strategy in the low speed regions. While, the FW control is necessary
in high speed applications. Although MTPA and FW employ different algorithms, they

are FOC methods in their nature.

5.3.2 Direct Torque Control (DTC)

Direct Torque Control was first introduced for induction motors (IM) by Takahashi
and Noguchi [16] in 1984 and the Direct Self Control method by Depenbrock [17] in
1985. The methods were characterized by their simplicity, good performance and
robustness. Unlike the FOC method, DTC worked without any external measurement
of the rotors mechanical position. However, to ensure correct rotational direction of a
PMSM, the rotor position shall be known at motor start up. The reason behind the
simplicity is that DTC not require any current regulators, transformations to rotating

reference frame or PWM generators.

The disadvantages are, difficulty to control torque at low speed, high current and

torque ripple, variable switching frequency, high noise level at low speed and lack of
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direct current control. It is also important to do a correct estimation of the dc-link

voltage and stator resistance to get stability of the drive system [18].

There are a number of different suggestions for improving the characteristics of DTC,

such as.
» Improved switching tables and increasing the number of sectors [19] [20].
» Using multilevel hysteresis comparators [20].

» Fixed frequency switching with PWM or Space Vector Modulation (SVM) [20]
[21]

The working principle for the basic DTC is to select a voltage vector based on the error
between requested and actual values of torque and flux linkage, it also uses a ruff
position estimation that divides one electrical revolution into six sectors depending on
the flux linkage angle. A basic scheme for DTC can be seen in Figure 5.4, the different
blocks are described below [22].
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5.3.3 Maximum Torque per Ampere (MTPA) Control Algorithm

In order to produce the maximum torque at a given current value, the torque expression
for PM motors has to be analyzed. For SPM motors, which have no saliency, the
reluctance torque is zero. Thus, for SPM motors, the torque expression can be rewritten

as follows [25]:

_3p

T, = Ezlpmiq (5.3)

Keeping ig = Is and ia = 0, it is the most convenient approach to control an inverter-

fed SPM motor in order to produce the maximum torque.

A .
g-axis

|

< >
ld d-axis

Figure 5.5: Torque angle.

Since IPM motors have larger g-axis reactance/inductance than d-axis
reactance/inductance that is Lq > La, the reluctance torque is present. Therefore, the
maximum torque becomes a combination of the magnet excitation torque and the

reluctance torque. From the Figure 5.5, we can write:
ig =iscos(B) && i, =issin(f) (5.4)

where, is is the amplitude of the stator phase current of an IPM motor, and £ (180° >
P = 0°) is defined as the “torque angle”, which is the angle between the stator phase

current vector and the positive direction of the d-axis as shown in Figure 5.5.

By substituting above current equations into torque equation, one can obtain the

following:
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3 in(2
T, = Eg (Apmis sin(f) + (Lq — Lq)is2 W) (5.5)

As aforementioned earlier, the developed torque can be seen as a combination of the
magnet excitation torque, Tmag, and the reluctance torque, Trel, which can be expressed

as follows:

T, = Tmag + Trer (5.6)
3p. . .
Thag = Ei/lpmls sin(B) 5.7
3p ., sin(2p)
Trer = 22 (Lg — Lq)ls2 2 (5.8)

As the torque angle, 5, changes, the variation of the magnet excitation torque and the

reluctance torque can be seen in Figure 5.6:
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Figure 5.6: Developed torque vs. torque angle of IPM
motors.

As shown in Figure 5.6, the torque angle corresponding to the maximum magnet
excitation torque does not provide the maximum developed torque. Since SPM motors
don’t have any significant reluctance torque component, the magnet excitation torque
and the developed torque are equal in SPM motors. Therefore, this also implies that
IPM motors have higher maximum developed torque than SPM motors. Therefore,
this also implies that [IPM motors have higher maximum developed torque than SPM

motors. The torque angle which results in the maximum torque of IPM motors can be
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derived by setting the derivative of the torque in equation 5.8 to zero, which can be

expressed as follows:

ar. _3p

= (A
dg 22

omlscos B+(Ly — LI, cos23) (5.9

For further simplicity, equation 5.9 can be rewritten as follows:
Ao (15 €08 B) + (Ly = Ly)(I  cos B)* = (1 sin §)*) = 0 (5.10)

Afterwards one can obtain:
Al +(Lg =L)(0y" =i, =0 (5.11)

Since (i," — iqz) =1.” it follows that I, can be expressed as follows:

Iy =+/1" 1y (5.12)

By substituting equation 5.12 into equation 5.11, a binominal equation of d-axis

current can be written as follows:
2Ly = Lig” + Ay — (Lg = LI =0 (5.13)

From equation 5.13, two solutions can be obtained as follows:

o 2 +8(Ly — L)1,
" 4L, -Ly)

(5.14)

—— A +8(Ly— L)1,
a ALy - Ly)

(5.15)
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Since IPM motors have larger Lq than La , to obtain a positive reluctance torque, one
has to keep the torque angle larger than 90°, which can be obtained from equation 5.8.
Therefore, the projection of Is on the d-axis should have a negative value due to such
torque angle, which also indicates that is2 in equation 5.15 is the expected useful
solution. From the above, the d- and g-axis currents for MTPA control of [PM motors

can be expressed as follows:

A=A’ +8(Lg = L)*1,

i = ML -1y (5.16)

2 - 2
|

g =1 i (5.17)

Here, the torque angle, 3, for this maximum torque condition is hence obtained as

follows:

i
B, = arctan(-*) (5.18)

dm

Although voltage constraints are not taken into consideration in the MTPA control, the
developed torque is limited by supply current. For each supply current value, there is
a particular pair of d-axis current and g-axis current that results in the maximum torque
under that condition. Therefore, the torque angle for the MTPA operation is
determined not only by motor parameters but also by supply current value. For
different supply currents, there are different cross points between the current circles
and the MTPA trajectory as shown in Figure 5.7, which yields different torque angles
for MTPA operations.

41



MTPA Current circle f-j 1 I; = }_

Trajectory
1 /
2 o===T=mn,
:".f R _——t— \\\ 1
™, - -~ ~
o’ % -, ~
/ ¢ S .
’ 'I AT . \l/a \\1 32
! / i N L ¥
1 i A\ 2
- AR "
] T >
1 [l L
\ \ )B 1 > [ 2 > .'.l' .l! 1 d
Vo 7 ]

Figure 5.7: The MTPA trajectory for
IPM motors

5.3.4 Flux-Weakening Control Algorithms

For traction applications in Evs, PMSM-drive systems normally require a wide
constant power speed range (CPSR). However, a specific power inverter cannot drive
PMSMs at high speeds because of the fact that the back-EMF is proportional to motor
speed and air gap flux, thus, leading to higher back-EMF values. Once the back-EMF
becomes larger than the maximum output voltage of the drive, the PMSM will be
incapable of drawing current and hence incapable of developing torque. Thus, when
the back-EMF reaches the voltage threshold of a drive, the rotor speed of such a motor
cannot be increased unless the air gap flux can be weakened. Considering that the rotor
magnetic field generated by the PMs can only be weakened indirectly through
armature MMF demagnetization of the PMs, and hence, an extended speed range can
be achieved by means of FW control. During the FW operation region, a
demagnetizing MMF is established by the stator currents and winding to counteract
the “apparent” MMF established by PMs mounted on the rotor. As a result, the
resultant air-gap flux is indirectly reduced/weakened and correspondingly the motor

speed is increased [54].
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Without FW control, the back-EMF of a PM motor will keep increasing with speed.
Therefore, the output voltage of the drive for such a PM motor has to be increased to
keep desired phase currents. In the constant torque region as shown in Figure 5.8, a
motor can be accelerated by the maximum torque until the terminal voltage of such
motor reaches its limit value at we = whase, Which is defined as the base speed or corner
speed. Such base speed is the highest speed of a PM motor controlled by the
aforementioned MTPA method.

Substituting current equations into voltage equation, one can obtain the following for

the space vector of the stator terminal voltage:

V= J (L) + (@, (Lyiy + 2’ (5.19)

Thus, from equation 5.19 the electrical speed, we, has to satisfy the following
expression:
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V.

S

“ J(WLaig +250)7 + (L)’ (5.20)

Hence the base speed, @, , can be obtained as follows:

V

max

Sy + 2,07 + (L)’ (5.21)

a)base =

where, V__ is the amplitude of the maximum output voltage space vector of a drive,

and idm/iqm are the d/q axes currents for the MTPA operation condition.

Normally, for all the FW control algorithms, there are two constraints that should be
considered: namely the maximum current and the maximum voltage. Unlike the
aforementioned MTPA control, the torque capability in the FW region is determined
by both current and voltage limitations. In a motor-drive system, the current limitation
is usually decided by the motor side, which depends on a motor’s thermal dissipation
and cooling means. However, the maximum voltage is typically decided by the drive

side, which has a limited dc bus voltage.

The current limitation, | which is the amplitude of the maximum phase current,

can be drawn as a circle in the d-q frame as shown in Figure 5.10, which can be

formulated in the following fashion:

.2 -2
g+l =10 <1, (5.21)
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Figure 5.10: Current-limiting and voltage-limiting characteristics of PMSM.

While, the voltage limitation is an ellipse for IPM motors in the d-q frame as shown in
Figure 5.10 (a), which can be derived form (5.19) as follows:

(A / L) +ig)? iy’

q

+ =1
VoL V] He,L,) (5:22)
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Where, Vs < Vmax, and Vmax represents the amplitude of the maximum allowable
phase voltage. However, for SPM motors, the voltage limitation becomes a circle due

to the fact that La = Lq, as shown in Figure 5.10.

In the FW control category, there are several strategies used for SPM motors and [PM

motors. The three commonly used FW control strategies for SPM motors are [49]:

»  Constant-voltage-constant-power (CVCP) control
»  Constant-current-constant-power (CCCP) control

» Voltage and current limited maximum torque (VCLMT) control

Among the three control strategies above, the VCLMT control is widely used FW
control strategy for IPM motors. However, the CVCP control and CCCP control are

more suitable for SPM motors.

5.3.5 Constant Voltage Constant Power (CVCP) Control for IPMSM

Among the three commonly used FW methods for SPM motors, the CVCP control is
the most widely used method because of its simplicity and low requirement for
additional hardware in drives. This method keeps a constant voltage and constant
power by keeping the current vector following the constant power trajectory which is

the dashed line in Figures 5.10 (b).

As a constant power operation, the rated power is defined as the output power, P, , at

base speed, whase, as shown in Figure 5.9. Thus, one can obtain the following:

_ a)base

R = (p/2) ™ (5.23)

Where, T

max

is the maximum torque for the MTPA operation. Since the output power

is constant, the output power, P, , can be rewritten as follows:

We

(p/2)

T, = constant (5.24)

From equation 5.23 and equation 5.24, one can obtain the following:
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a)eTe = a)baseT = constant (5.25)

max

For SPM motors, the torque expression as previously obtained is, Te = 3p/4 (Apm iq).
As aforementioned in the MTPA control section, the maximum torque for SPM motors
can be obtained by keeping ig = Is. Thus, the maximum torque, Tmax, can be

represented as follows:
3p
Toax =57 Apn| (5.26)

Substituting the torque expression and equation 5.26 into equation 5.25 and

rearranging, one can obtain the following:

W,l, = By | o = constant (5.27)

From equation 5.27, the d-axis voltage equation can be rewritten as follows:
Vg = —@,L 1, =L, (@] ,) = constant (5.28)

Since the d-axis voltage is a constant value, in order to keep a constant phase voltage,
the g-axis voltage has to be constant too. Moreover, since the d-axis voltage
component keeps its value at the base speed, the g-axis voltage component should keep

its value at the same base speed as well, which can be represented as follows:

Vy = Vg = constant (5.29)

where, vgp is the g-axis voltage component at the base speed. Due to the zero d-axis

current in MTPA operation for SPM motors, vgb can be written as follows:
qu = wbaseﬂ’pm (5.30)

Substituting vq = we (Apm + Ld id), and equation 5.30 into equation 5.29, one can obtain

the following:
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@y (A + Lyly) = By Ay, = CONStant (5.31)

From equation 5.27 and equation 5.31, the d, q current components for the CVCP

control can be obtained as follows:

- a)base ﬂpm lpm

I -

e L L (5.32)
i — a)t)ase I
9T, s (5.33)

e

It is obvious that the d, q current components are linearly related to each other. This

relationship can be expressed as follows:

L
. q
=11+

pm

(5.34)

From equation 5.34, the CVCP trajectory can be drown as depicted in Figure 5.10,

which is the line constant power line as shown in Figure 5.10 (b).

It should be noticed that the intersection point, M, between the line QC and the current-
limiting circle, represents the boundary of the CVCP control. Any operation along line
section MC violates the current limitation. Thus, the valid CVCP control trajectory is

within the line QM in Figure 5.11.
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5.3.6 Constant-current-constant-power (CCCP) control for SPM motors

The CCCP control keeps a constant current and constant power by changing the q-axis
voltage component. The control principle of the CCCP control is similar to the CVCP
control. However, this method normally requires voltage boost capability of drives to

achieve a desired voltage. Thus, it has very limited utilization.

Since the CCCP control has a constant output power as the CVCP control, the CCCP
control also has a constant d-axis voltage as was previously derived in equation 5.28,

which can be restated as follows:
Vg ==, L1, = =L, (@, ) = constant (5.35)

Thus, the g-axis current can be expressed as in equation 5.33, which yields the

following:

ly

_ Dhase I
- s

@,

(5.36)

Since the CCCP control keeps a constant phase current value, by using equation 5.36

one can find the d-axis current as follows:
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. 2 -2 I 2 2
ly = - Is - Iq = _;S V W, — Whyse (5.37)
e

Substituting equation 5.37 into the g-axis voltage equation, one can obtain the
following:

Vq = a)e(ﬂ“pm + Ldid) = a)eﬂ’pm - Ld Is Va)e2 _a)base2 (5.38)

As the speed, we, keeps increasing, the g-axis voltage value, vq, experiences a slight
drop and then it keeps increasing as shown in Figure 5.12. Since the d-axis voltage is
constant, the phase voltage value in the CCCP control depends on the g-axis voltage
component. As shown in Figure 5.13, the current trajectory of the CCCP control
follows its current-limiting circle. While, the voltage trajectory changes according to
the g-axis voltage.
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Figure 5.12: The g-axis voltage trajectory of the CCCP control.
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5.3.7 Voltage & Current Limited Maximum Torque (VCLMT) Control For
IPM Motors

The VCLMT control can be employed for both SPM and IPM motors with the same
operation principle. There is only a slight difference in calculations of d, q current
components between the two types of PM motors. For simplicity, this section only

gives the analysis of the VCLMT control for IPM motors.

As one flux weakening strategy for IPM motors, VCLMT control follows two
constraints which are the current-limiting circle and the voltage-limiting ellipse, as
shown in Figure 5.10 (a). As the speed increases, with the center of the ellipse
remaining the same, the voltage-limiting ellipse becomes smaller and smaller as shown
in Figure 5.10 (a). The iadm and igm for MTPA control cannot satisfy the voltage
constraint above the base speed. Therefore, new d, q current components are required
to keep the maximum phase voltage, Vimax, in the FW region. Such d, q current

components can be obtained from the voltage constraint equation 5.22 as follows:

2

. . Vv
(Lyig)? +(Lyig + Apn)* = ﬁ (5.39)

e

From the current-limiting circle, Figure 5.10, and equation 5.21, one can obtain the
following:
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i =y 1 g (5.40)

By substituting equation 5.40 into equation 5.39 and rearranging, a binominal equation

of the d-axis current can be written as follows:
2 2N: 2 - 2 2 2
(L™ =Ly + 25 iy + Agy + Ly L =V /@) =0 (5.41)

From equation 5.41, two solution can be obtained as follows:

_ _ﬂ’pm Ld + \/(ﬂ’med )2 - (Ld2 - qu)(ﬂ’pm2 + qulmaxz - (Vmax /we)z)
(Ld2 - Lq2)

dl1

(5.42)

_ﬂ“pm Ld - \/(ﬂpm Ld )2 - (Ld2 - qu)(ﬂ“pm2 + Lq2|max2 - (Vmax /a)e)z)
(L' L)

Iy, =

(5.43)

Since the demagnetizing current should be a negative value, the root id1 in equation
5.43 is the expected useful solution for the FW operation. From the above analysis of
the VCLMT strategy, the d- and g-axis currents for the FW control of IPM motors can

be expressed as follows:

_ﬂ’med - \/(ﬂ’pm Ld )2 - (Ld2 - qu)(/lpm2 + Lq2|max2 - (Vmax /a)e)z)
(L ~Ly)

lyveL =

(5.44)

. I
lover = Tmax —laver (5.45)

For the whole speed range of operation, a recommended control strategy for [PM
motor is the combination of the MTPA control and FW control. The optimal current
vector trajectory for the MTPA control and the FW control is shown in Figure 5.14.
This strategy implements the MTPA control in the low speed region, which is region
OA as shown in Figure 5.14, until the base speed. Then, it employs the FW control at

region AB, when the speed is above base speed.
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IPM motors.

From the voltage ellipse equation 5.21, the center of the voltage ellipse is located at a

point C (—Apm/ , 0), as shown in Figures 5.10 and 5.14. Notice that Apm/La is usually
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defined as the short circuit current. Once the maximum inverter current, Imax, becomes
equal to or larger than the short circuit current, the permanent magnet can be fully
demagnetized. In another word, the permanent magnet flux, Apm, can be fully

cancelled/eliminated.

With a large size inverter which has Imax > (4 pm/La) as shown in Figure 5.14 (a), the
lossless machine is capable of attaining infinite speed. Above a certain speed at point
B, the maximum torque becomes only voltage limited. Then the current trajectory

follows the voltage ellipse rather than the current circle for the maximum torque.

With a small size inverter which has Imax < (A4pm/Ld) as shown in Figure 5.14 (b), the
maximum speed at point B is finite. The maximum torque can be found at the
intersection between the voltage limiting ellipse for that speed and the current-limiting
circle. In most design cases, we only have Imax < (dpm/La), which means that the

permanent magnet is too strong to be fully demagnetized.

Since the more demagnetizing current in the negative d-axis direction the deeper the
flux weakening, the maximum speed of the VCLMT control can be obtained by

substituting id = —Imax and iq = 0 into (5.39) as follows:

2

Vmax
(=Ll + Apn)* = P (5.46)
or
Vmax / Ld
@ =—>mx 0
’ (ﬂ“pm / Ld - Imax) (5.47)

For a large size inverter, the denominator in equation 5.47 could be zero. Therefore,

the theoretical speed is infinite.
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6. SIMULATIONS

6.1 Drive System Simulations

This chapter describes different tools available for electrical and electronic systems
simulation and then justification is given for selecting Simulink for the IPMSM
system. Block by block an explanation is given for Simulink simulation of the drive

system.

6.2 Simulation Tools

Study of electric motor drives needs the proper selection of a simulation tool. Their
complex models need computing tools capable of performing dynamic simulations.
Today with the growth in computational power there is a wide selection of software
titles available for electrical simulations such as ACSL, ESL, EASYS5, and PSCSP are
for general systems and SPICE2, EMTP, and ATOSECS for simulating electrical and
electronic circuits. [ESE and SABER are examples of general-purpose electrical
network simulation programs that have provisions for handling user-defined modules.
SIMULINK® is a toolbox extension of the MATLAB program. It is a program for

simulating dynamic systems [13].

Simulink has the advantages of being capable of complex dynamic system simulations,
graphical environment with visual real time programming and broad selection of tool
boxes[12]. The simulation environment of Simulink has a high flexibility and
expandability which allows the possibility of development of a set of functions for a
detailed analysis of the electrical drive [12]. Its graphical interface allows selection of
functional blocks, their placement on a worksheet, selection of their functional
parameters interactively, and description of signal flow by connecting their data lines
using a mouse device. System blocks are constructed of lower level blocks grouped
into a single maskable block. Simulink simulates analogue systems and discrete digital

systems[16].
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6.3 IPMSM Drive Components

The PM motor drive simulation was built in several steps like abc phase transformation
to dqo variables, calculation torque and speed, and control circuit. The abc phase
transformation to dqo variables is built using Parks transformation and for the dqo to
abc the reverse transformation is used. For simulation purpose the voltages are the
inputs and the current are output. Parks transformation used for converting Vabc to
Vdqo is shown in Figure 6.1 and the reverse transformation for converting Idqo to Iabc

is shown in Figure 6.2.
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Figure 6.1: Vabc to Vdqo block.
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Figure 6.2: Idqo to Iabc block.

The motor equations explained before are used to establish the motor model in

Simulink. Figure 6.3 shows the motor model used.
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Figure 6.3: Simulink model of the IPMSM.

Figure 6.4 shows the torque block in Simulink. This block is developed by using the

torque equation:

(T +¥——»
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Figure 6.4: Torque Block.

The speed of the motor is obtain using Figure 6.5. The developed speed block is shown

in Figure 6.5.
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The inverter is implemented in Simulink as shown in Figure 6.6. The inverter consists
of the "universal bridge" block from the power systems tool box with the parameters
of the IGBT that was presented in chapter 2. The voltages and currents in the motor
and in all the devices of the inverter can be obtained. The losses in the inverter and

motor can be calculated.
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Figure 6.6: Voltage Source Inverter.

For proper control of the inverter using the reference currents, current controllers are
implemented to generate the gate pulses for the IGBT’s. Current controllers used are

shown in Figure 6.7.
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In Figure 6.8 the whole controller system is presented. There are many control schemes
published in the literatures that combines the MTPA control and the FW control [22-
24]. Figure 4.6 shows the specially designed control scheme for [PMSMs driven by
ZSls, which is based on speed control schemes presented in [22-24]. The proposed
control scheme in Figure 6.8 consists of three major controllers, namely, the speed

regulator in Part A, the current regulator in Part B, and the BVFW regulator in Part C.

Assuming the controlled motor is in the stop or standby state, a commanded speed
reference speed , is first sent into the control loop and compared to the feedback speed,
which is the motor’s real speed obtained from an encoder. Then the error difference
between the reference speed and the real speed is sent into the speed controller in Part
A. According to this speed error, a reference value of the amplitude of the phase
currents, is generated by the speed regulator. Notice that in this speed control scheme,
there is no reference torque. In order to obtain the maximum torque during the full
speed range, the reference phase current during the MTPA control and the FW control
is set to its maximum value. Such phase current will be send into the MTPA block
which yields the reference d-axis current component, for the MTPA control. It has to
be emphasized that the FW regulator has zero output before the speed reaches the base
speed. Therefore, during the constant torque region, the reference demagnetizing
current for the FW control is zero. Then the reference g-axis current can be obtained
from current equation. In the constant power region, where the speed is above the base
value, all the components in Part A are still active. However, the BVFW regulator in
Part C starts to yield an extra demagnetizing current. With the reference DQ axis
current components, the two reference voltage components can be obtained from the

current regulator in Part B.
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Figure 6.8: Control diagram for [PMSM.
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6.4 Design Procedure of the PI Controller

The PI controller shown in Figure 6.8 is responsible for generating the necessary
voltage for achieving ommanded speed and must be designed carefully for satisfactory
performance. In this section, the steps taken for analyzing the system and going

through a successful design procedure for the PI controller will be described.

Any mechanical rotating body with inertia / and damping coefficient Bc can be

expressed using the following differential equation under a load torque of T [46][47]

do
T, ZJE""BJ‘)"'TL (6.1)

To get a linear transfer function, the load torque can be considered as an increase in

damping coefficient and thus equation 6.1 can be rewritten as:

do
Te :‘]E-{_Bca) (6.2)

This gives the following linear transfer function in the Laplace domain:

T.(5)
A= (6.3)

Instead of using the mechanical speed as a measure of speed, electrical speed in radians
per second was considered to avoid conflict with the electrical speed used in all voltage
current relationships. At this point, a relationship between voltage magnitude vm and

produced torque Te must be determined.
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T, =(k, +k, (%(RV coso — R, + wL,V sin 9)))

1 : ) (6.4)
(F (—RV sin ) — @’Lé,, + ol V cos5))

m

2 o2 2 _3p _3p
where Zm =R +w Lqu’ k1_53¢m7k2_55(|—d_|‘q)
Equation 6.4 provides a straight forward relationship between torque output and

applied voltage at a certain speed. Algebraic manipulation on equation 6.4 provides

the following torque equation:

T. =F(0,8)+F, (0,6 +F,(0,0)V’ (6.5)
where,
k] k2 3 2
Fi@.0)=—"5aR gy + 5 0'L R4, (6.6)

F,(0,8)=— Zk12 R, cosS + Zk12 ol sin5+% R w¢, sind

Kk, , K, . 6.7)
-—Rog,L, cosé‘—Fw $uLyL,sind
F __ K gy K2 R oL, sin?
3(a),é)——z TR, smé‘cosé+z T Rolysin” o
Kk, , Kk, ‘ (6.8)
+—— oL R cos 5+?a) LyL,sindcoso

m m

Using equation 6.5 in equation 6.2 gives the following differential equation in the time

domain:
@=-B,0+F (,6)+F,(0,0V +F,(0,6)V’ (6.9)
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here, w,w,6 are all time varying quantities. Equation 6.9 is clearly a non-linear
function of voltage reference and thus difficult to analyze for PI controller design. A
linearization of the non-linear function around a nominal operating point would be
helpful in the design process [48]. If wn and V» are the nominal system input and output

respectively, then equation 6.9 can be rewritten as:
@, + Ao =-B.w, - B Aw+ F(0,5) + F, (0,6 + Fy(0,5V? (6.10)

6 is assumed constant in the modeling as the bandwidth of the PI controller is much
faster than the variation in §. The right hand side of the expansion can be expressed

using a Taylor series expansion ignoring the higher order terms. Thus

2
—BCAa)+aFl(w”)Aa)+aF2(w”)V” Aa)+aF3(a)n)Vn Aw

@, +Aw=
ow ow 0w
) (6.11)
+ al:l (a)n) AV + aFZ (a)n )Vn AV + a|:3 (a)n )Vn AV
ow ow ow

The derivatives of Fi(w), F2(w) and F3(w) with respect to w around the nominal speed
of wn were found numerically since the functions containing w are highly non-linear.
Derivatives with respect to the voltage were quite simple to compute since Fi(w),
F>(w) and F3(w) are independent of V. Performing all the computations, equation 6.11

can be rewritten as:
Aw =GAw+ HAV (6.12)

where,

L OR(@)  OF,(&,V,  OF(o,)V,’

G=-B,
ow ow 0w

(6.13)

H=F(o,)+2V,F(®,) (6.14)

Taking the Laplace transformation, the following transfer function results
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_ HAV(s)
A(S)=——-= (6.15)
Considering the operating voltage range of the experimental and simulation model of
the IPM, 25 V was chosen as a nominal voltage. Using the steady state parameters of
the IPM, the nominal speed is found to be 143.8 rad/sec for 25 V operation with 0.015
Nm*sec/rad damping coefficient. Thus, considering w»=143.8 rad/sec, V2=25 V and

B=0.015 Nmsec/rad, the following linearized transfer function was obtained:

167.8- AV (s)

Aw(S) =
) S+47.68

(6.16)

Figure 6.9 shows the frequency response of the linearized system. Since the PI
controller is responsible for maintaining reference speed, a system with slower
response time is required. Thus, a PI controller should be chosen to increase the DC
gain to achieve lower steady state error, at the same time maintaining smaller gain at

higher frequencies.

Figure 6.10 shows the frequency response of the PI controller with Kp=0.1671 and
Ki=0.9549. Transfer function of the PI controller is thus given by

0.1671-s+0.9549

AV(s) = s A@yyror (6.17)

Frequency response of the combined system is shown in Figure 6.11. The system has

a crossover frequency of 4 rad/sec, which is sufficient for the speed control loop.
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Figure 6.9: Frequency response of the linearized
system at wn = 143.8 rad/sec.
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Figure 6.10: Frequency response of the PI controller.
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Figure 6.11: Frequency response of the combined system.
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7. RESULTS

7.1 Simulation Results

In this chapter, the effectiveness of the proposed algorithm is verified at both transient
and steady state conditions through simulations. Performance of the control scheme at

different regions is discussed as well.

All of the simulations were done with a DC link voltage of 325 Vpc an 20 ps sample
time. The simulations consist of two phases; an acceleration part and a constant speed
part. During the accelerating part, the motor delivers full torque until it reaches its
reference speed, the torque then drops to the same value as the load to keep the speed

constant.

7.1.1 Test 1: Load = 100 Nm && Speed = 3000 rpm

In the first simulation, the load torque was set to 100 Nm. Under this load, the motor
speeded upto 3000 rpm. These conditions helped us analyze the controler’s
performance for constant torque and flux weakening regions. As it can be seen from
the below figures the perofrmance of the controller was very good, even when the

motor kept speeding up from the base speed to higher speeds.
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Figure 7.1: Test 1 ~ Speed analysis of the motor

Under the load of 100 Nm, the motor was asked to speed up to 3000 rpm and the
resulting speed, torque and currents were analyzed. It can be seen from the Figure 7.1

that the speed controler was doing a very good job.

Motor Torque Data
T T T

T couced
———TH,,

30 I L I I L I I 1 I
0 5 10 18 20 25 30 35 40 45 50

time (in seconds)

Figure 7.2: Test 1 ~ Torque analysis of the motor.
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The explained cascaded controller’s performance was also analyzed in respect to
torque outcome. From Figure 7.2 we can clearly seeing that the control algorithm for
constant torque region which is chosen as MTPA control, easily achieved the required

torque for given speed.

Figures 7.3 to 7.5 are showing the current generated under the given test conditions.
With the proposed control algorithm, we were able to reach the given torque and speed

demands within the predefined current and voltage limits.

When we look at the reference DQ axis current components shown in Figures 7.3 and
7.4, the current trajectories are consistent with their reference values. It is obvious that
the demagnetizing current, id, is increasing in the negative direction during the FW

region. Meanwhile the g-axis current, iq is decreasing.
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Figure 7.3: Test 1 ~ D axis current (ref vs sim).
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Figure 7.4: Test 1 ~ Q axis current (ref vs sim).
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Figure 7.5: Test 1 ~ Stator current (ref vs sim).

Also in Figure 7.6 and 7.7, the power and energy demands were analyzed for the given
test requirements. Including the imperfections, we can see the losses in energy

conversions due to inverter, battery and motor efficiency criteria.
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Figure 7.7: Test 1 ~ Power analysis of the battery.

From the simulation results presented here, the implemented control system shows
reliable performances during the low speed constant torque region and during the high-
speed constant power region. The error between the motor’s final speed and the
reference speed is small. Despite some torque ripples, the developed torque remains at

a constant value at low speed with the MTPA control. While, the output power is
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roughly remaining at a constant value during FW region with the flux weakening
control. From these simulation results, one can arrive at a conclusion that this flux

weakening control algorithm is a valid flux-weakening control method.

7.1.2 Test 2: Load =200 Nm && Speed = 2000 rpm

In the second simulation, the load torque was set to 200 Nm. Under this load, the motor
speeded upto 2000 rpm. These conditions helped us analyze the controler’s
performance for constant torque region. As it can be seen from the below figures the

perofrmance of the controller was very good.
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Figure 7.8: Test 2 ~ Speed analysis of the motor

Under the load of 200 Nm, the motor was asked to speed up to 2000 rpm and the
resulting speed, torque and currents were analyzed. It can be seen from the Figure 7.8

that the speed controler was doing a very good job.
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Figure 7.9: Test 2 ~ Torque analysis of the motor.

The explained cascaded controller’s performance was also analyzed in respect to
torque outcome. From Figure 7.9 we can clearly seeing that the control algorithm for

constant torque region which is chosen as MTPA control, easily achieved the required

torque for given speed.

Figures 7.10 to 7.12 are showing the current generated under the given test conditions.
With the proposed control algorithm, we were able to reach the given torque and speed

demands within the predefined current and voltage limits.

When we look at the reference DQ axis current components shown in Figures 7.10 and
7.11, the current trajectories are consistent with their reference values. It is obvious
that the demagnetizing current, id, is increasing in the negative direction during the

FW region. Meanwhile the g-axis current, iq is decreasing.
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Figure 7.10: Test 2 ~ D axis current (ref vs sim).
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Figure 7.11: Test 2 ~ Q axis current (ref vs sim).
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Figure 7.12: Test 2 ~ Stator current (ref vs sim).

From the simulation results presented here, the implemented control system shows
reliable performances during the low speed constant torque region and during the
high-speed constant power region. The error between the motor’s final speed and the
reference speed is small. Despite some torque ripples, the developed torque remains
at a constant value at low speed with the MTPA control. While, the output power is
roughly remaining at a constant value during FW region with the flux weakening
control. From these simulation results, one can arrive at a conclusion that this flux

weakening control algorithm is a valid flux-weakening control method.

7.1.3 Test 3: Load =200 Nm && Speed = 5000 rpm

In the third simulation, the load torque was set to 200 Nm. Under this load, the motor
speeded upto 5000 rpm. These conditions helped us analyze the controler’s
performance for high speed region. As it can be seen from the below figures the
perofrmance of the controller was very good, even when the motor past its critical

speed.
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Figure 7.13: Test 3 ~ Speed analysis of the motor

Under the load of 200 Nm, the motor was asked to speed up to 5000 rpm and the
resulting speed, torque and currents were analyzed. It can be seen from the Figure 7.13

that the speed controler was doing a very good job.
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Figure 7.14: Test 3 ~ Torque analysis of the motor.
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The explained cascaded controller’s performance was also analyzed in respect to
torque outcome. From Figure 7.14 we can clearly seeing that the control algorithm for
constant torque region which is chosen as MTPA control, easily achieved the required

torque for given speed.

Figures 7.15 to 7.17 are showing the current generated under the given test conditions.
With the proposed control algorithm, we were able to reach the given torque and speed

demands within the predefined current and voltage limits.

When we look at the reference DQ axis current components shown in Figures 7.15 and
7.16, the current trajectories are consistent with their reference values. It is obvious
that the demagnetizing current, id, is increasing in the negative direction during the

FW region. Meanwhile the g-axis current, iq is decreasing.
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Figure 7.15: Test 3 ~ D axis current (ref vs sim).
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Figure 7.16: Test 3 ~ Q axis current (ref vs sim).
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Figure 7.17: Test 3 ~ Stator current (ref vs sim).

From the simulation results presented here, the implemented control system shows
reliable performances during the low speed constant torque region and during the high-
speed constant power region. The error between the motor’s final speed and the
reference speed is small. Despite some torque ripples, the developed torque remains at

a constant value at low speed with the MTPA control. While, the output power is
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roughly remaining at a constant value during FW region with the flux weakening
control. From these simulation results, one can arrive at a conclusion that this flux

weakening control algorithm is a valid flux-weakening control method.
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8. COMMENTS

8.1 Conclusion

Current control of electric motor is important not only for torque control, but also for
reaching maximum e _ciency. The various control methods have been simulated and
compared to nd their advantages and disadvantages. The DTC is often referred in
literature as simple, which might be true for the math needed in the control systems
calculations but during this project it has been quite tricky to get it to work properly.
It has shown a high tendency to be very unstable, especially when considering the
choice of the resistance parameter in the motor model and ux estimator. The DTC is
also considered to have high torque and current ripple that can be somewhat reduced
by decreasing the sample time, which has been proven to be correct. It would also be
possible to reduce the ripple further by implementing some of the improvement of

DTC suggested, such as Space Vector Modulation (SVM-DTC).

The FOC is normally considered to need more complex calculations to run, but with
less torque and current ripple. The simulations have shown that the FOC has higher
torque ripple then the DTC, but this is due to the choice to use hysteresis current control
and not PI regulators. With the use of more precise current control and the use of

SPWM or SVPWM it should be possible to reduce the torque ripple.

A robust control algorithm for PMSMs is proposed in this research that would achieve
MPPA operation without needing phase current measurements. Most of the parameter
dependent control schemes developed so far, do not include any technique to cope with
unexpected changes in operating conditions. Conversely, schemes based on search
algorithms appear to be robust against unexpected parameter variation, but suffer from
poor dynamic response. The proposed method is rather a hybrid scheme, having a-

priori knowledge as well as a search based algorithm.

The control mechanism is developed based on only the DC link power measurement,
which makes the algorithm a cost effective solution. The self-converging nature of the
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algorithm makes it unsusceptible self-induced instability and reduces the risk of
system failure. Stability analysis of the closed loop system also ensures a stable
operating region of the scheme. The phase advance angle generation algorithm based
on the estimation matrix ensures satisfactory dynamic performance when rapid
variations in operating speed or load torque is introduced. Integration of the
perturbation technique based on a gradient descent algorithm reduces the possibility
of functioning in an inefficient region regardless of the operating condition and motor
parameters. Further improvements were made by reducing switching loss using a
minimum loss space vector PWM. Achieving MTPA trajectory without phase current
feedback appeared to be a challenging task that was successfully performed by the
control algorithm. Both simulation and experimental results validated the ability of the

control scheme in attaining efficient operations.

8.2 Future Work

Although several developments were presented in this thesis, there are many
interesting investigations left for the future work. Some possible subjects are listed as

follows:

» The motor model used in the simulations included in this thesis can be replaced
with a finite element motor model.

» Further investigations on motor’s efficiencies at different operating points and by
different control methods can be conducted. These significant investigations can
be used to design optimal motors for full speed range operation and improve
control methods for motors.

» Also it is important to reduce the torque ripples for the used control algoritms, in the light
of inverter switching frequencies.

» The control parmeters were set according to the previously mentioned calculations, which
utilized the single value for DQ axis inductances. it will be helpful to update the PI control
parameters according to the saturation levels in inductances, for getting solutions that are

more realistic.
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