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POSITION SENSORLESS FIELD ORIENTED CONTROL OF
IPMSM UNDER PARAMETER UNCERTAINTIES

SUMMARY

Permanent magnet synchronous motors are widely used in industry due to their high
torque per volume ratio, low noise, efficiency and wide stable operation region.
Especially in the home appliance applications, obtaining high torque by using small
motors and low audible noise has crucial importance. Therefore, conventional DC
motors have been replaced by the permanent magnet synchronous motors in the
modern applications. Although, scalar control is a valid approach for many motor
control applications, it is not preferred for high performance applications due to its
low performance in the transient regions and lack of controllability of torque and flux
separately. However, field oriented control presents important advantages over scalar
control.

DC motors allow to control both air gap flux and torque separately, simplifying the
control problem. However, it is not possible to control torque and air gap flux
separately without using special control techniques in the PMSM. By using field
oriented control approach, PMSM is turned into a DC motor mathematically, allowing
to control flux and torque separately. In order to perform field oriented control, it
is mandatory having rotor flux position information somehow. Conventional approach
suggests to use position sensors such as hall effect sensors or resolvers. However, using
additional sensors is not preferred due to the robustness concerns and cost constraints.
In this study, position sensorless field oriented control approach have been carried out.
Rotor flux position have been obtained by constracting an observable mathematical
model of PMSM instead of using a position sensor. Mathematical model uses stator
currents in order to estimate position related variables such as back electromotive force
or flux.

Purpose of the thesis is to perform position sensorless field oriented control of PMSM
which drives a washing machine drum, by considering the parametric uncertainties.
Although, the closed loop system nominal parameters are assumed to be known, there
are uncertainties due to operating conditions, changing temperature, unknown loads
and production imperfectness. In order to obtain such a design, a PI observer has
been designed to estimate the back electromotive force due to its simple and robust
structure. By using an angle tracking observer, speed and position of the rotor have
been estimated by evaluating the back electromotive forces. A PI-P controller has
been designed in order to control the motor speed under changing moment of inertia,
friction coefficient and torque constant conditions. This structure has also satisfactory
disturbance rejection capability.

The current control loop consist of two part which are d axis and q axis control loops.
Torque related q axes loop is coupled with the flux related d axes loop. In order to treat
this problem under single input single output paradigm, a decoupling control has been
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carried out. Current controllers have been designed by considering the uncertainties in
the winding resistance and inductances.

Both observer and controllers have been designed by using pole coloring concept. This
concept uses the degree of freedom of the controller (observer) structure in order to
restrict the closed loop pole spread within defined regions. By assigning robustness
related cost functions to each nominal closed loop poles, robust control problem has
been turned in to an optimization problem. Resulting controllers (observers) are static
and required complex mathematical calculations have been carried out offline. By
using such an approach, computational effort of the microcontroller is minimized.

Position sensorless control shows low performance at the low speed regions due
to presence of the effective unmodelled dynamics, noise and disturbances. So,
the conventional approach is not to use observers until the rotor speed reaches a
certain speed which the back electromotive forces are strong enough by comparison
to the noise and disturbances. However, unknown load strongly effects the startup
performance. A novel startup algorithm has been proposed in order to obtain
satisfactory performance during the startup.

To sum up, rotor position sensorless control over wide speed range has been carried
out under parametric uncertainties. Pole coloring concept has been used in control of
a PMSM in an industrial setup for the first time. Novel startup algorithm has been
proposed. Designs, results and simulations have been presented in the thesis.
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GÖMÜLÜ MIKNATISLI SENKRON MOTORUN PARAMETRİK
BELİRSİZLİKLER ALTINDA KONUM SENSÖRSÜZ

ALAN YÖNLENDİRMELİ KONTROLÜ

ÖZET

Daimi mıknatıslı senkron motor gerek moment/hacim oranının yüksek olması
ve verimi gerekse kararlı çalışma aralığının geniş olamsı nedeniyle günümüzde
yaygın kullanım alanına sahiptir. Özellikle beyaz eşya uygulamalarında, gerekli
momenti küçük hacimli ve verimli bir şekilde üretmek önemli bir önceliğe sahip
olduğu için daimi mıknatıslı senkron motor çamaşır makinesi, buzdolabı, bulaşık
makinesi gibi uygulamalarda sıklıkla kullanılır. Her ne kadar skaler kontrol
yüksek performans gerektirmeyen uygulamalarda geçerli bir alternatif oluştursa da
gerek geçici haldeki kontrol performansının düşük olması gerekse motora ilişkin
akı ve moment büyüklüklerinin ayrı ayrı kontrol edilememesi nedenleriyle yüksek
performans gerektiren uygulamalarda tercih edilmez. Bu nokta da alan yönlendirmeli
kontrol skaler kontrole göre ciddi avantajlar sunmaktadır.

Doğru akım motorunda akı ve momentin ayrı ayrı kontrol edilebilmesi kontrol
açısından büyük kolaylık sağlamaktadır. Ancak, alternatif akım motorlarında akı
ve momentin özel yöntemler kullanılmadan ayrı ayrı kontrol edilmesi söz konusu
değildir. Alan yönlendirmeli kontrol yöntemiyle alternatif akım motoru matematiksel
olarak doğru akım motorunun kolay kontrol edilebilirlik özelliklerini kazanabilir.
Clarke ve Park dönüşümleri yardımıyla eksenleri bir birine dik ve rotor akısı ile aynı
frekansta dönen eksen takımında (d-q eksen takımı) ifade edilen motor modeli akı ve
momente kontrol imkanı sağladığı gibi geçici hal performansının da kontrol edilmesini
sağlar. Bu sayede hız kontrolü için kullanılan kontrolör moment kontrolörüne kaskat
bağlanabilir. Ayrıca alan zayıflatma algoritması ve akı ilişkili akım kontrolörü
yardımıyla motor akısı kontrol edilebilir ve motor dc bara gerilimi kısıtıyla belirlenen
nominal hız değerinin üzerindeki hız değerlerine ulaşabilir. Motor modelini döner
eksen takımında ifade etmek için rotor konumun bilinmesi gerekmektedir. Her ne
kadar sensörler yardımıyla rotor konum bilgisi elde edilebilse de gerek maliyet gerekse
sensörden kaynaklanabilecek sorunların önüne geçmek amacıyla konum sensörsüz
kontrol uygulaması tercih edilmektedir.

Konum sensörsüz kontrol probleminde rotor konumu bir sensör yardımıyla değil,
motor faz akımlarından alınan geri besleme yardımıyla matematiksel olarak kestirilir.
Bunun için gözlenebilir bir matematiksel model oluşturulmuş ve rotor konumuyla
ilgili olan büyüklükler (Ters elektromotor kuvvet veya akı) kestirilmiştir. Kestirilen
büyüklükler yardımıyla rotor konumu ve hızı hesaplanmış ve kontrol için gerekli eksen
takımı dönüşümleri yapılmıştır.

Her ne kadar motora ilişkin sistem parametreleri bilinse de çalışma koşullarının
değişmesi, modelleme hataları, üretimdeki saçınıklıklar ve sıcaklık gibi nedenlerle
model belirsizlikleri söz konusudur. Eğer belirsizlikleri dikkate alan bir tasarım
yapılmazsa kontrol sisteminin performansında ciddi azalmalar meydana gelecektir.
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Bu tezin amacı çamaşır makinelerinde kullanılmak üzere parametrik belirsizlikleri
dikkate alarak dayanıklı kontrolör ve gözleyici tasarımlarının yapılmasıve tüm çalışma
aralığında istenilen performans kriterlerinin sağlandığının garanti edilmesidir.

Daimi mıknatıslı senkron motor bu uygulamada çamaşır makinesinin tamburunun hız
kontrolünü yapmak amacıyla kullanılmaktadır. Çamaşır makinesi gerek çalışma hız
aralığının genişliği, gerek güç ihtiyacının büyük olması, gerekse çamaşır yükünün
bilinmezliği nedeniyle tüm beyaz eşya uygulamalarındaki en kapsamlı motor kontrol
problemidir. Çamaşır makinesinin tamburuna atılacak çamaşır yükü miktarı fiziksel
olarak sınırlanmış olsa da çok geniş bir aralıkta değişebilmektedir. Çamaşır yüküne
ve tambura alınan su miktarına bağlı olarak yük momenti ve tamburun eylemsizlik
momenti geniş bir aralıkta değişmektedir. Bu büyüklükler makinenin çalışma hızına
göre de farklılaşmaktadır. Düşük hızlarda çamaşır sürekli tambura çarparak belirli
bir profilde yük momenti uygularken, yüksek hızlarda tamburun çepere yapışması
nedeniyle tamburun eylemsizlik momenti değişmektedir. Ayrıca, bazı durumlarda
çamaşırın tambur içinde çepere homojen bir şekilde dağılmamasından ötürü dengesiz
yük oluşmakta, hem motor milinin gördüğü toplam eylemsizlik momenti hem de
yük momenti çamaşırın konumuna bağlı olarak değişebilmektedir. Ayrıca, alan
zayıflatma bölgelerinde hava aralığı akısı değiştiği için motorun moment sabiti de
değişecektir. Dolayısı ile hız kontrol çevriminin bozucu bastırma performansının
yüksek ve değişken eylemsizlik momenti, sürtünme katsayını ve moment sabitine karşı
dayanıklı olması gerekmektedir.

Motorun elektriksel modeli göz önünde bulundurulursa motor sargı direnci ve
endüktansı kapalı çevrim karakteristik polinomunun katsayılarını belirler. Motorun
çalışma süresine ve çekilen akım miktarına bağlı olarak sargı direnci değişim
göstermektedir. Ayrıca, endüktans değerleri akımın büyüklüğüne bağlı olarak
değişmekte, yüksek akım çekildiğinde doymaya girebilmektedirler. Motorun akım
çevrimi iki giriş ve iki çıkışlı sistem olarak modellenebilir. Farklı eksenler üzerindeki
akımlar birbirlerine açısal hızla orantılı şekilde bağlıdırlar. Yüksek hızlara çıkıldığında
bu etki kuvvetlendiği için kararlılığı garanti etmek amacıyla bu eksen takımları
birbirlerinden ayrıştırılmıştır.

Gözleyici matematiksel modelinde açısal hız değişkeni değişken parametre olarak ele
alınmıştır. Motorun çalışma hızı aralığı saat yönü ve saat yönünün tersinde yönde geniş
bir aralığı kapsadığı için her koşulda kararlılığı garanti eden bir yöntem önerilmiştir.

Matematiksel modeldeki belirsizlikler parametrik belirsizlik yaklaşımıyla ele alın-
mıştır. Sistem parametrelerinin belirli aralıklarda değiştiği varsayılmış ve kapalı
çevrime ilişkin kutup saçınımını en aza indirmek amacıyla dayanıklı tasarım yaklaşımı
benimsenmiştir. Bu amaçla, gerek kapalı çevrim karakteristik polinomunun sınıfına
bağlı olmaması gerekse tasarım sonucunda ortaya çıkan kontrolörün statik olması
nedeniyle kutup renklendirme yöntemi kullanılmıştır. Bu yaklaşımla her bir kutup için
dayanıklılıkla ilişkili ayrı maliyet fonksiyonları tanımlanmış ve tasarımda bu maliyet
fonksiyonları minimize edilmiştir. Modellenmeyen dinamiklere ilişkin belirsizlikler
bu tez kapsamında ele alınmamıştır.

Kutup renklendirme yöntemi, kullanılan kontrol yapısının serbestlik derecesini
dayanıklılık kriterini sağlamak amacıyla kullanmaktadır. Bu amaçla dayanıklı
kontrol problemi optimizasyon problemine dönüştürülmektedir. Yöntemin en büyük
dezavantajı tasarım sürecinde yüksek matematiksel işlem gerektirmesidir. Ancak, tüm
matematiksel işlemler gelişmiş tasarım ortamlarında yapılmakta, mikrodenetleyiciye
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yazılan kontrol kodunda herhangi bir işlem yapılmamaktadır. Kontrolörlerin
statik olması bu yöntemi parametrik belirsizlikleri olan sistemlerde kullanılabilecek
uyarlamalı kontrol yöntemlerine göre en büyük avantajlarından biridir.

Bu amaçla dayanıklı bir gözleyici yapısı olan PI gözleyicisi tasarlanmış ve
gerçeklenmiştir. PI gözleyicisi integratör terimi sayesinde hatanın geçmişteki
değerlerini de geri besleme olarak kullandığı için modele etkiyecek farklı bozucu
etkilere karşı dayanıklılık sağlamaktadır. Ayrıca, PI gözleyicisinin tasarımda sağladığı
serbestlik kutup renklendirme yöntemi sayesinde dayanıklı kutup atama problemini
çözmek için kullanılmıştır. Bu modelde bilinmeyen giriş olan ters elektromotor
kuvveti kestirilmiştir. Gerçek rotor eksen takımı ile gözleyicinin gerçeklendiği eksen
takımı arasındaki konum hatası bilgisi ters elektromotor kuvvet yardımıyla kestirilmiş
ve açı takip gözleyici ile kompanze edilmiştir. Açı takip gözleyicisi yardımıyla rotor
hızı ve konumu kestirilmiştir.

Hız kontrolörü olarak geleneksel yaklaşım olan PI kontrolör yerine PI-P yapısı tercih
edilmiş, farklı yük ve hız koşullarında doğrulama yapılmıştır. PI-P kontrolör yapısı
hem bozucu bastırma performansının PI kontrolöre göre daha yüksek olması hem de
kutup renklendirme yönteminde kullanılmak üzere optimize edilebilecek fazladan bir
parametre içermesi nedeniyle performans kriterlerini daha kolay sağlamıştır.

Akım kontrolörleri olarak dayanıklı PI yapıları tercih edilmiştir. Moment ve akı ile
ilişkili eksenlerdeki akımlar arasında var olan kuplaj etkisini ortadan kaldırmak için
uygun bir ayrıştırıcı yapısı önerilmiştir. Direnç ve endüktans değerlerinin değişimi
göz önünde bulundurularak dayanıklı tasarım gerçeklenmiştir.

Konum sensörsüz kontrol uygulamalarında kestirilen büyüklüklerin düşük hızlarda
çok fazla bozucu etkilere maruz kalması ve modellenmeyen dinamiklerden çok
etkilenmesi nedeniyle problem teşkil eden değişken yüklerde başarılı bir kalkış
gerçekleştirmek için özgün bir kalkış algoritması önerilmiştir. Özgün kalkış
algoritması geleneksel çözümde olduğu gibi kalkış durumunda gözleyiciyi devre
dışında bırakma yaklaşımının aksine, gözleyiciden belirli oranda yararlanarak kalkış
profilini değiştirmektedir. Bu sayede çamaşır yüküne bağlı olarak kalkış profilinin
değiştirilmesi ve belirli bir hıza kadar rotor konumu kestirilememesine rağmen
motorun kritik hız seviyesine en az konum hatasıyla girmesi sağlanmıştır. Ayrıca
makinanın tamburu yüksek hızlara çıkmadan evvel tambur içindeki dengesiz yükü
ölçmek amacıyla dengesiz yük algılama algoritması önerilmiştir.

Yüksek hız koşullarında çalışma için alan zayıflatma algoritması gerçeklenmiştir.
Bu sayede çamaşır makinesi her iki yönde maksimum hızda kararlı bir şekilde
çalışabilmiştir. Tasarım, simülasyon ve deneysel sonuçlar tezde sunulmuştur. Tez
kapsamında parametrik belirsizlikler altında konum sensörsüz DMSM kontrolü
problemi için farklı bir yöntem önerilmiştir.

İlk defa endüstriyel bir uygulama çerçevesinde DMSM kontrolünde jutup ren-
klendirme metodu kullanılmıştır. Ayrıca, basit yapılı ve dayanıklı PI gözleyici yapısı
konum sensörsüz kontrol probleminde ters elektromotor kuvvetleri kestirmek için
kullanılmıştır. Özgün bir kalkış algoritması önerilmiş ve farklı yük koşullarında
yöntemin geçerliliği test edilmiştir.
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1. INTRODUCTION

1.1 Purpose of The Thesis

The purpose of the thesis is to design a closed loop system in order to control the speed

of the washing machine drum over wide speed range under parametric uncertainties

without using a rotor position sensor. The controllers and observers are required to

have simple structures which are applicable by using a low cost microcontroller. In

order to solve rotor position sensorless startup problem, a novel startup algorithm is

proposed. Validity of the design is proven by simulations and implementation.

1.2 Literature Review

In the last decade, great efforts have been made in the field of the position sensorless

control of AC machines. The drive system is most commonly called as "sensorless

drive" ambiguously in the literature despite the fact that the speed control system still

include current sensors. In order to be consistent, these drive systems are called as

"position sensorless drives" through this study.

Scaler control of AC machines show satisfying performance in the steady-state. Simple

structure make it a valid control methods for many applications [1]. However, when

it comes to high performance motor control application, field oriented control is a

superior technique. The purpose of the field oriented control is to make real time

control of torque, speed and phase currents not only in steady state but also during

transients [2]. By decomposing the magnetic field and torque related components

of the stator current vector, AC machine can be turned into a easily controllable DC

machine in a sense [3]. The cost of achieving high performance control of AC machine

is the necessity of rotor flux position information. This information can be obtained

by a sensor which is vulnerable to the noise, vibrations and temperature variations. So

the main purpose of the position sensorless drive is to eliminate the sensor in order

to increase the robustness and reliability while reducing the hardware complexity and

cost.
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PMSMs are widely used in many industrial systems. The reason of absorbing too

much attention by PMSM are their high torque/volume ratio, hign energy efficiency

and reliable operation. Depending on the arrangements of the permanent magnets in

the rotor, motor type can be classified in two categories; Surface mounted PMSM

(SPMSM) and interior magnet PMSM (IPMSM). permanent magnets of the SPMSM

are placed on in the rotor homogeneously so that the air gap does not depend on the

rotor position. These machines uses only the excitation torque to produce mechanical

power. IPMSM on the other hand uses both excitation and reluctance torque due to

their saliency of the rotor structure. In this study, IPMSM motor drive is covered.

1.2.1 Sensorless speed control of IPMSM

The absence of the position sensor information leads the researchers to drive it from the

mathematical model.There are two main stream in estimating the rotor position which

are back electromotive force based models are stator flux based models. The rotating

PM induces voltage in the stator windings depending on the speed and the position of

the rotor position. Also, the magnetic flux is related to the speed and position as well.

So, the mathematical model can be derived considering these values as states in order

to obtain position information [4].

1.2.1.1 State estimation

The problem of the position estimation is moved to the state estimation area by relating

the BEMF of flux values with the rotor position. Many researches have been done by

focusing on different aspect of the control problem [5]. The methods that have been

used can be crudely categorized as follows;

• Model Reference Adaptive Systems

• Luenberger Observer (Full or reduced order)

• Sliding Mode Observer

• Kalman Filter

The main idea of the MRAS is to use a desired mathematical model (Reference)

besides an adaptive model which adapt the reference model [6]. The block diagram
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Figure 1.1 : Block Diagram of MRAS

of the MRAS is given in Figure 1.1. Full order state observer uses the measurable

states (current) in order to estimate the measurable and unmeasurable states (BEMF,

Flux etc.) by evaluating the error between motor mathematical model output and the

measured currents [7]. Block representation is given in Figure 1.2. In reduced order

observer, it is sufficient to design an observer for the partial states (unmeasurable

states). The main problem of using Luenberger observer is its poor performance

against disturbances and parametric uncertainties which are very critical in wide speed

range control of AC machines. These requirements directed the researchers to use more

robust topologies. The sliding mode observer is one of the most popular observers
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Figure 1.2 : Block Diagram of Luenberger Observer

among the position sensorless applications due to its easily implementable nature and

robustness. Instead of using linear value as correction term (see Figure 1.3), sliding
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mode observer uses a nonlinear switching function [6]. The chattering and the phase

lag problems of the SMO are the main drawbacks [8]. Furthermore, calculation of

the gains to ensure the convergence can be complex. The structure of the Kalman
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Figure 1.3 : Block Diagram of Sliding Mode Observer

filter is similar to the Luenberger observer. The main difference is the selection of

the gain matrix which ensures the optimum state estimation of a quadratic quality

criterion in linear case [6, 7]. Extended Kalman filter is widely used for estimating

states of the nonlinear mathematical model of PMSM. The difficulty lies on the

selection of the covariance matrices. Furthermore, sensitivity to the PM flux linkage

and computationally extensive nature are main drawbacks of the EKF. Block diagram

is given in Figure 1.4. Besides the methods mentioned above, there are different
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Figure 1.4 : Block Diagram of Kalman Filter
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methods that are seldomly applied to the position sensorless problem such as artificial

intelligence based methods and high frequency signal injection [7]. Computationally

extensive nature of the artificial neural network is one of the drawbacks. Also there is

no guideline to select the number of hidden layers in advance. HF injection method

relates the saliency of the rotor with the rotor position. However, the noise reaches

significant levels and it is required that the useful signal must be separated from the

noise by using proper signal processing.

1.2.1.2 Wide speed range control

The speed control problem of an PMSM requires the control of torque and current

components together. When it comes to wide speed range control, field weakening

algorithm is a must due to the limitation of the stator voltage vector limitation. Field

weakening requires the control of both torque and magnetic field related currents

together. The mathematical model of PMSM shows that there are couplings between

these two axes which are functions of speed. In order to achieve high performance

drive these issues have to be handled properly.

Many methods have been suggested for the speed control from classical PID control

to sliding mode control [9]. Although, some methods such as disturbance observer

based techniques have been proposed in order to achieve robust solutions [10], the

problem have been seldomly threatened as systems with parametric uncertainties.

Some attempts have been done for induction machine using Kharitonov theorem [11].

Many robust topologies have been proposed for the current loop [12, 13].

Unfortunately, many of them require complex control structures and include

computationally extensive design procedure.

1.2.2 Parametric uncertainties related to the control system

The field oriented control of PMSM includes many uncertainties especially in the

case of wide speed range control. Influence of the parameter variations became a

topic of many research [14–16]. Some of them focused on the BEMF based observer

techniques [17, 18], which are the case of this study.

Parametric uncertainties related to the system can be listed as follows;

• Variations in winding resistance due to the temperature variations,
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• Variations in the inductance values due to the saturations,

• Variations in the permanent magnet flux due to demagnetization and temperature,

• Variation of the moment of inertia and friction coefficient due to unknown load and

changing speed,

• Variation of the torque constant due to field weakening operation

• Variation of the angular velocity if it is considered as a changing parameter in the

observer model

In order to handle these uncertainties one may consider either adaptive structures or

the robust approaches. In these study, controllers and the observer have been designed

in a robust manner.

1.3 Hypothesis

The assumptions have been made during the design have been presented here. During

the mathematical modeling following assumptions have been made;

• Stator windings produce sinusoidal MMF distribution. Space harmonics in the

air-gap are neglected.

• Air-gap reluctance has a constant component as well as a sinusoidal varying

component.

• Three phase sinusoidal voltage is balanced.

• Hysteresis and Eddy currents are omitted.

• Back electromotive force is limited within operational speed range and.

• Back electromotive force dynamics is sufficiently slow compared to the current

dynamics.

Robust controllers and observer have been designed by considering the following

assumptions;
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• The uncertainties of the control system are structured and modeled as parametric

uncertainties.

• The uncertain parameters are assumed to be changed between their maximum and

minimum boundaries.

• Uncertainties related to unmodelled dynamics (inverter nonlinearities, measure-

ment errors of current sensors etc.) are omitted.

1.4 Organization of the Thesis

The mathematical model of the IPMSM is given in Chapter 2. Mathematical model is

represented in different reference frames. Control strategy, field weakening operation

and parametric uncertainties are given in this chapter.

Chapter 3 is denoted to the PI observer design. Mathematical model and the design

procedure is presented in this chapter. Pole coloring concept which is used for

designing both observer and controllers, is also presented in this chapter. Angle

tracking observer design have been carried out in this chapter.

Robust current controller designs have been presented in Chapter 4. Open loop

decoupling and d-q axes current controllers have been carried out in this chapter.

Robust speed controller design have been explained in Chapter 5. Comparison between

PI and PI-P structures have been presented.

Novel rotor position sensorless startup algorithm have been proposed in Chapter 6.

Problem statement have been presented and the solution is explained in this chapter.

Field weakening algorithm which is used for high speed operations have been

presented in Chapter 7. Unbalanced load detection algorithm is also presented here.

Experimental results and simulations have been presented in Chapter 8. Validation of

the design is proven implementing the design in the real system and results related to

the different operational conditions have been presented here.

Finally, conclusion is given in Chapter 9. Main results have been summarized and

further works have been proposed.
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2. MATHEMATICAL MODEL OF IPMSM

Interior magnet synchronous motor has a permanent magnet in the rotor creating

a magnetic field. Three phase windings are placed in the stator such a way that

corresponding currents have 120o phase lag between each other. Structure of IPMSM

is shown in Figure 2.1. Due to the Faraday’s law, changing magnetic field induces

S

S

N

N

S NSN

Figure 2.1 : IPMSM Structure

voltage. Correspondingly, rotating permanent magnet induces voltage which is called

back electromotive force (BEMF) in the stator windings. Stator wingding has its own

ohmic resistance and inductance due to the coils formed by the windings. By using

these facts, equivalent circuit of a single phase can be modeled as follows; Through

the mathematical model derivation following assumptions have been made;

• Stator windings produce sinusoidal MMF distribution. Space harmonics in the

air-gap are neglected.

• Air-gap reluctance has a constant component as well as a sinusoidal varying

component.
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V(t) Bemf(t)

R L

Figure 2.2 : Single Phase Equivalent Circuit

• Three phase sinusoidal voltage is balanced.

• Hysteresis and Eddy currents are omitted.

By applying Faraday’s law to equivalent circuit in Figure 2.2, three phase equations

have been obtained as follows;

vu(t) = Ruiu(t)+Lu
diu(t)

dt
+Eu(t) (2.1)

vv(t) = Rviv(t)+Lv
div(t)

dt
+Ev(t) (2.2)

vw(t) = Rwiw(t)+Lw
diw(t)

dt
+Ew(t) (2.3)

where E(t) is the induced back electromotive force. For the sake of simplicity, time

dependences are not going to be expressed in the equations explicitly unless otherwise

is stated. Time derivative of the stator flux linkage corresponds BEMF due to the

Faraday’s law. The flux linkage of the each phase is given below;

Ψs
u = Luiu +ΨPM

u (2.4)

Ψs
v = Lviv +ΨPM

v (2.5)

Ψs
w = Lwiw +ΨPM

w (2.6)

By reevaluating the equations (2.1) and (2.4) together following form is obtained;

vu = iu +
Ψs

u
dt

(2.7)

vv = iv +
Ψs

v
dt

(2.8)

vw = iw +
Ψs

w
dt

(2.9)

Equation (2.7) is the most general form of any alternating current machine. Any AC

machine mathematical model can be derived from these equations .
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The sum of instantaneous values of three phase signals would give 0 as shown in

equation(2.11).

0 = vu + vv + vw (2.10)

0 = iu + iv + iw (2.11)

This result suggest that only the 2 component is needed in order to represent three

phase quantities. Actually 2 phase symmetric windings (90o phase lag between each

other) can produce a rotating magnetic field as in the case of three phase machine.

2.1 Alpha-Beta Reference Frame

The Clarke transform is converts balanced three phase quantities into balanced two

phase quantities. The Clarke transformation matrix is given below;

𝑖𝑖𝑎𝑎

𝑖𝑖𝑏𝑏𝑖𝑖𝑐𝑐

120𝑜𝑜

120𝑜𝑜

120𝑜𝑜

𝑖𝑖α

𝑖𝑖β

Figure 2.3 : α-β Reference Frame

[
fα
fβ

]
=

[
1 −1

2 −1
2

0
√

3
2 −

√
3

2

] fa
fb
fc

 (2.12)

By applying Clarke transformation to the equation (2.7), model in α − β reference

frame can be obtained as follows;[
vα
vβ

]
=

[
Ra + p(L0 +L1cos2θe) pL1sin2θe

pL1sin2θe Ra + p(L0−L1cos2θe)

][
iα
iβ

]
+ωeΨPM

[
−sinθe
cosθe

]
(2.13)

iα , iβ α and β axes armature currents
vα ,vβ α and β axes stator voltages
ωe electrical angular velocity of the rotor
θe electrical angular position of the rotor
Ra armature resistance
ΨPM magnet flux linkage

L0 =
Ld +Lq

2
, L1 =

Ld−Lq

2
(2.14)
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Ld and Lq are the d and q axes inductances and p is the differential operator. The

rotor position information appears explicitly in the state matrix and disturbance matrix.

During the construction of the observer it is required that only the BEMF or flux

component include the rotor position information. Especially when the Ld and Lq

inductances are different which is the case in IPMSM, mathematical expressions

get complicated. Also, the mathematical model in α − β reference frame has no

significant advantage from the controller point of view. Torque and flux related terms

are not explicitly shown in this model. However, this reference frame still useful in

constructing space vector modulation and DC bus ripple elimination algorithms. Also,

α − β reference frame can be used for observer model with some modifications as

in [19–21].

2.2 D-Q Reference Frame

Up to now, mathematical model is represented in stationary reference frames. Thus,

voltage and current values are time varying due to changing magnetic field caused

by the rotor movement. If the model is constructed from the rotor point of view,

simpler and more useful mathematical model can be obtained. If the equations are

represented in rotating reference frame, time varying AC components would turn

into DC components. Park transform given in equation (2.15) is used to express the

stationary reference frame values in rotating reference frame.[
fd
fq

]
=

[
cos(θe) sin(θe)
−sin(θe) cos(θe)

][
fα
fβ

]
(2.15)

The IPMSM mathematical model is represented in d-q reference frame as shown in

equation (2.16). [
vd
vq

]
=

[
Ra + p(Ld) −ωeLq

ωeLd Ra + p(Ld)

][
id
iq

]
+

[
0

ωeΨPM

]
(2.16)

where id and iq are the d-q axes armature currents and vd and vq are the d-q axes stator

voltages. Relationship of the α − β and d − q reference frames is given in Figure

2.4. The main advantage of the d−q reference frame representation is relating current

components with the torque and flux linkage. Also, the currents and voltages in d−q

reference frame are not sinusoidal. The position dependencies of the parameters in the

state matrix is not the case here. Torque equation is given below;

Te =
3
2

Zp[ΨPM +(Ld−Lq)id]iq (2.17)
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𝑖𝑖α

𝑖𝑖β

β

α

𝑖𝑖𝑑𝑑
𝑖𝑖𝑞𝑞

𝑞𝑞

𝑑𝑑
θe

Figure 2.4 : α−β and d−q Reference Frames

where Zp is the number of pole pairs. In the d-q reference frame model q axis

component of the current is related to the produced torque while d axis component

is related to the flux linkage. Meaning of the currents is much more informative about

the physical expressions than the model in α − β reference frame. The equivalent

circuit in d-q reference frame is given in Figure 2.5. The state space representation of

R

R e

e

ωeΨPM

Figure 2.5 : Equivalent Circuit in d−q Reference Frame

the system is given below;

dis
dt

= Ais +Bus +Nisωe +SψPMωe (2.18)

A =

[
− R

Ld
0

0 − R
Lq

]
;B =

[
1

Ld
0

0 1
Lq

;

]
;N =

[
0 Lq

Ld

−Ld
Lq

0

]
;S =

[
0
− 1

Lq

]
(2.19)
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where, A is system matrix, B is the input matrix, N is the nonlinear coupling matrix

and S is the disturbance matrix. The block representation is givin in Figure 2.6. The

B �

A

+
𝒊𝒊𝑠𝑠

𝑑𝑑𝒊𝒊𝑠𝑠
𝑑𝑑𝑑𝑑

S

N

𝒖𝒖𝑠𝑠

ωe

𝝍𝝍𝑝𝑝𝑝𝑝

Figure 2.6 : Continuous Model of IPMSM in d-q Reference Frame

mathematical model is 2nd order and the model shows bilinear characteristic due to

term N which shows the multiplicative couplings between the input (ω) and the states

(iq and id).

2.3 Extended BEMF Model

The mathematical model in equation (2.16) is useful for control purpose. However,

position estimation cannot be carried out by using this model due to the absence of the

position information. If the rotating imaginary reference frame (γ-δ reference frame)

which lags by θerror from the d-q reference frame, is created position information can

be obtained. [
vγ
vδ

]
=

[
Ra + pLd −ωeLq

ωeLd Ra + pLq

][
iγ
iδ

]
+

[
εγ
εδ

]
(2.20)

where[
εγ
εδ

]
= ωeψpm

[
−sinθerror
cosθerror

]
+La p

[
iγ
iδ

]
+ωeLb

[
iγ
iδ

]
+(ω̂e−ωe)Lc

[
iγ
iδ

]
(2.21)

Although the position information appears in the imaginary BEMF terms, La, Lb and

Lc matrices are also position dependent [22]. It is a computationally extensive duty to

drag the position information from this complex model.

Equation (2.16) can be rewritten as follows [22];[
vd
vq

]
=

[
Ra + pLd −ωeLq

ωeLq Ra + pLd

][
id
iq

]
+

[
0

Eex

]
(2.22)
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where

Eex = ωe[(Ld−Lq)id +ψpm]− (Ld−Lq)(piq) (2.23)

The term Eex is called extended BEMF. By transforming this model into γ−δ reference

frame observer model can be obtained as follow;[
vγ
vδ

]
=

[
Ra + pLd −ωeLq

ωeLq Ra + pLd

][
iγ
iδ

]
+

[
eγ
eδ

]
(2.24)

where [
eγ
eδ

]
= Eex

[
−sinθerror
cosθerror

]
+(ω̂e−ωe)Ld

[
−iγ
iδ

]
(2.25)

The model in equation (2.24) is very simple compared to the model in equation (2.21).

Also, extended BEMF term is the only term contains the position information. By

taking the inverse tangent of eγ and eδ position information can be obtained.

2.4 Control Strategy of The IPMSM

According to the equation (2.17), if the id current is kept constant, it it obvious that

electromechanical torque is proportional with the iq current. So, it is possible to

control the torque by changing q axis current. Also, torque constant can be adjusted

by controlling the d axis current. This freedom is going to be used in field weakening

operation. In order to control the speed, a speed controller have been utilized. Control

signal of the speed controller has been fed to the current controller on the q axis.

Control signal of the current controllers (both d and q axes) have formed the stator

voltage. By applying inverse park transform, α −β components of the stator voltage

have been obtained. These voltages is useful by deciding th stator current sector which

is needed by the space vector modulation. Space vector modulation determines the

switching sequence and drives the three phase inverter. Inverse Clarke transform has

been used for obtaining three phase voltages.

In order to gain feedback information, three current sensor have been used. By

applying Clarke and Park transformations, variables that are needed by controllers

have been obtained. Extended BEMF based observer runs in the imaginary γ − δ

reference frame and estimates the extended BEMF states. By using a angle tracking

observer position estimation error, θerror, have been compensated. Speed and position

of the rotor shaft have been estimated by angle tracking observer. Block diagram of

the control schema is given in Figure 2.7.
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2.5 Field Weakening Operation

Once the motor reaches rated speed, the BEMF voltage reaches the maximum available

terminal voltage. As the speed increases, torque drops rapidly. To overcome this

problem and increase the operating speed above rated speed, demagnetizing current

(d axis current) is increased in order to reduce the air gap flux. The operation is called

field weakening. Torque/power vs. speed characteristic of the IPMSM is shown in

Figure 2.8. At the steady state, state equations become;

S𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑝𝑝.𝑢𝑢. )

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 \ Power
(𝑝𝑝.𝑢𝑢. )

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

10

1

Figure 2.8 : Torque/Power vs. Speed Characteristic

vd = Rid−ωeLqiq (2.26)

vq = Riq +ωe(Ldid +ψpm) (2.27)

if the maximum speed is reached then iq = 0 which yields;

vd = Rid (2.28)

vq = ωemax(Ldid +ψpm) (2.29)

v2
max = v2

d + v2
q = (Rid)2 +ω2

emax(Ldid +ψpm)
2 (2.30)

Finally

ωemax =

√
v2

max− (Rid)2

Ldid +ψpm
(2.31)

Obviously, id current can be adjusted in order to chance the maximum angular velocity.

The id reference current have been obtained from another controller which is called

field weakening controller. Detailed explanations of the field weakening algorithm is

going to be presented in Chapter 7.
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2.6 Parameter Uncertainties

The classical control theory assumes that the plant is perfectly modeled and controllers

are designed without any error. However, this situation does not occur in practice.

Due to the parameter changes, modeling errors (simplification, reductions etc.),

measurement errors, disturbances, implementation errors and etc., closed loop system

have many uncertainties. In this study, controllers and observer have been design by

taking into account of uncertainties of the physical parameters. During the design

procedure, parametric approach have been adopted. This paradigm allows to specify

the parametric uncertainties exactly. The investigation of the effects of the different

parameters is also possible. The resultant controllers are low ordered which makes

the implementation easier. The drawback of this approach is that the procedures

are computationally extensive and if there are any other kind of uncertainties in

the system except for parametric uncertainties, results can be misleading. However,

computationally extensive calculations have been made offline. So, there is no burden

left to the microcontroller in which the control algorithm runs. Also, the main

uncertainties of the position sensorless control system are parametric uncertainties.

There may be other kind of uncertainties for examples concerning the inverter

(actuator), however, it is effective at low speeds and can be compensated by using

dead time compensation algorithm. So the assumptions have been made are;

• The uncertainties are structured

• The physical parameters take values between their maximum and minimum limits

The uncertain parameters are listed in Table 2.1.

Table 2.1 : Uncertain Parameters.

Parameter Minimum Value Maximum Value
kt 0.6 Nm

A 0.65 Nm
A

Ld 10 mH 16.7 mH
Lq 20 mH 25 mH
R 3.15 Ω 4.5 Ω
ωe -6330 rad

s 6330 rad
s

J 0.0012 kg ·m2 0.0024 kg ·m2

B 0.00025Nm·s
rad 0.00075Nm·s

rad
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3. SPEED ADAPTIVE PI OBSERVER DESIGN

3.1 Observer Model

In this part, the PI-Observer mathematical model is introduced [23]. For a class of

systems described by

ˆ̇x = Ax(t)+Bu(t)+Nd(x, t)+Eg(x, t) (3.1)

y(t) = Cx(t) (3.2)

with the state vector x(t) ∈ Rn, the input vector u(t) ∈ Rl , the measurement vector

y(t) ∈ Rm, the time variant and unknown inputs d(x, t) ∈ Rr and the unmodeled

dynamics Eg(x, t) with g(x, t) ∈Rp and E ∈Rnxp. The matrix N denoting the position

of the unknown inputs effecting the system is assumed to be known. The purpose

of the observer is to estimate the states and the unknown inputs which are going to be

called as disturbances. Disturbances are assumed to be constant or slowly varying [24].

Extended system has been defined by[
ẋ(t)
ḋ(t)

]
=

[
A N
0 0

][
x(t)
d(t)

]
+

[
B
0

]
u(t)+

[
Eg(t)

0

]
(3.3)

y(t) =
[
C 0

][x(t)
d(t)

]
(3.4)

The purpose of the PI observer is to estimate the states of the system described above

robustly. The states x(t) and the disturbance d(t) can be estimated using the observer

model below; [
˙̂x
˙̂d

]
=

[
A N
0 0

][
x̂
d̂

]
+

[
B
0

]
u(t)+

[
L1
L2

]
(y(t)− ŷ(t)) (3.5)

ŷ(t) =
[
C 0

][x̂(t)
d̂(t)

]
(3.6)

By denoting the extended system matrix as Aex, input matrix as Bex, observer gains

as Lex and output matrix as Cex, observability can be determined by the observability
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matrix Q.

Q =


Cex

Cex Aex
.
.

Cex An−1
ex

 (3.7)

For the full observability, extended system Aex,Cex have to fulfill Rank(Q) = n+ r.

3.1.1 Convergence of estimation errors

Considering the equations above, estimation errors have been defined as e(t) = x̂(t)−

x(t) and f(t) = d̂(t)−d(t). Finally, error dynamics can be expressed as follows,[
ẋ
ḟ

]
=

[
A−L1C N
−L2C 0

][
e(t)
f(t)

]
−
[

Eg(x, t)
ḋ(t)

]
(3.8)

It is obvious that eigenvalues of the system matrix of error dynamics determine the

convergence dynamics. Observer gains have to be chosen such a way that e(t)→ 0

and f→ 0 as t→∞ while minimizing the effect of the ḋ(t). Two requirement rise here;

• Re(λi)< 0, where λi are the all eigenvalues of Aex

• ‖L2‖F >> ‖L1‖F

where ‖ · ‖ is the Frobenius norm, ‖A‖F =
√

trace(A∗A). In the frequency domain,

convergence the estimation error can be expressed as follows,

e(s) = G−1f(s)−G−1Eg(s) (3.9)

f(s) =−[sI+L2CG−1N]−1sd(s)+ [sI+L2CG−1N]−1L2CG−1Eg(s) (3.10)

where G = [sI−A−L1C+ N̂[sI]−1]. The transfer function from sd(s) to f(s) must

satisfy ‖[Is + L2CG−1N]−1‖∞ ≤ γ , where γ → Minimum in order to minimize the

effect of d on f.

Observer model can be constructed by using permanent magnet synchronous motor

model. Back EMF input has been considered as disturbance in this model.

Since the closed loop system is a digitally controlled system, mathematical model has

to be constructed in the discrete domain. By denoting the sampling time as T , discrete

model can be obtained as follows;
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
i̇d
i̇q
ėd
ėq

=


1− RT

Ld

LqT Ωe
Ld

T
Ld

0

−LqT Ωe
Ld

1− RT
Ld

0 T
Ld

0 0 1 0
0 0 0 1




id
iq
ed
eq

+


T
Ld

0
0 T

Ld
0 0
0 0

[vd
vq

]
(3.11)

where ed = 0.

State space mathematical model of the motor has been constructed in the d-q reference

frame. However, observer model cannot be obtained in the same reference frame

because of the unknown rotor position. So the observer model has been constructed in

the rotating γ−δ reference frame.


i̇γ
i̇δ
ėγ
ėδ

=


1− RT

Ld

LqT Ωe
Ld

T
Ld

0

−LqT Ωe
Ld

1− RT
Ld

0 T
Ld

0 0 1 0
0 0 0 1




iγ
iδ
eγ
eδ

+


T
Ld

0
0 T

Ld
0 0
0 0

[vγ
vδ

]
+


L11 L12
L13 L14
L21 L22
L23 L24

[id− iγ
iq− iδ

]

(3.12)

3.2 Design By Using Classical Pole Assignment Method

It is obvious that the back emf signals have relatively slow dynamics by comparison

to the current dynamics. So the eigenvalues of the current error dynamics have to

be closer to the origin than the eigenvalues of the back emf signals in the Z-Domain.

Sampling period is T = 50µs and the error dynamics of the current are required to

be settled in 10 sampling period. Furthermore, the error dynamics of the back emf

signals are required to be settled in 20ms. Finally, suggested desired poles have been

determined as follows;

Desired poles = [0.651 0.651 0.99 0.99] (3.13)

The main problem here the presence of the angular velocity in the state matrix. Angular

velocity is not constant and closed loop pole locations depend on the angular velocity.

Eigenvalues of A matrix are given as follows.

λ =
Ld−RT

Ld
± i

LqT Ωe

Ld
(3.14)

As the ω chances between [−6300 6300] rad
s , imaginary part of the eigenvalues varies

dramatically. One may consider to use a certain angular velocity value in order to make
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Figure 3.1 : Pole Spread of the Observer, Ωe = [−6300 0] rad
s

a pole assignment. However, when the operational speed of the motor is changed,

closed loop pole locations vary and error dynamic of the observer can get unwillingly

slower causing the violate the separation property of the closed loop system. The

example design has been carried out by taking Ωe = −4000 rad
s . As it can be seen in

Figure 3.1, poles of the observer have been spread very large area causing the error

dynamics of the estimated error get slower.

The observer gains have to be chosen such a way that the pole spread of the

observer poles are restricted in a certain stability region called as D-region. Event

the parameter have been perturbed, observer must fulfill certain convergence criteria.

Solution is to consider the angular velocity as a parameter uncertainty with the bounds

[−6300 6300] rad
s . The concept of pole colouring is going to be introduced in the next

section.

3.3 Pole Colouring Concept

It is known that poles of closed loop system roughly define the closed loop system

dynamic behavior besides stability. Although element zeros have effects on system

dynamic behavior, they do not effect the stability. So, the design approach is finding

controller in order to meet closed loop dynamic behavior requirements by considering

the effects of closed loop zeros. Pole assignment problem can be defined as follows;

22



Design a gain matrix K such that

|sI− (A−BK)|= (s− p1)(s− p2)...(s− pn) (3.15)

where p1,p2...pn are the desired closed loop poles.

There are many pole assignment techniques in the literature [25, 26] and a crude

classification can be made for state and output feedback cases as follows [27];

1) Classical methods: Transform system into one or several SISO or canonical forms

and solve the equations involving determinants or characteristic polynomials [28],

[25].

2) Direct Methods: Transform system into canonical forms using stable unitary

matrices [29].

3) Matrix Equation Methods: Solve Sylvester-like matrix equations [30]

AX−XΛ = BG (3.16)

with the feedback matrix K = GX−1

4) Eigenvector methods: Select the closed loop eigenvectors x j, the columns of the

matrix X, from some admissible subspaces.

In linear feedback compensation, nominal mathematical model is used for designing

controllers. However, there are many uncertainties related to the physical model

in practice due to linearization error, changing in environment, modeling errors,

changing operating conditions etc. Static controllers can perform satisfactory when

the nominal plant is the case. However, when the uncertainties are included, it is

possible that closed loop system poles can go unstable regions. Model uncertainty can

be categorized into two types: parametric uncertainty, which represents the parameter

variations in model and unstructured uncertainty, which represents the unmodeled

effects. In this study, parametric uncertainties are concerned. Former description of an

uncertain system is follows;

ẋ = A(q)x+B(q)u (3.17)

y =C(q)x+D(q)u (3.18)
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where A, B, C and D are functions of the uncertainty vector q

q = [q1 q2...qn] (3.19)

whose elements are interval parameters

q−i ≤ qi ≤ q+i f or(i = 1,2, ...,n) (3.20)

Robust control problem addresses to designing controller such a way that closed loop

system behavior can satisfy predefined robustness requirements by considering the

uncertainties. There are useful tools that can be used in analysis and design such that

value set concept, however, it involves evaluation of the system for a range of frequency

value which is not practical [28]. The generalized Kharitonov approach is also

considered however it includes conservatisms for many classes of the systems [31].

Many attempts are made in order to move the problem to the optimization area.In

[32] and [33], LQR technique is used to robust pole placement. Although,

the method guarantees the robustness, it allows pole placement only in a

specific region. In [34] and [35], different robustness measures are minimized

via optimization. However, selecting the robustness measure is an issue and

different robustness measures can not be assigned for different closed loop poles.

Here, pole colouring concept [36] gives a powerful idea by using the freedom in the

pole assignment problem in order to minimize cost functions which are defined for

each nominal and perturbed pole pairs. Technique also gives an insight into problem

by using only pole spread of the closed loop system.

Depending on the number of the poles,n, there are n! possible paring options. Here

there are 6 possible paring options (Figure 3.2) and it is reasonable to make the paring

such that the distance between nominal and perturbed poles are minimum. Then the

problem can be expressed as follows:

Jq = min
q=1,...n!

( max
i=1,..n

Fi) (3.21)

where, n is the order of the closed loop system and Fi is the robustness assesment

function. Since the number of permutation is increased as the order of the closed loop

system is increased, a suitable algorithm has to be used in order to obtain fast pairing.

Linear bottleneck assignment problem is addressed here [37]. A simple cost function
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(a) Case 1 (b) Case 2 (c) Case 3

(d) Case 4 (e) Case 5 (f) Case 6

Figure 3.2 : Possible Pairing Options

Figure 3.3 : Nominal and Perturbed Poles

may be defined as the Euclidean distance between nominal and perturbed poles.

Fi =

√
n

∑
i=1

(ppi− pni)2 (3.22)

Note that, if there are no perturbation, Fi = 0. The power of the technique is allowing

the designer to assign a different cost functions to each pole pair. By doing so,

dominant pole assignment can be relaxed by selecting less strict cost function for the

undominant poles. Since problem usually involves many local minimum, a global

optimization technique has to be used in order to obtain optimum result. Possible

cost functions are presented in the next section. Also, a design example is presented.

Perturbation based cost function has been used during the observer and controller

designs.
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Figure 3.4 : Minimum Perturbation Based Cost Function

3.3.1 Several cost functions

Usually, performance criteria for each pole is different. For example, designer may

not want to allow much perturbation for the dominant pole and it can be sufficient

to assign simple settling time requirement for the poles which are far away from the

dominant region. Also, in order to obtain specific time domain characteristics like

rise time and damping ratio, several cost functions can be used together for a specific

pair. Here, minimum perturbation based and settling time based cost functions are

presented. Further information can be fount in [25, 36].

3.3.1.1 Minimum perturbation based cost function

By defining a disk in root space, perturbed poles can be limited to stay in this disk

which center is the corresponding nominal pole. By changing the radius of the disk

different cost functions can be assigned for the different pole pairs. Mathematical

representation is follows [36]:

J1i =
|dni−dpi|

ri
(3.23)

where ri is the radius of the disc, dni and dpi are the distances from nominal and

perturbed poles to the origin respectively.

3.3.1.2 Settling time based cost function

While making dominant pole placement, it is required that the poles which are not in

that region, are to be far away from the dominant region. A settling time based cost

function can be assigned for the poles which are not in dominant region. By doing
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Figure 3.5 : Settling Time Based Cost function

this, it can be guaranteed that the undominant poles are going to be stayed outside the

dominant region under parametric uncertainties. Settling time based cost function can

be defined as follows [36]:

J2i =
Re(dni)−Re(dpi)

Re(dni)−σi
(3.24)

where σi corresponds the location of the related right boundary.If the all the poles are

to the left of their right boundaries, the cost function is going to be less than one.

Similarly, for the poles are required to be the right of the corresponding left boundary,

cost function can be define as follows [36]:

J2i =
Re(dpi)−Re(dni)

σi−Re(dni)
(3.25)

3.4 Robust Pole Placement Via Pole Colouring

Let’s consider the system below

A(q) =

1 −1 0
0 −1+q1 2+q2
2 1 −2

B(q) =

 0 1
−1+q3 0

1 1

 (3.26)

where parameter are known to be vary as follows,

q1 = [−0.25 0.25] (3.27)

q2 = [−0.35 0.35] (3.28)

q3 = [−0.20 0.25] (3.29)
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where nominal values are q1 = q2 = q3 = 0. Since there are two input of the system

and system order is 3, state feedback gain matrix is 2x3 matrix. Since there are

6 parameters to adjust, it is impractical to use this structure during optimization.

So dyadic feedback approach which belongs to classical methods can be used in

order to design a state feedback controller. By doing so, 2 input system is turn

into pseudo-single input system whose input signal is weighted sum of two inputs.

In this approach, state feedback matrix K is an outher product of two vectors,

K = fok (3.30)

b = B fo (3.31)

where fo is called fan-out vector and b is pseudo single input matrix [25]. By taking

fan-out vector as follows,

fo =

[
1
k

]
(3.32)

input matrix can be expressed as follows,

b =

 k
−1+q3

1+ k

 (3.33)

Desired closed loop pole locations are

s =−2+ i s =−2− i s =−7 (3.34)

By simply using desired characteristic polynomial, state feedback k is found as follows,

k = (k1 k2 k3) (3.35)

where

k1 =
90−8(−2+ k)k

2+ k(11+4k(7+2k))
(3.36)

k2 =
13+254k+76k2

2+ k(11+4k(7+2k))
(3.37)

k3 =
31+8k(29+10k)

2+ k(11+4k(7+2k))
(3.38)

by obtaining state feedback matrix by K= fok

K =

 90−8(k−2)k
k(4k(2k+7)+11)+2

76k2+254k+13
k(4k(2k+7)+11)+2

8k(10k+29)+31
k(4k(2k+7)+11)+2

k(90−8(k−2)k)
k(4k(2k+7)+11)+2

k(76k2+254k+13)
k(4k(2k+7)+11)+2

k(8k(10k+29)+31)
k(4k(2k+7)+11)+2

 (3.39)
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Figure 3.6 : Closed Loop Pole Location when k=-0.5 and k=5

Whatever the value of the free parameter k is, closed loop poles are going to be located

at the desired locations as shown in Figure 3.6. However, when the uncertainties are

included, pole spread varies dramatically as shown in Figure 3.7 and Figure 3.8.

-20 -15 -10 -5 5 10

-5

5

Figure 3.7 : Pole Spread when k=-0.5

Here, value k is a free parameter that can be used for fulfilling robustness requirement.

Now let us consider the minimum perturbation based cost functions where

r1 = 1 (3.40)

r2 = 1 (3.41)

r3 = 2 (3.42)

For this purpose a simple MATHEMATICA code has been written (Figure B.1). As

a result optimum value of k has been found as -8.5788. Resulting pole spread of the

closed loop system has been given in Figure 3.9. As it can be seen in Figure 3.9,
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Figure 3.8 : Pole Spread when k=5
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Figure 3.9 : Pole Spread of the Closed Loop System for k=-8.5788

perturbed poles are in the defined D-regions.

3.4.1 Using settling time and perturbation based cost functions together

For the real root, settling time based cost function can be defined. It is required that

real roots are to be left of the σ =−6.5 boundary. Perturbation based cost function is

relaxed by setting r1,2 = 1.5. For this purpose MATHEMATICA code has been written

(Figure B.2).

Result of the optimization gives the k value as k = −3.62. Related pole spread is

given in Figure 3.10. As it can be seen in Figure 3.10, real poles are on the left of

the σ =−6.5. However, complex poles are not in the D-region. Related cost function

value J2 = 3.94 > 1, means that perturbed poles are not in the D-region. In this case
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Figure 3.10 : Pole Spread of the Closed Loop System for k=-3.62

cost function should be relaxed and optimization should be redone. For σ =−6.3 and

k =−3.676, pole spread stays in defined D-regions.

3.5 Robust PI Observer Design Over Wide Speed Range

Pole colouring concept can be easily applied on the robust observer design problem.

Here, the angular velocity is going to be considered as a parameter uncertainty with

the bounds of [−6300 6300] rad
s . Since motor rotation has two direction, different

optimization can be made for both rotation. First, the ωe is assumed to be changed

between [−6300 0] rad
s . By applying minimum perturbation based cost function,

observer gain have been calculated as follows;

L =


0.47 −0.21
−0.18 0.43
−5.54 0.18
0.27 −5.22

 (3.43)

As it can be seen in Figure 3.11, poles of the observer are not in the desired D-region.

This means that observer model has not enough degree of freedom to assign all poles

to the desired region. Either D-region can be relaxed or the parameter variation

assumption can be changed. Fortunately, operation range of the motor can be separated

into two region (See Figure 3.12).

In washing machine application, motor runs at relatively low speed during washing

cycles which takes much more time than the spinning cycles. So, different

optimizations are going to be used for washing and spinning cycles.
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Figure 3.11 : Pole Spread of the observer, Ωe = [−6300 0] rad
s

3.5.1 PI observer design for washing cycle

Angular velocity of the motor is assumed to be changed between ωe = [0 2000] rad
s .

Desired nominal poles are z1,2 = 0.651± 0.05i and z3,4 = 0.95± 0.002 j. D-Regions

related to the optimization have been defined such that perturbation radius for the z1,2

is r1 = 0.12 and for the z3,4 is r = 0.005. The observer gains have been calculated by

using pole colouring method are given below;
0.3759 0.1
−0.099 0.371
−4.94 −0.544

0.1 −5.419

 (3.44)

After optimization, Poles are restricted to the given D-regions. Pole spread of the

observer dynamics are given in Figure 3.13. For the negative rotation direction, where

angular velocity changes between ωe = [0 − 2000] rad
s , same procedure has been

applied.Resulting pole spread is given in Figure 3.14 and observer gains have been

calculated as follows; 
0.3544 −0.0491
0.067 0.3746
−4.889 −0.5146
−0.2485 −5.8664

 (3.45)
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Figure 3.12 : Operation Region of the Washing Machine
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Figure 3.13 : Pole Spread around z1,2 and z3,4

3.5.2 PI observer design for spinning cycle

Angular velocity of the motor is assumed to be changed between ωe = [2000 6300]
rad

s in spinning cycle. Desired nominal poles are z1,2 = 0.651±0.1i and z3,4 = 0.99±

0.002 j. D-Regions related to the optimization have been defined such that perturbation

radius for the z1,2 is r1 = 0.12 and for the z3,4 is r = 0.005. The observer gains have

been calculated by using pole colouring method are given below;
0.3616 0.2821
−0.213 0.403
−4.90 0.20
−0.098 −5.31

 (3.46)

Related pole spread is given in Figure 3.15. For the negative rotation direction, angular
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Figure 3.14 : Pole Spread around z1,2 and z3,4
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Figure 3.15 : Pole Spread around z1,2 and z3,4

velocity is assumed to be changed between ω = [−2000 −6300] rad
s . Observer gains

for negative rotation direction spinning cycle is given below;
0.3994 −0.2732
0.2158 0.3868
−5.4971 −0.5449
0.0437 −5.8361

 (3.47)

Related pole spread is given in Figure 3.16.

3.6 Speed and Position Estimation

Back electromotive force estimation has been carried out by the PI observer. The next

step is to estimate speed and angular position of the rotor. Since the rotor position
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Figure 3.16 : Pole Spread around z1,2 and z3,4
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Figure 3.17 : Actual And Imaginary Reference Frames

information is related to the BEMF (see Figure 3.17), rotor position error between

imaginary and the actual reference frame can be calculated as follows;[
Eγ
Eδ

]
= E

[
−sin(θerror)
cos(θerror)

]
(3.48)

θerror = tan−1(
−Eγ

Eδ
) (3.49)

The position error between actual and imaginary reference frame can be compensated

by using proper controller-like structure. When the position error θerror is driven to

zero, actual speed and rotor position information can be filtered. Selected structure

is called Angle Tracking Observer given in Figure 3.18. By using forward Euler

approximation, discrete domain transfer function has been obtained as follows;

T =
K1K2T z+K1T (T −K2)

z2 + z(K1K2T −2)+T 2K1 +1−T K1K2
(3.50)
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Figure 3.18 : Angle Tracking Observer

Where T is the sampling period, K1 and K2 are observer gains. Desired settling time is

0.2 ms and overshoot is zero. Gains have been calculated as;

K1 = 300000 K2 = 0.4 (3.51)

Step response of the angle tracking observer is given in Figure 3.19. Speed estimation

has been used in order to update the PI observer system matrix in order to make

nominal and observer system matrix error minimum.
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Figure 3.19 : Step Response of Angle Tracking Observer
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4. DESIGN OF ROBUST CURRENT CONTROLLERS

4.1 Mathematical Model of The Current loop

The mathematical model of the current loop is given below;

Vd = RId +Ld
dId

dt
−ωeLqIq (4.1)

Vq = RIq +Lq
dIq

dt
+ωeLdId +ωeΨpm (4.2)

The model includes multiplication of angular velocity and the currents. However,

angular velocity changes slowly by comparison to current. So the angular velocity is

going to be treated as time varying parameter instead of a state. The main problem of

the mathematical model above is coupling effects among the d and q axes currents.

Furthermore, these coupling effects get stronger as the angular velocity increase. For

this reason, it is very hard to obtain satisfying performance at high speed applications

without suppressing these coupling effects.

Before considering fully interacting multivariable design, it is useful to check if the

problem can be treated as set of SISO system which have interactions between each

other. Advantages of using decentralized approach over MIMO desing are that it

has straightforward procedure and it is easy to understand by considering classical

control arguments [38]. As it can be seen in Figure 4.1, the inputs (Vd and Vq)

affect both Id and Iq. One may consider to design two controller for each loop by

considering the coupling effect as disturbances. By making aggressive controller

in order to suppress the disturbance effects may show satisfactory performance in

the cases where small coupling effects are present. However, the mathematical

model in equation (4.1) and equation (4.2) shows that coupling effects increase

dramatically as the angular velocity increase. Also, current controllers have settling

time limits because of the separation property due to the observer in the closed

loop. So, the coupling effects have to be compensated by using a proper structure.
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Figure 4.1 : Set of SISO Representation of The Current Loop

4.2 Open Loop Decoupling of The d-q Axes Currents

Selection of which decoupling method is going to be used can be complicated and each

method address different problem [39]. Simplified decoupling method is going to be

used in this section. Open loop transfer function of the system is given below;

G(s) =

[
1

Lds+R
ωeLq

(Lqs+R)(Lds+R)
ωeLd

(Lqs+R)(Lds+R)
1

Lqs+R

]
(4.3)

The desired open loop transfer function has following form;

T =

[
T1(s) 0

0 T2(s)

]
(4.4)

Where T (s) = D(s)G(s). Resulting decoupler has been found as follows;

D(s) =

[
1 ωeLq

Lqs+R
ωeLd

Lds+R 1

]
(4.5)

Updated current loop control block diagram is given in Figure 4.2. Since the angular
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Figure 4.2 : Current Control Loop Block Diagram

velocity is estimated by the angle tracking observer, it is possible to update the
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Figure 4.3 : Phase Current Without Decoupler

Figure 4.4 : Phase Current With Decoupler

decoupling transfer function as the speed changes. Because the speed is the major

coupling effect, the main idea of the decoupling of Id and Iq current loop is to cancel

the speed dependent terms. Although, there exist parameter mismatches between

motor model and the decoupling transfer functions, these effects can be considered

as disturbances affecting the system input now. The PI controllers can be design in

order to suppress these disturbance effects. The pole coloring concept is going to be

used in order to design robust current PI controllers under parameter uncertainties.

Single phase currents with and without decoupler have been given in Figure 4.3 and

Figure 4.4.

4.3 Design by Using Pole Colouring Concept

The resistor of the stator windings is affected by the temperature rise due to high

current or operational duration. Inductance of the d and q axes may go saturate if

the corresponding current values increases. by considering all these variations, robust
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Table 4.1 : Parameter Space For R, Ld and Lq.

Parameter R(ohm) Ld(mH) Lq(mH)
Min 3.15 0.01 A 0.02
Max 4.5 0.0167 0.025

current controllers can be designed by using pole colouring concept. Parameter space

related to the current loop mathematical model is given in Table 4.1.

4.3.1 D-axis current controller design

For the d-axis current loop, discrete domain open loop system is given below;

G(z) =
1
R
(1− z−1

z− e
−RT
Ld

) (4.6)

Where T is the sampling period. The main strategy is to assign the zero of the

PI controller far enough to stay out of the dominant region while the closed loop

poles are located in the dominant region satisfying certain settling time and overshoot

requirements. Desired closed loop poles is given below;

z1,2 = 0.985±0.01 (4.7)

Where the poles correspond a settling time which is 10ms and percentage overshoot

is 6 . Controller coefficients have been found as follows;

Kp = 3.43 (4.8)

Ki = 0.089 (4.9)

Pole spread after the optimization is given in Figure 4.5. Related step response is given

in Figure 4.6.

4.3.2 Q-axis current controller design

Same procedure has been repeated for the q-axis current controller loop. Nominal

poles are z1 = 0.975 and z2 = 0.9922. Controller coefficients have been found as

follows;

Kp = 12.94 (4.10)

Ki = 0.1 (4.11)

Pole spread of the closed loop system is given in Figure 4.7. Related step response is

given in Figure 4.8.
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Figure 4.6 : Closed Loop Step Response For D Axis Current Loop
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Figure 4.7 : Pole Spread of The Q Axis Current Closed Loop
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Figure 4.8 : Closed Loop Step Response For Q Axis Current Loop
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5. DESIGN OF ROBUST SPEED CONTROLLER

The mathematical model of the speed loop is given below;

TE −TL = J
dωm

dt
+Bωm (5.1)

Where TE is the produced torque by the machine, TL is the load torque, J is the moment

of inertia and B is the friction coefficient. In the washing machine application, motor

shaft is connected to the drum via a belt-pulley mechanism which has turn ratio of 10.8.

This ratio keeps the operating speed of the motor in the stable region and also decreases

the torque applied on the motor. Moment of inertia and the friction coefficients of the

drum are going to be reflected with the ration of 1
10.82 due to belt-pulley mechanism.

This result also shrinks the parameter spread on the motor side due to

Jtotal =
Jdrum

10.82 + Jmotor (5.2)

Btotal =
Bdrum

10.82 +Bmotor (5.3)

Since the loads to be put in the drum is unknown, moment of inertia of the mechanical

system may change dramatically. Moment of inertia also changes during the operation

due to the changing speed. At low speeds, clothes roll over in the drum and hit the

drum surface causing torque disturbance and changing moment of inertia. At the high

speed, clothes sticks to the drum surface leading to the changing moment of inertia.

Furthermore, clothes do not always stick to the drum surface homogeneously. Some

parts of the clothes may be gathered to the specific area on the surface causing the

unbalanced load torque. To sum up, speed controller has to be robust to the parameter

variation and has good disturbance rejection capability. The torque equation of the

motor is given

T =
3
2

Zp(Ψpm +(Ld−Lq)Id)Iq (5.4)

Where Zp is the number of pole pair of the motor which is 4. By taking the torque

constant as kt = Ψpm +(Ld−Lq)Id , motor torque can be expressed as

T = ktIq (5.5)
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Table 5.1 : Parameter Space For The Speed Loop.

Parameter Moment of Inertia Friction Coefficient Torque Constant
Min 0.0012 (kg ·m2) 0.00025 (Nm·s

rad ) 0.6 Nm
A

Max 0.0024 (kg ·m2) 0.00075 (Nm·s
rad ) 0.65 Nm

A
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-0.010

-0.005

0.000

0.005

0.010

Figure 5.1 : Pole Spread of The Closed Loop System With PI Controller

with assumption that Id current is constant. Up to field weakening region, Id current

is kept constant at 0A. When the motor speed is increased further, negative current

reference is applied to the d axis current loop. By changing Id current, torque constant

is changed. So, the torque constant is also going to be considered as parameter

uncertainty. Parameter space related to the motor side is given in Table 5.1. By taking

account these uncertainties a PI controller has been design for nominal poles at

z1,2 = 0.995±0.002i (5.6)

and also the zero location is restricted to the zzero < 0.9935. Resulting PI controller

coefficients are given below;

Kp = 0.0136 (5.7)

Ki = 0.000089 (5.8)

Pole spread of the closed loop system is given in Figure 5.1. The pole spread exceeds

the defined D-regions. This is because the PI controller has not enough degree of
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Figure 5.2 : PI-P Controller

freedom to restrict all poles to the defined D-region. For this reason PI-P controller

structure is going to be implemented.

5.1 PI-P Controller Design

PI-P controller structure given in Figure 5.2 has more degree of freedom than the PI

controller. Also, disturbance rejection capability is much higher than PI controller due

to the inner loop. Same design procedure is going to be repeated for the PI-P controller.

In this case further design constrain comes from the inner loop. If the feedback gain is

too high, inner loop dynamics is going to be excessively fast causing the large control

signal. It also amplifies the noise in the speed feedback. If the feedback gain is kept

too low, than the advantages of the PI-P structure would not be observed. So, during

the optimization, feedback gain, K, is restricted between 0 and 0.01. Also zero of the

closed loop system is restricted to be left of the z = 0.9935. After optimization, design

parameter have been calculated as follows;

K = 0.01 (5.9)

Kp = 0.0158 (5.10)

Ki = 0.0001 (5.11)

Pole spread of the closed loop is given in Figure 5.3. Step response of the closed

loop system is given in Figure 5.4. Comparison of the two controller performance for

the ramp and step disturbances is given in Figure 5.5. PI-P controller shows better

disturbance rejection performance for ramp and step type disturbances.
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6. POSITION SENSORLESS STARTUP ALGORITHM

6.1 Problem of Sensorless Starpup

The BEMF based position sensorless control methods are very effective in the middle

and high speed range. However, when it comes to low speed operation, closed loop

system performance may decrease dramatically. One reason of that is the unmodeled

dynamics.

vs = Ris +L
dis
st

+ e+vd (6.1)

where vs is stator voltage, is is stator current, L is the inductance matrix and vd is the

disturbance voltage. As it can be seen in equation (6.1), disturbance voltage vd takes

place in more detailed model. The reason of this disturbances are usually inverter

nonlinearities and noise. At the high speed operations, stator voltage is sufficiently

high by comparison to the disturbance voltage. So, elimination of the disturbance

voltage in the model does not cause any dramatic effects. However, at the low speed

operation, the effects of the disturbance voltage cannot be omitted and it degrades the

controllers performance. The unknown initial rotor position is also a problem. If the

distance between applied current vector and the rotor flux vector is too large, then

unnecessarily huge currents can be required to produce torque.

On the other hand, current demand is high in order to overcome the mechanical inertia.

High currents cause noisy environment because of the switching components in the

inverter. So, it is hard to filter the BEMF signal in the noisy environment. BEMF

signal is also low at the low speed since it is proportional to the angular velocity.

This problems lead the engineers to search efficient startup algorithms. High frequency

injection based methods is a valid alternative as discussed in Chapter 1. However,

it increases the noise in the layout and has some limitations due to the switching

elements. A practical approach is to align the rotor position with the current vector by

applying a flux related id current. Since the permanent magnets is going to be aligned

with the produced magnetic field vector, at least the distance between current and rotor

flux vector can be decreased. However, rotating the current vector with only id current
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leads the vibration in the rotor movement due to the holding torque. Once the rotor

is aligned (or assumed to be aligned), torque related current component, iq, is applied

in order to produce startup torque. By applying iq current, motor speed is increased

until the BEMF signal is matured to be correctly estimated. So, this procedure is called

open loop startup due to absence of speed and position information.

The main problem in such an approach is how to rotate the current vector. Since the

α

β

𝑑𝑑

𝑞𝑞
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𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

Figure 6.1 : Align State

rotor velocity and position is unknown, Clarke and Park transform cannot be utilized

and space vector modulation cannot be performed in order to derive the motor. Usually

and open loop speed and position calculation is performed in the algorithm with the

assumption that constant speed ramp. By using the relation below, speed and position

information can be obtained in the open loop.∫
aedt = ωe (6.2)∫
ωedt = θe (6.3)

However, speed ramp may change dramatically due to the load. If the load and inertia

are not constant, such an approach may fail for a specific condition.

6.2 A Novel Startup Algorithm

A novel startup algorithm is proposed here. The main idea of the algorithm is

that although the position and speed informations are corrupted with noise and
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Figure 6.2 : id-iq Transition

disturbances, the acceleration ramp of the filtered speed estimation gives an idea about

the load torque and inertia during transient. So the open loop speed ramp information

can be updated depending on the filtered speed estimation in order to derive speed and

position information (See Figure 6.5). If the inertia and the load torque is high, motor

accelerates slowly under the constant current amplitude. By decreasing the open loop

speed ramp value, position error between rotor and current vector is decreased to a

acceptable levels. Similarly, open loop speed ramp value is increased if the load and

inertia is low which the speed estimation indicates. Flow chart of the algorithm is given

in Figure 6.3.

6.3 Open to Closed Loop Transition

The BEMF based observer can operate properly once the angular velocity reaches a

certain level. At this point, observer output have to be used in order to obtain closed

loop control. Although, the position error between current vector and the rotor flux

vector is decreased by using the startup algorithm mentioned in Section 6.2, there may

be still difference between position information obtained from observer and open loop

derivation. If the error is not compensated somehow, oscillations and ripples are take

place during the open loop to closed loop transition.

In order to minimize these unwanted behaviors, a smooth transition algorithm has been
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Figure 6.3 : Flow Chart of The Startup Algorithm

used. Algorithm utilizes a convex conjugate function which is defined below;

fout = α fcl +(1−α) fol (6.4)
1∫

0

∆dt = α (6.5)

where ∆ is the merge step, fout is the updated value, fol is the value in the open loop

algorithm and fcl is the value in the observer. α changes between 0 and 1 with the

predefined merge steps. Once the α reaches its maximum value, value in the open loop

algorithm has no effect and the observer outputs are running. Selection of the merge

steps depends on transition speed. Merge step has to be selected such a way that, there

have to be left enough time for controllers to recover the transient disturbances.

The stator current values are high by comparison to the closed loop. This is because

the position error is much less in when the observer is online and required torque

is high during the startup. When the control algorithm switches to the closed loop,

stator current drops depending on the load. Since the startup stator current is high,

overshoots may occur in the transition if the load is low. This degrades the startup

quality and causes sudden changes in the rotor position which may be hard to estimated

by the observer and recovered by the controllers. In order to obtain smooth transition,
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Figure 6.4 : Novel Startup Realization

startup stator current amplitude is decreased by the information which is obtained from

the previous startup. Since the washing machine makes run and stop operation all the

time, motor is started up for the worst case scenario once, then the startup stator current

amplitude is adjusted depending on the load information which is obtained from the

previous startup. The estimated and the calculated value of the rotor speed is shown in

Figure 6.4.
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Figure 6.5 : Novel Startup Block Representation
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7. FIELD WEAKENING OPERATION

The control system hardware is supplied by the grid. An AC-DC converter rectifies the

sinusoidal input voltage in order to feed the three phase inverter. A large capacitor in

the DC bus reduces the voltage ripples and it is assumed that DC bus voltage is fixed

or fluctuates in a small range. When the motor speed is increased to the rated value,

induced BEMF voltage is also increased and the motor cannot accelerates further due

to the voltage limitation [40, 41].

ωemax =

√
v2

max− (Rid)2

Ldid +ψpm
(7.1)

On the other hand, the current which is applied to the motor is limited due to the

inverter ratings and stator winding temperature. Voltage and current limits is shown in

Figure 7.1. Several approaches are proposed as in [40, 42], However, many of them

𝑖𝑖𝑞𝑞

𝑖𝑖𝑑𝑑

ω1

ω2

ω3

ω1 < ω1 < ω1

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
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𝑖𝑖𝑑𝑑 = −
ψ
𝐿𝐿𝑑𝑑

Figure 7.1 : Control Schema of The Closed Loop

are parameter dependent. Including too much parameter in the algorithm leads to

degradation in the control performance when the parameters have chanced.

7.1 Parameter Free Field Weakening Algorithm

The parameter free field weakening algorithm is based on a single fact. Stator voltage

vector cannot exceed the available DC bus voltage.

v2
bus > v2

d + v2
q (7.2)
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or alternatively;

|vbus|> |vs| (7.3)

where vs is the stator voltage vector which is v2
s = v2

d + v2
q. This is actually the starting

condition of the field weakening algorithm. Since the realizable vector space is limited

due to the practical considerations [43], voltage limitation error is rewritten below;

v2
bus ·Kmarg = v2

d + v2
q (7.4)

Once the motor reaches its allowable rated speed, vbus is equal to vs. At this point a

PI controller can be used in order to increase (negative direction) demagnetization

current (id) for keeping the relation of |vbus| > |vs| is held. As the id current

increase, motor accelerates further due to the reduction in the air gap flux. By

applying such an algorithm motor maximum speed is increased four times to its

rated speed which is determined by the hardware. The maximum speed is limited

to the mechanical considerations and winding temperature anyway. Also applying

too much demagnetizing current may lead to the permanent demagnetization. So the

demagnetization current (id) is limited. Flow chart of the control algorithm is given in

Figure 7.2;

Figure 7.2 : Flow Chart of The Field Weakening Algorithm

Block representation is given in Figure 7.3.
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Figure 7.3 : Control Schema of The Field Weakening Region

7.2 Unbalanced Load Detection

In order to operate safely at high speed regions, load distribution in the drum has to

be balanced which means that the clothes have been distributed homogeneously in

the drum. Usually, this is not the case. This causes unbalanced load distribution and

may cause excessive power consumption besides vibration. In order to prevent this

situations, equivalent unbalanced load weight have to be calculated. If the unbalanced

load wight is higher than the predefined limit, than drum speed have to be limited below

the maximum operating speed. Certain speed profile may be applied to the drum.

In order to estimate equivalent unbalanced load, active power demand of the rotor is

considered.

ω

θ
𝑟

𝐹𝑥

𝐹𝑦

𝑥

𝑦

Figure 7.4 : The Free Body Diagram of The Unbalanced Load in Drum

Fy = mω2
mrcos(θ)+mg (7.5)

Fx = mω2
mrsin(θ) (7.6)
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Since the clothes are stuck to the drum at 100 rpm speed, unbalanced load detection

can be carried out at constant 100 rpm drum speed. By considering the vertical force

applied by the load, it can be assumed that the active power required by the drum

chances sinusoidally. Due to the friction, active power demand of the rotating drum is

denoted as P100rpm which is constant. By considering the drum radius, measurement

speed and the gravitational acceleration, power equation can be approximated.

Punbalanced ≈ P100rpm +m
ω3

mr2

2
(7.7)

By considering the power requirement, unbalanced load weight can be determined

since the radius of the drum and P100rpm are known.

m≈
2(Punbalanced−P100rpm)

ω3
mr2 (7.8)

Active power can be calculated by using q axis equivalent circuit at steady state in

Figure 7.5. Since the active power transferred to the rotor can be calculated by knowing

R

R e

e

ωeΨPM

Figure 7.5 : Equivalent Q-Axis Circuit

iq current and back electromotive force, it can be used to calculate the unbalanced load

weight. 633 g unbalanced load has been used in order to the validate the concept.

Active power transferred to the rotor is given in Figure 7.6. By considering the
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unbalanced load equation, load weight has been calculated as 672g. Since drum has
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its own unbalanced load due to imperfect mechanical structure, it can be said that this

approach can be used in order to detect equivalent unbalanced load in the drum. The

unbalanced load estimation for different weight have been given in Figure 7.7.
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8. SIMULATIONS AND EXPERIMENTAL RESULTS

8.1 Simulations

In order to validate the design, MATLAB/SIMULINK model of the closed loop system

has been constructed. The aim is to observe the position error between actual and

estimated rotor position. As it is discussed in chapter 3, state estimation (id , iq) errors

go to zero in the steady state. However, depending on the uncertainties, extended back

emf estimation error is kept below a certain limit, γ , so the estimated rotor position

in Figure 8.1. Since the structure of the observer and the controllers are PI type,

estimation errors have been simulated also during ramp state. Uncertain parameters

have been chanced between their limits during simulation and the worst case results

are presented in this section. SIMULINK block are given in the APPENDIX.

GERÇEK VE SANAL EKSEN TAKIMLARI
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Figure 8.1 : Estimated And Actual Reference Frames

8.1.1 Washing cycle estimation errors

During washing cycle, motor mechanical speed is below 1000 rpm. Since the observer

has ωe
Lq
Ld

terms, the back electromotive force estimation error caused by Ld and Lq is

expected to be lower than the high speed case. State estimation errors under parameter

uncertainties and noisy environment is given in Figure 8.2. Similarly, rotor position

estimation is given in Figure 8.3. As it can bee seen in the Figure 8.2 and Figure

8.3, stator current estimation is satisfying. Estimated states track the actual states
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Figure 8.2 : Washing Cycle State Estimation Errors
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Figure 8.3 : Washing Cycle Rotor Position Errors

without steady state error in both nominal and worst case. However, rotor position

error has steady state error when the parameters are chanced. During nominal (ideal)

case steady state error is zero. Position error is also increased when the load is chanced

and motor is accelerated (or decelerated). However, rotor position error is limited due

to predefined speed ramps and parameter variation limits. Position error at worst case

is below 3o. Up to 20o− 30o position error, control performance does not chance

dramatically. Depending on the position error, required stator current is increased

leading to inefficient drive performance. So the design is valid. Motor control closed

loop system can tolerate this position error.
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8.1.2 Spinning cycle estimation errors

Motor mechanical speed reaches up to 15120 rpm. So, the estimation errors caused by

the ω Lq
Ld

term is more effective by comparison to the washing cycle case. Therefore,

spinning cycle is more challenging case. Although state estimation steady state error

converges to zero, position estimation error is relatively high compared to the washing

cycle. Spinning cycle state estimation error is given in Figure 8.4. At worst case, there
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Figure 8.4 : Spinning Cycle State Estimation Errors

are overshoots in the transient period. However, estimation error goes to zero at the

steady state. Position estimation error is given in Figure 8.5. As it can be seen in
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Figure 8.5 : Spinning Cycle Rotor Position Errors

Figure 8.5, estimated position error is higher than the washing cycle case. However,

position error is kept below 7o. This result is also satisfying. This position error shows
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itself as the unnecessarily high stator current due to the projection as given in Figure

8.1. However, current increment is tolerably low due to low position error.

8.2 Experimental Results

By using E2Studio IDE, real time variables have been captured to the text file. In this

section, control system variables have been presented under different load and speed

conditions.

8.2.1 Washing cycle
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Figure 8.6 : Drum Speed Under No Load Condition

As it can be seen in Figure 8.6, drum speed tracks the reference speed without making

steady state error. In order to make more realistic experiments, washing machine is

load with 400g unbalanced load. The unbalanced load creates sinusoidal load torque

and the frequency of the sinus depends on the rotor speed. Speed estimation under

400g unbalanced load is given in Figure 8.7. Estimated extended back electromotive

forces under 400g unbalanced load have been given in Figure 8.8. Since the load

torque chances sinusoidally, back electromotive forces are also oscillate. D axis back

electromotive force fluctuates around zero. This means the observer estimates the

rotor position very closely. Depending on the uncertainties, error between real and

estimated rotor position may chance as indicated before. However, current estimation

error is expected to be zero. Torque component of the current ,iq, is given in Figure

8.9. Unbalanced load in the drum creates sinusoidal load torque, causing the torque
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Figure 8.7 : Drum Speed Under 400g Unbalanced Load Condition
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Figure 8.8 : BEMF Voltages Under 400g Unbalanced Load Condition

component of the stator current oscillates. However, mean value, which compensates

the torque caused by the friction, is almost constant. Estimated position error which

is atan(−Eγ
Eδ

), is given in Figure 8.10. Estimated position error between actual and

imaginary reference frames is calculated by using back electromotive forces. Since the

unbalanced load causes the back electromotive force oscillations, estimated position

error is also oscillates. The other reason of the oscillation is the observer dynamics.

Observer tries to compensate the error between actual and the observer model output.

So, during the transient period, estimation error may not be zero depending on the error

dynamics.
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Figure 8.9 : iq Current Under 400g Unbalanced Load Condition
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Figure 8.10 : Estimated Position Error Under 400g Unbalanced Load Condition

8.2.2 Spinning cycle

As the motor speed increased, sinusoidal load torque frequency is also increased.

Furthermore, stator winding resistance is increased as the stator current is increased.

So the spinning cycle is a suitable region in order to test the performance of the closed

loop system. Speed Estimation under no load condition and 400g unbalanced load

condition is given in Figure 8.11 and Figure 8.12. Drum speed tracks the reference

signal for different load conditions. Estimated back electromotive forces is given

in Figure 8.13. Depending on the rotor speed, extended electromotive forces change.

Since the d axis is aligned with the permanent magnet, there is no back electromotive

force in the d axis. However, depending on the estimation quality and the operational
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Figure 8.11 : Drum Speed Under No Load Condition
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Figure 8.12 : Drum Speed Under 400g Unbalanced Load Condition

conditions, d axis back electromotive force takes values different from zero. But as it

is observer, d axis back electromotive force is always near to zero. Torque related iq

current is given in Figure 8.14.

8.2.3 Ramp condition at whole range

Since rotor position error is increased during acceleration (or deceleration), it is also

important to observe the closed loop variables during the ramp case. Washing machine

is loaded with clothes and related closed loop variables have been observed. Motor

speed profile which covers full range is given in Figure 8.15. Motor speed tracks the

reference without making any steady state error. Figure 8.16 and Figure 8.17 show
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Figure 8.13 : BEMF Voltages Under 400g Unbalanced Load Condition
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Figure 8.14 : iq Current Under 400g Unbalanced Load Condition

the stator currents and the control signals. Especially at high speed operation, stator

current variation is increased due to the coupling effects and high frequency sinusoidal

load torque. However, controllers compensate the effect of these disturbances. Control

signal oscillations are satisfactorily low. Control signals also do not exceed the

stator voltage limits during the whole operational range. Estimated extended back

electromotive forces, Eγ and Eδ , are shown in Figure 8.18. Eγ stays at zero as expected

and Eδ reaches high voltages depending on the motor speeds. Since the extended back

electromotive forces are fictive variables, exceeding 300 V DC bus voltage is not a

problem. By using an oscilloscope, stator phase current can be measured. Stator

current can be considered as the vectorial sum of the iq and id . So, by observing
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Figure 8.15 : Motor Speed Under Loaded Condition
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Figure 8.16 : Stator Currents Under Loaded Condition

the phase current, many information can be obtained. First of all, phase current

is sinusoidal. Amplitude of the phase current is proportional to
√

i2d + i2q and the

frequency is directly proportional to the rotor speed. Since the number of pole pairs

is 4, electrical rotor speed can be found by multiplying the electrical frequency by 15.

Position estimation quality can be also observed up to certain point. Harmonics of the

phase current increases with the rotor position error. So, pure sinusoidal phase current

means that the rotor position estimation is satisfactory. Phase currents at maximum

speed, at minimum speed and washing speed under unbalanced load condition are

given in Figure 8.20, Figure 8.21 and Figure 8.22.
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Figure 8.17 : Control Signals Under Loaded Condition
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Figure 8.18 : Estimated Extended BEMF Voltages Under Loaded Condition
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Figure 8.19 : Input Power Under Loaded Condition
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Figure 8.20 : Single Phase Current at The Maximum Speed

Figure 8.21 : Single Phase Current at The Minimum Speed

Figure 8.22 : Single Phase Current at Washing Speed Under 600g Unbalanced Load
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9. CONCLUSION

In this study, interior magnet synchronous motor has been controlled under parametric

uncertainties without using any rotor position sensor. The designed closed loop system

has been applied to a washing machine application. Pole coloring concept has been

applied to a real industrial problem for the first time in order to obtain satisfactory

design under parametric uncertainties. By using this approach, controller coefficients

remain unchanged during the whole operational range. This led to simple control

algorithm without using adaptive structures.

PI observer has been selected as state and disturbance observer due to its simple

structure, easily applicable nature to the low cost microcontroller, and its satisfactory

robustness properties. Results in Chapter 8 show that controller and observer designs

fulfill the requirements of washing machine application. Field weakening algorithm

has been applied in order to extend the motor speed which is limited by the DC bus

voltage. Also, decoupling control structure has been designed in order to minimize the

cross coupling effects between d and q axes currents.

In order to overcome the robust startup problem, a novel startup algorithm has been

proposed and applied. By using the algorithm, it was observed that motor has always

been able to perform successful startup for different load conditions.

Unbalanced load detection algorithm has also been proposed. However, the current

version of the algorithm can only detect the unbalanced load. When the drum is loaded

with balanced and unbalanced load, algorithm shows poor performance and is needed

to be improved.

At the end of the study following issues are proposed to be improved as further works.

• Steady state error of the state estimation converges to the zero for the estimated

currents. However, disturbances (back electromotive forces) estimation error does

not converges to zero but to a small number. In order to improve the observer

robustness, degree of freedom of the observer may be increased.
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• In order to overcome the decoupling problem, open loop transfer functions have

been decoupled by using 2 transfer function. However, uncertainty analysis have

not been covered. More improved decoupling techniques may be applied to the

closed loop system (Observers may be used in order to estimate the decoupling

signals).

• Low speed operation has not been covered in this study. However, washing machine

drum can still rotates at 8rpm under loaded condition without loosing the stability.

Further improvement may be proposed in order to improve low speed performance

such as including detailed model of the inverter, using active disturbance rejection

techniques and using different mathematical model and structure for the observer.

• Uncertainties have been treated as parametric uncertainties and unstructured

uncertainties are now covered. Further study may cover the frequency domain in

order to increase robustness.

• Parameter identification has not been covered in this study. Estimating the certain

parameters like load moment of inertia and the stator resistance may improve

the closed loop system performance besides improving the application algorithm

(winding temperature estimation, amount of water to be used etc.).
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APPENDIX A.1
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APPENDIX B.1

cost1 = N@Table@HAbs@Permutations @8-7, -2 + ä, -2 - ä<D@@counterDD@@1DD
- Eigenvalues @A - B.FsD@@1DDD � r1L, 8counter, 1, 6<DD;

cost2 = N@Table@HAbs@Permutations @8-7, -2 + ä, -2 - ä<D@@counterDD@@2DD
- Eigenvalues @A - B.FsD@@2DDD � r2L, 8counter, 1, 6<DD;

cost3 = N@Table@HAbs@Permutations @8-7, -2 + ä, -2 - ä<D@@counterDD@@3DD
- Eigenvalues @A - B.FsD@@3DDD � r3L, 8counter, 1, 6<DD;

Jpair = Min@cost1 + cost2 + cost3D;

Jpc = Max@Table@Jpair, 8q1, -0.25, 0.25, 0.25<, 8q2, -0.35, 0.35, 0.35<,

8q3, -0.2, 0.25, 0.2<DD
Minimize@Jpc, k, RealsD

Figure B.1 : MATHEMATICA Code for Minimum Perturbation Based Cost Function

APPENDIX B.2

cost1 = N@Table@HAbs@Permutations @8-7, -2 + ä, -2 - ä<D@@counterDD@@1DD
- Eigenvalues @A - B.FsD@@1DDD � r1L, 8counter, 1, 6<DD;

cost2 = N@Table@HAbs@Permutations @8-7, -2 + ä, -2 - ä<D@@counterDD@@2DD
- Eigenvalues @A - B.FsD@@2DDD � r2L, 8counter, 1, 6<DD;

cost3 = N@Table@HRe@Permutations @8-7, -2 + ä, -2 - ä<D@@counterDD@@3DDD
- Re@Eigenvalues @A - B.FsD@@3DDDL � HRe@Permutations @8-7, -2 + ä, -2 - ä<D

@@counterDD@@3DDD + 6.5L, 8counter, 1, 6<DD;

Jpair = Min@cost1 + cost2 + cost3D;

Jpc = Max@Table@Jpair, 8q1, -0.25, 0.25, 0.25<, 8q2, -0.35, 0.35, 0.35<,

8q3, -0.2, 0.25, 0.2<DD
Minimize@Jpc, k, RealsD

Figure B.2 : MATHEMATICA Code for Settling Time Based Cost Function
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