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ESTIMATED POSITION ERROR REDUCTION OF
SMO-BASED SENSORLESS CONTROL OF IPMSM
USING VARIABLE NOTCH FILTER

SUMMARY

Controlling IPMSM is categorized into two sections; an open-loop strategy in which
the essence of shaft position information is not needed and a close-loop strategy in
which shaft’s position information is required and is subdivided into two methods:

e Sensored

e Sensorless

In the sensorless method, there are three methods for rotor position estimation. The
first one is fundamental excitation which includes adaptive and non-adaptive methods.
Secondly, signal injection methods, and the last one is the help of artificial intelligence.

Adaptive methods are categorized as model reference adaptive base systems and
observer-based control, which is subdivided into Luenberger Observer, reduced order
observer, sliding mode observer (SMO), and Kalman filter.

Estimation error in SMO control is inevitable, and it is generated because of its sign
function. In this work, a sliding mode observer is employed, and the error in this method
is reduced by applying varying notch filters in the system. When a system’s state is
not measured directly, sliding mode observer control can be utilized to estimate the
required dynamics. The main function of SMO is moving or sliding over a hyperplane
to reach the desired or stable state and stays on it. With the help of these estimated state
variables, it is possible to control our system. In the case of controlling IPMSM, the
estimated state variables are the rotor’s speed and position.

A sign function is employed to determine the hyperplane. By multiplying the sign
function of estimated value minus real value, the sliding surface is defined. If the sliding
surface converges to zero, the error between the estimated and real value approaches
to zero. The sign function, which is the main part of SMO, creates oscillations in the
system and causes chattering in IPMSM. In order to overcome this obstacle, filtering the
oscillated frequency is proposed. The range of the frequency which is being eliminated
from the output of SMO should be narrow so that a notch filter is suggested to attenuate
the oscillation frequency. In this case, in which the parameters of IPMSM have already
been defined, the oscillated frequency for reference speed of 0.1 pu is obtained from
the FFT analysis of the signal, which is 27.34 Hz.

After simulating the proposed method in MATLAB®/Simulink® and filtering the
aforementioned frequency from the estimated speed, a significant reduction in the
first harmonic oscillation of the signal is achieved, and according to its FFT frequency

XX1



response, its amplitude is decreased from 0.14 to 0.05 when the motor is rotating at 0.1
pu.

In conclusion, this method has reduced chattering in the system and attenuated the
frequency, which leads to estimation error mitigation, and increases the robustness and
accuracy of the position sensing of IPMSM.
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NOTCH FiLTRE KULLANARAK IPMSM’IN
KAYAN KIiPLi SENSORSUZ KONTROLUNDE
KONUM HATASININ AZALTILMASI

OZET

IPMSM’nin kontrolii iki boliime ayrilmistir; Saft pozisyon bilgisinin gerekli olmadigi
acik dongii stratejisi ve saft pozisyon bilgisinin gerekli oldugu kapali dongii stratejisi
olarak ikiye ayrilir:

e Sensorli

e Sensorsiiz

Sensorsiiz yontemde, rotor konum tahmini i¢in ti¢ yontem vardir. Bunlardan ilki adaptif
ve adaptif olmayan yontemleri iceren temel uyarimdir. Ikincisi, sinyal enjeksiyon
yontemleri ve sonuncusu yapay zeka kullanimidir.

Uyarlanabilir yontemler, model referansl uyarlanabilir temel sistemler ve Luenberger
Gozlemcisi, azaltilmig dereceli gozlemci, kayan kipli gozlemci (SMO) ve Kalman
filtresi olarak alt boliimlere ayrilan gbzlemci tabanli kontrol olarak kategorize edilir.
Bu calismada kayan kipli gézlemci kullanilmistr.

Harmonikler, dogrusal olmayan bir sistemin kacinilmaz parametreleridir; IPMSM
kontroliinde dogrusal olmama, ideal olmayan inverter, inverterde 6lii zamanin varligi,
aki uzamsal baglantis1 ve parametre degisimleri tarafindan iiretilir. SMO sensorsiiz
kontrol durumunda, bu harmonikler kestirimi etkiler ve kestirilen hiz ve konum
rotor doniis frekansina bagli olarak dalgalanir.  Sistemdeki hata oranini artiran
bu dalgalanmay1 azaltmak icin degisken bir centik (notch) filtresi Onerilmektedir.
Bu filtreyi kullanmak, doniis frekans: ile iligkili olan istenen harmonigi ortadan
kaldirmamiza fayda saglar.

Bir sistemin durumu dogrudan ol¢iilemediginde, gerekli dinamikleri tahmin etmek
icin kayan kip gozlemci kontrolii kullanilabilir. SMO’nun ana islevi, istenen veya
kararli duruma ulagmak i¢in bir hiper diizlem iizerinde hareket etmek veya kaymak
ve bunun iizerinde kalmaktir. Gozlemcinin amaci, tahmin edilen durumlar1 dogru bir
sekilde belirlenebilecekleri bu kayan yiizeye stirmektir. Durumlar kayan yiizey iizerinde
oldugunda, gézlemci bu tahmini durum bilgisine dayanarak kontrol sinyalleri iiretebilir.
Bu tahmini durum degiskenlerinin yardimiyla sistemimizi kontrol etmek miimkiindiir.
IPMSM’nin kontrol edilmesi durumunda, tahmin edilen durum degiskenleri rotorun
hiz1 ve konumudur.

Hiper diizlemi belirlemek icin bir isaret fonksiyonu kullanilir. Kestirilen deger eksi
gercek deger isaret fonksiyonu ile carpilarak kayan yiizey tanimlanir. Kayan yiizey
sifira yakinsarsa tahmini ve ger¢ek deger arasindaki hata sifira yaklagir. SMO’nun
ana parcasi olan isaret fonksiyonu sistemde salinimlar yaratir ve IPMSM’de gevezelige
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neden olur. kayan mod gozlemci kontrolii, kontrol sistemlerinde durum tahmini i¢in
kullanilan bir tekniktir. Kayan bir yiizey ve tahmin edilen durumlar1 kayan yiizeye
stirmek icin isaret fonksiyonunu kullanir ve belirsizliklerin ve bozulmalarin varliginda
bile dogru tahmin yapilmasini saglar. Isaret fonksiyonu, kayan yiizeyi tanimlamak ve
gozlemcinin dinamiklerini tasarlamak i¢in kullanilir, bu da saglam ve ayrik gozlemci
yanitlar1 saglar. Bu engelin iistesinden gelmek icin salinan frekansin filtrelenmesi
onerilmigstir. SMO’nun ¢ikisindan elimine edilen frekans aralifi dar olmalidir, bu
nedenle salinim frekansini zayiflatmak icin bir ¢entik filtresi 6nerilmektedir.

Filtreler, sistemdeki geri beslemeyi bozan giiriiltii ve istenmeyen rezonanslar1 azaltarak
kontrol sistemlerinde ana rol oynar. Cogunlukla filtreler iletisim miihendisleri
tarafindan bozulmay1 azaltmak icin kullanilir, burada bu filtreleri kontrol miihendisligi
perspektifinden geri besleme ve tahmindeki gereksiz sinyallerin etkisini azaltmak
icin kullamiyoruz. Filtrelerin ana dezavantajlari, kazanc gecis frekans: gibi belirli
frekanslarda faz gecikmesi nedeniyle olusan kararsizliktir. Centik filtreleri, tasarimlari
sayesinde, bu uygulamalarda daha az sinirlidir, bu filtre i¢in hem avantaj hem de
dezavantaj diger filtrelere gore daha az yogundur. Bu tezde centik filtresine genel bir
bakis yapilmis ve bu filtrenin matematiksel denklemleri sunulmus ve tartisilmugtir.
Centik filtre, iki sifir ve iki kutuplu ikinci dereceden bir filtredir, kutuplar hafif
sontimliidiir ve sifir-kutup diyagraminda gosterildigi gibi 6zelligine gore kutuplar ve
sifirlar birbirine cok yakindir. Soniim orani, £, centik filtresinde genellikle 1.0’1n
altinda ayarlanir, daha keskin bir filtre elde etmek i¢cin  daha diisiik degerlere
ayarlanmalidir, dolayisiyla { ne kadar diisiik olursa, o kadar keskin kazanc elde edilir.
Istenen sinyali iyice zayiflatmak igin, katsayilarin hassas secimi gereklidir. Yiiksek &
filtrenin merkezde daha fazla yogunlasmasina neden olur. "Degisken" terimi, ¢entigin
merkez frekansinin, filtrenin katsayilarinin degerlerini degistirerek gerceklestirilen 6zel
uygulama gereksinimlerine gore ayarlanabilir veya ayarlanmig oldugu gercegini ifade
eder. Degisken centik filtresi ayarlanabilir bir 6zellige sahiptir ve frekans filtreleme
ozelliklerinden daha genis bir aralikta yararlanmamizi saglar, bu nedenle farkli hiz
araliklar1 i¢cin kayan mod gozlemci kontroliinde hata azaltma amacina ulasmada ana rol
oynar.

Simiilasyon ii¢ ana boliimden olusmaktadir: Invertér ve IPMSM, akim kontrol blogu
ve hiz kontrol blogu, bu tezde ana odak noktas1 kayan mod gozlemcisi ve akim kontrol
blogundaki degisken centik filtresidir. Geleneksel kayan kipli gozlemci kontrolii ile
IPMSM’nin hiz1 ve konumu tahmin edilip hesaplandiktan sonra, degisken ¢entik filtresi
kullanilarak Onerilen yontem sisteme uygulanmustir. ¢entik filtresi ile herhangi bir
degisiklik yapilmadan once bir alcak geciren filtre ve bir DC bilesen giderme blogu
kullamilmugtir.  bu blok icin alcak geciren katsayis1 0,005 veya daha kesin olarak
(0,005x(T/50e-6)) olarak ayarlanmistir.

IPMSM parametrelerinin 6nceden tanimlandig: bu durumda, 0.1 pu referans hizi i¢in
salian frekans 27.34 Hz olan sinyalin FFT analizinden elde edilir.

Onerilen yontem MATLAB®/Simulink®’te simiile edildikten ve yukarida bahsedilen
frekans tahmin edilen hizdan filtrelendikten sonra, sinyalin birinci harmonik
salilmmminda 6nemli bir azalma saglanmis ve FFT frekans yanitina gore, motor 0,1
pu’da donerken genligi 0,14’ten 0,05°e diistiriilmustiir.

Referans hiz 0,5 oldugunda tahmin edilen hizin FFT analizi sunulmustur ve iki ana
frekans veya salimm oldugunu gorebilirsiniz. Biri yaklasik 13 Hz ve digeri 137
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Hz’dir. Bu iki frekansi ortadan kaldirmak i¢in, mevcut ¢calismada arastirilmamis olan
cift centikli filtre Onerilmektedir. Gelecekteki caligmalarda cift veya coklu g¢entik
filtreleri diisiiniilebilir. Konfigiirasyonu 13 Hz olarak ayarlanan tek bir ¢entik filtresi
uygulandiginda, yukarida bahsedilen frekansin genligi 5,25x1073’den 3,4x107%’e
diismektedir. Dolayisiyla, daha yiiksek hizlarda, 6rnegin 0,5 pu, hiz tahmin sinyalinin
frekans yanitinda iki ana harmonik vardir, bu nedenle SMO yonteminde gevezeligi
azaltmak icin her ikisi de ortadan kaldirilmalidir. Cift ¢entikleme, herhangi bir hiz
araliginda tiim istenmeyen frekanslar1 ortadan kaldirabilen bu ¢alismanin bir sonraki
nesli olabilir.

Buna karsilik, daha yiiksek frekansin (137 Hz) zayiflatilmasinin da faydalari vardir. Bu
durumda hatanin genligi azalir ancak kalan frekansin yiiksek genligi nedeniyle tahmini
hatadaki azalma yeterli degildir.

Sonug olarak, bu yontem sistemdeki salinimi azaltmig ve frekansi zayiflatarak tahmin
hatasinin azaltilmasina yol agcmig, IPMSM’nin konum algilamasinin saglamligini ve
dogrulugunu artirmistir.
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1. INTRODUCTION

1.1 Objectives and Scope of the Thesis

A detailed analysis of the previous methods is explained, and applicable methods for
reducing the estimated position error are introduced. The contribution related to this
topic is about the accuracy of estimation by employing a variable notch filter both in

speed and position estimation with regard to the reference speed frame.

1.2 Outline of Thesis

This thesis is considered as the form of a “compilation thesis”; therefore, some of the
main concepts have been explained to provide a brief background regarding the scientific
contribution. Those topics have been presented as follows: Chapter 2 contains a brief
review of modeling IPMSM and its parameters which would be used in the equations
of the proposed method. Then alpha-beta and D-Q reference frame transformation
has been discussed, which are used excessively in the Simulink. Chapter 3 includes
different methods for sensorless control and mathematical equations for the sliding mode
observer control. Chapter 4 is an overview of the notch filter. The transfer function
for the variable notch filter is extracted and explained, and finally, its effectiveness
for the sensorless control is presented. Chapter 5 focuses on the Simulink part of
the thesis and depicts the reduced error position for the proposed method, and the
error is compared to the conventional method. The response of the whole system
under different conditions, such as applying pulse torque, speed change, and etc., are
presented. Chapter 6 concludes all aforementioned topics in previous chapters and

provides a wider vision of the proposed method for further research areas.

1.3 Scientific Contribution

Harmonics are inevitable parameters of a nonlinear system where in IPMSM control,

nonlinearity is generated by the non-ideal inverter, the existence of dead time in the

1



inverter, flux spatial linkage, and parameter variations. In the case of SMO sensorless
control, these harmonics affect the estimation, and the estimated speed and position
fluctuate in relation to the frequency of the rotor rotation. In order to mitigate this
fluctuation which increases the error rate in the system, a variable notch filter is
suggested. Utilizing this filter benefits us by eliminating the desired harmonic, which

is in relation to the rotation frequency.

A notch filter is described in Chapter 4, and simulating the system and explaining the

coeflicient parameters are presented in Chapter 5.

1.4 Literature Review

Open loop and close loop control methods for PMSM are explained. In the open
loop control method, the exact position of the rotor is not needed and controlling a
motor at a precisely desired speed is not possible. Controlling motor for the close loop
is categorized into two methods, first receiving shaft position data from a physical,
mechanical, or electromechanical sensor and second, estimating the position of the
rotor without the presence of sensors by utilizing the current and voltage information
extracted from the stator parameters [1]. Second-order disturbance observer for
nonlinear systems was explained, and an active flux is used for position estimation [2].
Back EMF estimation was not satisfying in comparison to the flux component in [2],
and the quadrature phase-locked loop method is suggested and claimed to be suitable

for ramp frequency.

Sliding observer mode has some defects and it is not a flawless method. chattering is one
of the disadvantageous of the sliding mode observer methods [3]. In order to solve this
problem, a Fast Terminal SMO Control is suggested in [4] which improves response
time. it is also recommended to use an S function instead of a sharp sign function
[5]. Load and temperature instability affects the flux linkage in actual operation,
which influences the estimation accuracy; therefore, filtering and choosing a proper
compensatory method is crucial. In [6] arc-hyperbolic sine function-based method for
improving SMO performance is presented, and fast vector selection has been chosen
to reduce the torque ripples. Lyapunov stability conditions are satisfied to enhance the

anti-reference mechanism of the system. The Lyapunov stability condition provides a



way to determine whether a particular equilibrium point of a dynamical system is stable

or not. Thus, small perturbations around that point will eventually decay or unstable.

In [7], high-speed position estimation strategies are presented. Observers which are
designed for sensorless estimation include disturbance and high-frequency switching
to increase the accuracy of the process and estimation. Multi-harmonic elimination
is explained widely in [7], where several band-pass filters are used to distinguish
fundamental frequencies, and several band-stop filters are used to eliminate distorted
harmonics. Therefore, they have proposed a comb filter which is suitable for that
purpose. Under non-ideal conditions, the nonlinear behaviour of the system, sampling
limitation, probable inaccuracy in voltage and current measurement, and variation in

time for some parameters should be taken into consideration.

An adaptive filter for increasing and improving the performance of IPMSM by applying
using recursive-least-square method is presented in [8], and the fifth and seventh
harmonic analysis, which is caused by inverters’ nonlinearity, is done. The estimated
position error is attenuated with an adaptive filter (AF) under the sliding mode observer
(SMO) control method. In [9] position, harmonic errors are analyzed and fifth
and seventh harmonics, which are caused by the dead-time effect and the system’s
nonlinearity, are discussed. The magnitude of the other harmonics is so low. Hence
they are negligible, and the main reasons for estimation error are the fifth and seventh

harmonics.

In [10] reference frame phase lock loop is proposed, which is also called dqO-PLL.
dqO-PLL is not suitable for unbalanced inputs due to its double frequency error.
Diminishing this defect is possible by adding a low-pass filter in the loop or in
the system’s pre-loop; on the other hand, eliminating low frequencies with an LPF
affects its dynamic, and a huge bandwidth reduction will occur. DC components are
inseparable components of a signal which can be caused by dc-link voltage or saturation
of measurement devices. [11]. In [12], enhanced PLL is presented, and it can work in
variable frequencies. Meanwhile, a power frequency estimator is proposed in In [12].
An input low-frequency range (10 Hz to 100 Hz) can be estimated only in a few cycles

with a steady-state error of around 20 MHz.



The estimated frequency will be utilized in regulating the coefficients of the notch filter
used in the proposed method. In [13] SMO method is explained, and back EMF is
used to estimate the position of an [PMSM, in which the sigmoid function is chosen
instead of the conventional sign function to increase the robustness of the system and

by eliminating all filters, an adaptive line enhancer is utilized instead.

In [14], discrete SMO with ATO or inverse tangent is presented for IPMSM. Speed
feedback is employed to improve ATO, the error for this case was +3 electrical degrees

with a sampling frequency of around 6 kHz.

In [15], a reference frame filter technique is used to improve SMO. The stator voltage
vector is converted to d-axis signals, and then LPF is applied to the aforementioned
signal; it should be considered that LPF doesn’t have any effect on the d-axis of the

current. Therefore, its impact is completely negligible.



2. IPMSM

2.1 Outline of Chapter

In this chapter, reference frame transformations, three-phase to an orthogonal stationary
reference frame (Clarke, abc to @ — ) and orthogonal stationary reference frame to
rotating reference frame (Park, o — 8 to d-q) is discussed in section 2.2 and mathematical
transformation is explained. Then, a short explanation and mathematical model of
IPMSM are presented in section 2.3, and finally, in Section 2.4, control methods of

IPMSM are explained.

2.2 Clarke and Park Transformation

The response of three-phase machines is typically defined by the characteristic of the
current and voltage equation. The differential equation of those parameters varies while
the machine is performing unless it has been set to zero speed. Due to an incessant
change of induced voltage, and flux linkage caused by rotation, mathematical modeling
of such a system is a hardship. To overcome that obstacle, all variables, including time
variable parameters, are transformed to a common reference frame to avoid complexity.

The most common and practical transformations for electric machines are:

e Clarke transformation

e Park transformation

In this section, Clarke, Park, inverse Park and inverse Clarke will be explained.

2.2.1 Clarke transformation

In Clarke transformation, three-phase parameters i,, i, and i, are transformed to
a two-axis stationary orthogonal iy, ig and i, frame. Vector diagram of Clarke

transformation is shown in Figure 2.1.



B axis
N\

la
— a axis

Figure 2.1 : Vector diagram of Clarke transformation

The equation for Clarke transformation is as follows:

2 1
iazgg—guy4g (2.1)
2
w=Q§Uw4J (2.2)
g:%@ﬁ@+g) (2.3)

Where:
iq, ip and i, are three-phase parameters, and
i, ig and i, are the stationary frame parameters.

In a symmetric manner, i, +ip, +1i. is equal to zero, therefore the quantity for the third
parameter (iy) is zero in Equation 2.3 which is negligible in our calculation, thus

Equation 2.1 and Equation 2.2 are written as follow:

I,=1, (2.4)
1
Ip= ;Z§(1a4-21b) (2.5)

2.2.2 Inverse clarke transformation

Inverse Clarke transformation is used to change the reference frame from a two-axis

orthogonal frame to a three-axis one, which is presented as follows:

ig=ig (2.6)
zb_—1m+3§¢ (2.7)
1. V3, (2.8)



Both Clarke and inverse Clarke transformations can be written in a matrix format which

is shown in Equation 2.9 and Equation 2.10, respectively:

] [2[1 -12 -1 ]|l
[iﬁ]‘\g[o V3/2 —\/§/2] " 9

Cc

ia 3 1 0 .
iv | =/5] ~1/2 V3/2 [i“} (2.10)
ic ~1/2 V32 |LF

2.2.3 Park transformation

Alpha-beta reference frame is transformed to a rotating reference (d-q) by using park
transformation [16], which is presented in Equation 2.11 and Equation 2.12. Vector

diagram of Park transformation is shown in Figure 2.2.
Ig=1,-cos(0)+1Ig-sin(6) (2.11)
I, =1g-cos(0)—1,-sin(6) (2.12)

2.2.4 Inverse park transformation

Inverse park transformation is employed to convert direct and quadrature parameters
of the d-q reference frame to stationary a — 8 reference frame. The equations for this
transformation, when the d-axis and «@-axis are aligned, are shown in Equation 2.13

and Equation 2.14.

iq=iq-cos(6) —i,-sin(6) (2.13)

ig=iq-sin(@)+i,-cos(6) (2.14)

Both Clarke and inverse Clarke transformations can be written in a matrix format which

is shown in Equation 2.15 and Equation 2.16, respectively.

[,:d ]:[ cosf  sinf Hia] (2.15)

lq —sinf cosf ig
io | | cos® —sing || is
[ ig ]_[ sinf cosf [ iy ] (2.16)
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Figure 2.2 : Vector diagram of Park transformation

2.3 Modeling IPMSM

2.3.1 Overall description of IPMSM

The first general introduction revolves around IPMSM, then the difference between
two types of PMSM is discussed, and finally, equations and mathematical modeling
of IPMSM are explained in a three-phase stationary reference frame, o — 8 orthogonal

stationary frame and a rotating (d-q) reference frame.

Like all other rotating electric motors, a permanent magnet synchronous motor is
made up of a rotor and a stator which the fixed component is named as stator and the
rotating component is the rotor; components of IPMSM are shown in Figure2.3 [17].
A synchronous motor’s mechanism principle is based on the interaction between the
rotor’s constant magnetic field and the stator’s rotating magnetic field and thanks to
Ampere’s law, torque is generated so the rotor starts to rotate. According to studies, [18]
efficiency of PMSM is almost 12% higher than induction machine under the same
applied frequency and stator structure; thus, it is widely used thanks to high efficiency,
high torque-current ratio and large power density in a wide range of speed. Therefore
it can be a good option to be used in robots, railways, aerospace and home appliances.
Rotor has permanent magnets with high coercive force, and the position of these

magnets categorizes PMSM as:

e Salient pole rotor

e Non-salient pole rotor
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Figure 2.3 : Components of interior permanent magnet synchronous motor [17].

Non-salient pole PMSM has a symmetrical structure; therefore, due to this reason,
inductance in the direct and quadrature axis of PMSM is the same, conversely structure
and shape of salient pole PMSM affects those two axes, and inductance is not the same
in both axis, where d-axis inductance is expected to be less than the g-axis in most cases.
d-q reference frame transformation is thoroughly explained in Section 2.2. Different
structures of the salient pole PMSM and their representative d-q axis inductance are

shown in Figure 2.4.

(DO
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Figure 2.4 : Structures of salient pole PMSM with different d-q axis inductance.

2.3.2 Mathematical modeling of IPMSM

Voltage equation in the three-phase coordination for IPMSM written as: [19] [20]

Vas ias /las
Vs =Rs ibs +p /lbs (2.17)
Ves ics /105



R, 1s the winding resistance, and subtle resistance difference between phases is
neglected and is considered the same for all phases. The flux linkage equation is

as follows: Equation 2.18

Aas las Ama
/1bs =Lape | ips |+ /lmb (2- 1 8)
Aee lcs Ame

In Equation 2.18, A,,4, A;np, and A, are permanent magnet flux of phase a,b,and c [21].

For L, (stator inductance) we have:

Laa Lap Lac
Lape =| Lva Lpp Lpc (2.19)
Lea Lep Lec
Self inductance and mutual inductance for Equation 2.19 is expressed from Equation

2.20 to Equation 2.25

Lag = Lgy + Lgj — Lgy 0520, (2.20)
2
Ly :Lsr+le—LgQCOS2(9r—§ﬂ') (2.21)
2
Lec =Ly + Ly — Lgycos?2 (9, + gn) (2.22)
1 T
Lap =Lpy = —ELS, — Ly cos2 (9, - §) (2.23)
1
Lbc = ch = _ELSV - ng COS 29r (2-24)
1 b4
Lac = Lea = =5 Loy = Lgac0s2 (9, + 5) (2.25)

The rotor PM flux for each phase is written as:

cosd,
/1ma 2
Amp | = €08 (9r - §7T) Am (2.26)
Ame cos (6, + %n)

By merging Equation 2.18 to Equation 2.26, flux equation can be written as:

cosd,

ﬂas 3 las las 2
/lbs = (le + ELsr) ibs - Lc ibs +| €08 (Qr B §ﬂ.) /lm (227)
Abs lcs lcs cos (Qr + %ﬂ)
Where:
cos 20, cos2 (0, —5) cos2(6,+5%)
Le=Lg | cos2(6,—-%) cos2(6,+%) cos 20, (2.28)
cos2 (6, +%) cos 20, cos2 (6, - %)
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For the stationary af reference frame voltage equation can be expressed as:

Vas ia's /las
Vs | = R; iﬁs +p /l’gs (2.29)
VOs 105 /lOs
and
Aas los Ama
/lﬁs = LaﬁO . iﬁs + /1m,8 (230)
/l()s [0s /lmO
Where:
le+% (Lgy — Lg2c0826,) %ng sin26, 0
0 0 le

Stator flux and voltage is represented in Equation 2.32 and Equation 2.33 respectively:

Aas | _ | Lo+ %Lsr - %ng cos 26, %ng sin 26, las L | cos 0,
Ags |~ 2 L,58in26, Ly+3Lg+3Lgrc0s20, || ips sing, |
(2.32)
VQS — rS+pLa’ pL(Yﬁ l:as + _Slnere /lm (233)
Vs pLop  rs+plg Igs cos 6,
The voltage equation in the d-q axis is shown in Equation 2.34 [22].
Vas | _p | Tas |, d | s | w Ags (2.34)
Vys ’ iqs dt /lqs " —Ads .
Flux is:
Ads _ Lds 1
4o e 4] £ -
Inductance is:
44 0 3 (Ly +Lgo) + Ly 0 L, '
From Equation 2.36, Ly and L, can be written:
3
L= 5 (Lsr — ng) +Lg (237)
3
Lq = E (Lsr +Lg2) +Lg (238)
The voltage equation in the dq frame is:
Vds rs+Lgp 0 Lds —Lgigs
= . +w . 2.39
[ Vgs ] 0 rs+Lgp ] [ igs "| Lgigs+ A (2:39)
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Equation 2.40 can be derived from Equation 2.28. Relation between L, and L, with

the abc and @ is shown in Equation 2.40) and Equation 2.41

1 ; ; cos 8,
as L +L as L — L L as 2
dye | = dTLyg i | — q d Lc ins | +| cos (Gr - gﬂ) Am (2.40)
Aes 2 [os 2 Le2 | 2
cs cs cs cos (9, + 571)
Aas | _ lus —sind,
[ Aps ]_Laﬁ[ ips ]+[ cos 6, ]ﬁm (24D
Where L is:
rs+p (Ld;Lq + # cos 29) p (# sin 20)
_ B (2.42)
p (L"—qu sin 20) rs+p (Ld;Lq - % cos 20)

2.4 Control of IPMSM

The control of IPMSMs is similar to that of other PMSMs, but there are some differences

due to the unique characteristics of the IPMSM.

One of the main differences in the control of IPMSMs is the need to account for
the magnetic field generated by the permanent magnets inside the rotor. This can be
done using a mathematical model of the motor that includes the rotor magnetization
distribution and the magnetic permeability of the rotor material. The model can then be
used to design a control algorithm that takes into account the magnetic field distribution

and minimizes torque ripple.

2.4.1 Open-loop control

Open-loop control is a simple and less complex control strategy where the control
inputs (such as voltage or current) are set based on the desired speed and torque without
any feedback. The control algorithm assumes that the motor is behaving exactly as
expected without taking into account any disturbances or external factors that may
affect the motor’s performance. Therefore, open-loop control is generally less accurate
and less robust, and another defect is vulnerability against sudden load change in the

synchronous speed. [23]

2.4.2 Close-loop control

closed-loop control (also known as feedback control) uses feedback from the motor’s

current, voltage, and speed sensors to adjust the control inputs in real time and

12



compensate for any disturbances or external factors. The control algorithm continuously
measures the motor’s actual speed and torque and compares it to the desired values, then
adjusts the control inputs to minimize the error. The main advantage of closed-loop
control is its ability to compensate for disturbances and uncertainties, leading to
improved accuracy, stability, and robustness. This makes it a preferred choice for
applications where precise speed and torque control is required, such as in robotics,

industrial automation, and electric vehicles.

In closed-loop control, the feedback loop is implemented by using a
proportional-integral-derivative (PID) controller. The values of PID feedback control
method parameters or coeflicients depend on the specific requirements of the application

and the motor’s dynamic characteristics.

There are several types of closed-loop control techniques used for IPMSMs. Some
common types of closed-loop control for IPMSMs are explained in Section 2.4.2.1 to

24.2.5.

2.4.2.1 Speed control

This is the most basic type of closed-loop control, where the motor’s speed is measured
using a speed sensor and compared to the desired speed setpoint. The control algorithm
then adjusts the control inputs (such as voltage or current) to minimize the speed error.
The most commonly used method for speed control is a proportional-integral-derivative

(PID) controller.

2.4.2.2 Torque control

This type of control is used when the torque output of the motor is more critical than
the speed [22]. In this case, the control algorithm measures the motor’s torque using a
torque sensor or by estimating it from the motor’s current and voltage measurements,

then adjusts the control inputs to minimize the torque error [24].

2.4.2.3 Field-oriented control (FOC)

FOC is a more advanced type of closed-loop control that involves transforming the
three-phase stator currents and voltages into a two-axis reference frame, where the

d-axis is aligned with the rotor magnetic field and the g-axis is perpendicular to it [25].
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The control system then regulates the d-axis and g-axis currents to achieve the desired
torque and speed. FOC provides better control performance and reduces torque ripple

[26-28].

2.4.2.4 Direct torque control (DTC)

The principle of DTC is to directly control the torque and stator flux by selecting
the appropriate voltage vector from a predefined lookup table based on the measured
motor’s state. The control algorithm employs a hysteresis band around the desired
torque and flux values to switch between the voltage vectors. The voltage vector is
chosen in such a way that it produces the desired torque and flux while minimizing the

torque ripple and stator current harmonics [29].

2.4.2.5 Model predictive control (MPC)

MPC is a more complex type of closed-loop control that uses a mathematical model of
the motor to predict its behavior and optimize the control inputs to achieve the desired
performance. MPC can provide better performance than PID control and is suitable for

applications where fast and accurate control is required [26].
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3. SENSORLESS CONTROL

3.1 Outline of Chapter

In this chapter, control strategies in sensorless control are explained, then in section
3.1.2, theatrical and mathematical explanation of sliding mode observer control is
explained where the equation for estimating the speed and position of the rotor is
presented and SMO in « — 8 and d-q reference frame is discussed in section 3.1.2.1 and

3.12.2

3.1.1 Principle of sensorless control

Controlling IPMSM is categorized into two sections; an open-loop strategy in which
the essence of shaft position information is not needed, and a close-loop strategy in
which the shaft’s position information is required and is subdivided into two methods:

1. Sensored and 2. Sensorless [1].

There are three methods for rotor position estimation. The first one is fundamental
excitation which includes adaptive [30] and non-adaptive methods. Secondly, signal

injection methods [31] [32], and the last one is the help of artificial intelligence.

Adaptive methods are categorized as model reference adaptive base systems, and
observer-based control, which is subdivided into Luenberger Observer, reduced order
observer, sliding mode observer, and Kalman filter. In this work, a sliding mode
observer is employed, and the error in this method is reduced by applying varying
notch filters in the system. Finally, there is a minimum square error estimator taking

place in this category.

The non-adaptive method consists of estimators which they utilize stator current and

voltage, estimators based on flux, and estimators which rely on back EMF.

Signal injection methods are used in salient motors in which the quantity of inductance

in the direct and quadrature axis are not the same. Hence it is utilized to estimate the
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position of the rotor. High-frequency and low-frequency signals are injected into the

stator’s voltage or current to get the corresponding parameter to estimate the position.
The last category is the artificial intelligence method which includes fuzzy neural
networks and fuzzy logic-based methods.

3.1.2 Sliding mode observer

The following equation is derived from Equation 2.29 and Equation 2.30.

Isa _f_j % _LLS 0 Isa L% (1)

. s 1 .
R I I " s =3 Y L2 U R ol Y B RN
dt | esa 0 0 0 —W, €sa 0 O Usp

€sp 0 0 W 0 €sp 0 O

Equation 3.1 is used for the case where the difference and variance between the d and

g axis are not so significant.

For simplicity Equation 3.1 can be written as:

d | igap) ] [An AIZ] [is((yﬂ) 31]
2| bsta — S| st + . 3.2
dt [ y(a,p) 0 Ap ) 0 430} (3-2)
Where:
R
Allza“-I:——S-I (33)
Lg
1
A12:a12-I:——-I (34)
Ls
A22 :a22~J=we-J (3.5)
1
Blzb1~I:—alz~I=—~I (36)
Ls
and,
1 0
1= [ 0 1 ] (3.7
0 -1
[0 ] o)
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Sliding mode observer is based on feedback from a sign function, and the estimated

value of é,(, p) can be derived from the equation below:

d|i I . |
E[ éss(tﬁ) ](’) =+ [ G ]'58" (Is(a.p) (1) = is(ap (1) (3.9)
( ’ﬁ)
Where C is:
A A | | e Bi | (.
C_l 0 Azz] [és(a,ﬁ) (0)+ 0 [”s(a,ﬁ)](t) (3.10)

Coefficients A1y, A2, A2y, By are in Equation 3.3) to Equation 3.6

Sgn vector is defined as the function below:

Iy sgng=11i,>0,5¢n,=0i,=0,5¢n,=-1i, <0

sgn ) = . . .
ig sgng=1ig>0,5¢ng=0ig=0,s5gng=-1<ig<0
(3.11)

For better performance and chattering reduction, the sign function can be replaced with
the S-function [33-35] which is shown in Figure 3.1, and the represented equation is
as follows: Equation 3.12

A~ l _
l Iy ] _ [ F(l,.a_l.a) ] _ 1+exp[—nl(fa_ia)]
BTG | rSma

= D=

] (3.12)

—

_

Figure 3.1 : S function used in SMO.

Feedback and switching gains are presented in Equation (3.13) and Equation 3.14,

respectively.

G=g - I+g-J (3.13)
Ki=k I (3.14)
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The geometrical value of 6 is needed for the purpose of vector control, and the sine and
cosine quantity of this parameter can be calculated from the equations below: Equation

3.30 and Equation 3.31

e
cos(f) = ————— -sgn (w,) (3.15)
(eslg2+e%a)
in(6) = ——2 ()
sin(6) = -sgn (w,
(e (3.16)
esﬂ+em)

Here the definition of an error vector is discussed. The current error vector is defined

as follows:
El(ap) = [ }j; ]—[ o ] (3.17)

and for the back-EMF, the error vector is:

E2(ap) = [ y" }—[ “:3 ] (3.18)

ésﬁ esﬁ

The sliding mode condition is set as below:
£1(ap) = |is@p) ~istp| =0 (3.19)

When the product of £;(, gy and its derivative are below zero, the condition is satisfying
and sliding mode occurs; the higher coefficient k; we have, the higher the possibility

of occurring we get. Therefore the condition can be written as:

d
E1(ap)T - o (E1(ap) <O (3.20)

By Merging Equation 3.17 and Equation 3.18 with Equation 3.10 and Equation 3.9

error equation is calculated as follow:

d 61(&,6)
— |e =[A11A12]- ’
It [ l(a,ﬁ)] [ 11 12] [ E2(ap)

+ki-1-sgn(&1(ap) (3.21)

3.1.2.1 Discrete time SMO in alpha-beta reference frame

Time discrete observer is achievable with the Euler-Arnold equation, which is shown
in Equation 3.22 and Equation 3.23. The discrete-time observer is used in the Simulink
part of this work, and it is used in digital control systems.

[ IS(a.f)
€s(a.p)

(k+ 1) =C-K1- [ é ] . TS -Sgn (fS(a,ﬁ)(k) _iS(a/,,B)(k)) (322)
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B

(k) + 01]-TS-[MS(Q,5)](1¢) (3.23)

B Al A
C—(1+[ 0 An

’Ts) : [ iAS(a’ﬁ)
€s(a.p

Equation 3.22 and Equation 3.23, which are the discrete-time model of sliding mode

observer parameters, are described from Equation 3.24 to Equation 3.29.

~2Ts Ro - Ts ?
An AIZ] 0 —5Tg 0 —LTy
e = Ls Ls 3.24
[ 0 Ap|™® 0 0 0 -wTs G20
0 0 w.Ts 0
. 0
B -Ts=| Is® | (3.25)
0 £Ts
Rg
A11TS :allTS-I: ——TS'I (326)
Ls
1
A12TS = alsz-I: ——T_g'I (327)
Lg
AnTs =wTs-J (3.28)
1
BITS:blTS'I:_allTS'I:L_TS'I (329)
N

3.1.2.2 SMO in d-q axis reference frame

The aforementioned d-q axis transformation (Chapter 2) has a key role in the rotating
system due to its adaptive reference frame rotation. Thus, it benefits us to avoid
over-calculation in salient machines in which the inductance in the d and q axis are not
equal, and they vary significantly. For an ideal salient motor, these two inductances
are constant. The back-EMF vector rotates with respect to the rotor angle; therefore, in
the d-q axis reference frame coordination, its value is constant, and it only depends on
the dynamics of the voltage and current [36,37]. Block diagram of SMO control fed
IPMSM is shown in Figure 3.2. From Equation 2.34 and Equation 2.35, state variables
of IPMSM can be derived as following:

. R qu 1 . 1

Lsd - LLfd We La "L 0 Lsd Lsa ?
d i sd _ K _ 1 Ie 0 Ug
o« sq | _ | We Ly, Ly 0 Ly, sq | 4 Lyg sd
dt | €sa 0 0 0 0 €sd 0O O Usq

€sa 0 0 0 0 €sq 0 0
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ig(a,b,0)(K) Ug(a p, o)k T 1 ‘PWMValue(l,”.é)(k*' 1)

is(o‘, B)(k) iS(d, q) * (k) é\:Scor(d,q) ° (k+ 1) éScor(oL, ﬁ)(k + 1) éS(a, ﬁ)(k+ 1)
a, b, c o, B d,.q gl 2 2
> = sqrt(e, +
> > d,gSMO —> »>| Vector - lell = sart(e,” +eg™)
o, B d.Jq observer o, B rotates e
> 0)] _ | Tl
U k ' cos(0)) _ - sgn(w,)
S(d,q)( ) (cos,sin) (k) (cos,sin)(k) / Lin(e) p el
llell
@, (k)
Ielampr
o.,(k)
€4 _ |:0:| ) Sgn(coel)
(cos,sin)(k + 1) € E
o
s(d, q)(k+ 1)
; > k+1
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——~ » speed ki 8
k . > controllers o,
O et (k) controller i (d)(k)

Figure 3.2 : Block diagram of SMO control fed [IPMSM.

Equation 3.30 can be simplified as follow:

Isd ain ain aiz 0 | [ iw by 0
d|isg | _|an an 0 an isq 0 by Usd
dilea|TL 0 0 0 0 [ feal™| 0 0 [ fu,| OV
esy 0 0 0 0 ||ey 0 0

dt | €sa.q)

d|i [ 1 A .
el [ s(d.q) ] (I) - Kc+Kl . G ] -sgn (ls(d,q)(t) _ls(d,q) (l‘)) (332)

and K, equals:

app app a;z 0 X byy O
_|an an 0 an | | i 0 by |
K=1"0 0 0o o [és(d,q) O+ o o | lwswal @ (3.33)
0 0 0 0 0 0

The estimated position of the rotor is obtained by calculating the inverse tangent of the
estimated BEMF of a over the estimated BEMF of g in the a — 8 reference frame [37].

The representative equation is shown in Equation 3.34.

0 = tan™! (— ) (3.34)
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4. NOTCH FILTER IN CONTROL SYSTEMS

Filters play the main role in control systems by reducing noise and unwanted resonances
which disturb the feedback in the system. Mostly filters are employed by communication
engineers to reduce the distortion; here, we use these filters from a control engineering
perspective to attenuate the effect of redundant signals in the feedback and estimation
[38]. Low-pass filters are the most common ones in this field and are used to eliminate
the intrinsic noise in the feedback of IPMSM, which is generated due to the inevitable
subtle asymmetric structure of the motor. The main disadvantage of a low-pass filter
is the instability which occurs because of phase lag at specific frequencies such as
gain crossover frequency. Notch filters, thanks to their design, are less limited in those
applications; [39] both advantageous and disadvantageous for this filter are less intense
than low-pass filters [40]. In this chapter, an overview is revolved around the notch
filter, and it is explained more, then mathematical equations of this filter are represented

and discussed.

4.1 Notch Filter
A notch filter is a second-order filter with two zeros and two poles where poles are
lightly damped.

The transfer function for the notch filter is shown in Equation 4.1

(2= ) (=)

H(z) = G acion) (c—ae-Ton 4.1)
Equation 4.1 can be written as follows: Equation 4.2.
HE) =K :féiﬁii’iilz) @2
Where w,, is the notch frequency and if z = —1, K is determined as:
_ 1+2acos (w,) +a* 4.3)

2+2cos (wy)
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Table 4.1 : Parameters of the designed notch filter

Parameter’s name value
Filter order 6
Center frequency 0.5
Quality factor 10
Passband ripple 1

w, can be defined with input frequency oversampling frequency. See Equation 4.4.

_/Je

.= 4.4
wn =" (4.4)

For the ideal notch filter, the gain at notch frequency is zero. When s=jwl,thus s=wn

and causes the Equation 4.1 to be zero (-co dB)

A notch filter is a bi-quad filter where wn = wd and en = 0; therefore, by configuring
those two parameters notch filter is applicable to the system. The equation for bi-quad
(bi-linear quadratic), which is named because of two quadratic terms [41], is shown in

Equation 4.1.

Frequency response of the notch filte, phase response of the notch filter ,and Zero-pole

plot of the notch filter are shown in Figure 4.1, Figure 4.2, and Figure 4.3 respectively.

The damping ratio, £, in the notch filter is usually set below 1.0; in order to get a sharper
filter, £ should be set in lower values; hence the lower the £, the sharper gain. In order
to attenuate the desired signal thoroughly, a precise choice of coefficients is required.

High ¢ causes the filter to concentrate more at the center.
Here are the parameters for designing a notch filter; see table 4.1

As is shown in Figure 4.3, when designing a notch filter, it is needed to place poles
close to the zeros in order to create a deep and narrow notch. The placement of poles
and zeros determines the shape and characteristics of the frequency response of the
filter. By putting poles close to the zeros, the transfer function of the filter will exhibit

a deep and narrow notch in the frequency domain [42].

As we know, zeros are points in the transfer function where the response is zero, while
poles are points where the response approaches infinity. By placing poles near zeros,
the response of the filter at those frequencies is significantly attenuated, resulting in the

creation of a notch.
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Figure 4.1 : Frequency response of the notch filter
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Figure 4.2 : Phase response of the notch filter with parameters shown in table 4.1
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Figure 4.3 : Zero-pole plot of the notch filter with parameters shown in table 4.1

The close proximity of poles to zeros allows for a more precise and effective cancellation

of specific frequencies. The notch becomes narrower because the poles and zeros
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interact in such a way that they cancel each other’s effects more strongly at the desired
frequency see Figure 4.1. This configuration enables the filter to provide a high level
of attenuation within a narrow frequency range while having minimal impact on the
frequencies outside the notch, therefore placing poles close to zeros in a notch filter
design allows for a deep and narrow attenuation of a specific frequency range, enabling

effective rejection of unwanted signals [43].

4.2 Variable Notch Filter

A variable notch filter is a type of filter used in control systems to attenuate specific
frequency components of a signal. It is called a "notch" filter because it creates a
"notch" or a deep narrow dip in the frequency response curve of the filter at the specific

frequency to be attenuated.

The term "variable" refers to the fact that the center frequency of the notch is adjustable
or tuned based on the specific application requirements, which is accomplished by

changing the values of the filter’s coefficients.

In control systems, a notch filter is often used to attenuate unwanted oscillations or
resonances in the system [44]. For example, in a motor control system, a variable
notch filter is used to attenuate the resonant frequency of the motor, which can cause
instability and oscillations in the system. By attenuating the resonant frequency, the

filter helps to stabilize the system and improve its performance.

Variable notch filter has an adjustable feature and lets us benefit from its frequency
filtering properties in a wider range. Therefore, it plays a main role in reaching the
purpose of error reduction in sliding mode observer control for different speed ranges.
In Figure 4.4, input and output are defined as U and Y, respectively, Parameters a, b, c,

d, which are tags from a sub-block shown in Figure 4.5.

4.3 Utilizing Variable Notch Filter in SMO

In sliding mode observer control, a variable notch filter can be used to improve the
observer’s estimation accuracy and robustness to measurement noise and disturbances.
Variable notch filters can be merged and used in combination with a sliding mode

observer, which is a nonlinear observer that estimates the state of a system by minimizing
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Figure 4.5 : Block diagram of variable notch filter-(2).

the sliding mode function. Due to this reason, oscillation in the estimation output of
SMO is happening, and this oscillation is a function of the rotor frequency or, in other
words, a function of the desired speed. Frequency response of notch filter simulated in

MATLAB®/Simulink® is shown in Figure 4.6.

To use a variable notch filter in sliding mode observer control, these steps should be

followed:
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Figure 4.6 : Frequency response of notch filter simulated in MATLAB®/Simulink®.

Identifying the frequency component which is required to be attenuated. In this case,
that frequency is calculated by the rotor’s rotation frequency, that is affecting the

observer’s estimation accuracy.

Then, Once the frequency component is identified, designing the variable notch filter
is needed to attenuate that frequency. The filter can be designed using standard filter
design techniques, such as the Butterworth or Chebyshev filters. The filter parameters,
such as the notch frequency and the filter order, are adjusted based on the fluctuation

rate and intensity.

In this case, the variable notch filter is designed in MMATLAB®/Simulink® and the

represented block diagram is shown in Figures 4.4 and 4.5.

After implementing the filter, the output signal is used as an estimated feedback signal
with less error. A comparison of the error reduction in different speed ranges is
presented in Chapter 5; therefore, we can see that combining a variable notch filter with

a sliding mode observer improves the estimation accuracy and robustness.

By using a variable notch filter in sliding mode observer control, the observer’s
estimation accuracy is enhanced, and the robustness of the system, thanks to a less
estimated error, is increased. This can lead to better control system performance and

stability.
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S. SIMULATION

The simulation consists of three main parts: Inverter and IPMSM, current control block
and speed control block, where in this thesis, the main focus is on sliding mode observer
and variable notch filter in the current control block. The block diagram of the main

section is shown in Figure 5.2.
IPMSM parameters chosen in this Simulink are shown in the table 5.1

A feed-forward from speed reference is employed to adjust the notch filter coefficient

and frequency.

The speed control block is expanded and shown in Figure 5.1 Reference speed is
converted to the per-unit system, and for conversion from rpm to per-unit, the gain is

set to "1/N_base" where the value for N_base is shown in Table 5.1.

Speed_Ref Speed_Ref_Selected N_ref
Speed_ref
Speed_Ref PU
Speed_Ref_Selector Iq_ref
IdgRef_PU
(2) N_fb

Speed_fb
Speed_Meas_PU

P1_Controller_Speed

> 2

Speed_Ref_Notch

Figure 5.1 : Block-diagram of speed control.

Teta_elec

Speed_meas_PU

Speed_real

| ] W ldq_ref PU Feedbacks E [sim_fb]
s *{Specd Ret U IdaRef_PU o
; Feedbacks uty Cycles
o]
RT6 [sim_f
Desired Speed faal | Duy_Cycles Teta_elec|————

Speed_real

Speed_Ref Speed Control Inverter and Motor

Current Control

! Speed_Meas_PU  Speed_Ref_Notch

y—b Speed_Ref_Notch
»

Figure 5.2 : Block-diagram of the proposed method in MATLAB®/Simulink®.
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Table 5.1 : IPMSM parameters

Parameter value
poles 4
Stator resistance 0.36
Ld 3.752e-4
Lq 4.148e-4
J 7.0616e-06
B 2.6369¢-06
Ke 4.6400
Kt 0.0384
I_rated 7.1000
N_base 4107

Speed_Ref_Selector changes the speed reference from open-loop to close-loop when

the simulation is running at "T_Ref openLoop" which is equal to T=1s.

In the speed control block, a PI controller is used to adjust the current of the motor to

achieve the desired speed. See Figure 5.3.

The PI controller provides speed control by regulating the motor’s current accurately
to keep the speed constant. It compares the actual speed with the desired speed and
adjusts the current of the motor to maintain the motor’s speed close to the desired
reference speed. PI controllers are robust and reliable. They are able to handle various
disturbances, such as changes in the load or voltage fluctuations, and they only require
two parameters, the proportional gain and the integral gain, to be set. These gains are
tuned to achieve an acceptable response. In this case, the proportional parameter for the

speed control loop, K, is set to 0.4595, and the integral parameter K| is set to 0.0061.

Discrete IIR
Low Pass Filter

Low-pass

S
lg_ref
: > 1 q_

PI Controller

Figure 5.3 : Schematic of PI controller.

A low pass filter with a coefficient of 0.2 is applied before the PI controller for zero
cancellation. The estimated speed is deducted from the desired speed as it is shown in

Figure 5.3.
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After estimating and calculating the speed and position of IPMSM with the conventional
sliding mode observer control, the proposed method by using a variable notch filter, is
applied to the system. As itis shown in Figure 5.4, a low pass filter and a DC component
removal block is employed before any modification by the notch filter. Sub-block of
DC component removal is shown in Figure 5.5 where the low-pass coeflicient for this

block is set to 0.005 or more precisely (0.005*(7/50e-6))

Pos_PU

Pos_PU

P SigIN SigouT

VI_fo

DC component removal

X Discrete IIR
PU_speed Low Pass Filter

IIR Filter
Calculate position and speed

»iu
2 P fi
>l> requency , NGD)

Speed_Ref_Notch .
i speed_PU
W damping

Varying Notch Filter
:@
Real Speed

Speed_real

Figure 5.4 : Speed and position estimation with the presence of proposed varying
notch filter block.

speed_PU yi—e »{+

i

SigIN SigouT

Discrete IIR
Low Pass Filter

IIR Filter
Figure 5.5 : DC component removal block

As it is explained in Chapter 3, in sensorless control of an IPMSM, a sliding mode
observer (SMO) is used to estimate the rotor position and speed without the use of a
physical sensor. However, the SMO can be sensitive to high-frequency noise, which
can degrade the accuracy of the estimated position and speed. Fluctuations in the
estimated speed, see Figure 5.13, is inevitable in the SMO control; therefore, a notch
filter is used in the SMO to reduce the impact of high-frequency noise and reference

speed alternation on the estimated position and speed.

Block diagram for sliding mode observer in MATLAB®/Simulink® is shown in
Figure5.6 and consists of four inputs Vi, Vg, iy, and ig which are calculated by Clarke
transformation block, (Clarke transformation is explained in Chapter 2). é(,) and é g,
are calculated from "e_alpha_estimator" and "e_beta_estimator" blocks. Close-loop

block is presented in Figure 5.7.
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e_alpha_estimator block is shown in Figure 5.8. A sign function is applied to i, and
then multiplied by the current observer gain to get 7, then 7 is connected to the Zk port
of disturbance observer. The subsystem is shown in Figure 5.9. In Figure 5.9, gain "a"
is set to (exp(StatorResistancex BlkSampleTime(1)/StatorInductance)) and after adding
{ and i_alpha_err to it, gain "b" which is (Disturbance Observer Gain/((1-exp(-Stator
ResistancexBlkSampleTime(1)/StatorInductance))/Stator Resistance)) is applied to the

system.

o =

I_:—Elphg_err
T e_est e_aplha_est
> zk b
a

) _1——+<- ( @
Ialpha Sgn Eta

Figure 5.8 : e, estimator.

>
Zk
CO o s ) o)
|_alpha_err . e_est
a b_inv*g

Figure 5.9 : Disturbance observer subsystem.

Block "subsystem 5" is used to latch the direction. First, sensing the direction of the
signal is needed, which is shown as the "Direction_Sensing" block in Figure 5.10.
"Direction_Sensing" is shown in Figure 5.11 where there is a switch, either zero or one,
in this block.

-

AlphaRelay_pf, 4

, if(u1 > 0)
e Sign »ut ke

BetaRelay  Direction_Sensing |

Y
P SigmaAlpha Action 1 L
| P SigmaBeta 21 | » N
1 2 ) | merge 7 merge
SigmaAlpha SigmaBeta J > 8 " A
L P{SigmaBeta Action 1
P SigmaAlpha 2 —‘

Figure 5.10 : Direction latch block
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Figure 5.11 : Direction sensing block.

The last part for getting the estimated position is the position estimation block which
consists of four inputs (A, B, C, and D) where A and B are got from the latching
direction, and D has the constant "CutoffFreq/(MaxApplicationSpeedxPolePairs/60)",

and C is a feedback loop from the estimated speed. See Figure 5.12.

atan2 8 7

atan

|
h 4
x

Y

+

E

>
>

X

Figure 5.12 : Position calculation scheme.

After getting the estimated back emf from @ and S parameters in the stationary
orthogonal frame, it is possible to reach the position of the motor from the obtained
data from the block in Figure 5.8. To eliminate high-frequency noises, a low pass
filter with (2x7xCutoff FrequencyxT/(2xnxCutoff FrequencyxT;+1)) coeflicient is

employed before the position estimation block.

Fluctuation, originating from the sign function, occurs in the estimator, and the sign
function block is placed before the input of the disturbance observer block in Figure5.8.
Fluctuation for the speed 0.1 pu and 0.2 pu is shown in Figure 5.13 and Figure 5.14,

respectively.
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Figure 5.13 : Speed estimation fluctuation in 0.1 pu.
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Figure 5.14 : Speed estimation fluctuation in 0.2 pu.

From Figure 5.13 and Figure 5.14, it can be deduced that the fluctuation frequency
is not the same in different speed ranges. Thus a constant notch filter cannot be an

efficient choice for error mitigation.

After sensing the direction of the sliding in subsystem 5, which is shown in Figure5.6,
the position of the rotor is calculated from the Equation 3.34 and it is shown in

Figure5.12

As itis shown in Figure 5.15, the position error is decreased. Estimated error fluctuates
from zero to 4x107* in the per-unit system, and after applying the notch filter, it is

diminished and fluctuates from zero to 1 x107%.

After the FFT analysis of the position estimation signal, a significant reduction of the
magnitude of the oscillated frequency is detected, and it is reduced from 0.14 to 0.06.
Figure 5.16 and Figure 5.17 show the FFT analysis before and after applying the notch

filter, respectively.
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Figure 5.15 : Position error reduction before and after applying notch filter
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Figure 5.16 : FFT analysis before applying notch filter in 0.1 p.u reference speed.

T T T T — T T T T
0.15 - b

0.1 4

Mag (% of DC)

0.05 |- 1

0
0 10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

Figure 5.17 : FFT analysis after applying notch filter in 0.1 p.u reference speed.
In Figure 5.19, which shows the FFT analysis of estimated speed when the reference
speed is 0.5 pu, it can be seen that there are two major frequencies or, let’s say,
oscillations. One is around 13 Hz, and the other one is 137 Hz. For eliminating those
two frequencies, the double-notch filter is recommended, which hasn’t been investigated
in the current study. Double or multiple-notch filters can be investigated in future works.
By applying only one notch filter whose configuration is set for 13 Hz, the amplitude

of the aforementioned frequency decreases from 6.5x1073 to 4.6x1073.
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In contrast, attenuating the higher frequency (137 Hz) has some advantages. Amplitude

of the error decreases from 6 x1073 to 1.4 x1073

You can see the estimated error signal before and after applying the notch filter to 137

Hz frequency in Figure 5.18 when the motor is rotating in 0.5 p.u.
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Figure 5.18 : Estimated signal after and before applying notch filter in 0.5 p.u reference

speed.
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Figure 5.19 : FFT analysis before applying notch filter in 0.5 p.u reference speed.

As it is shown in Figure 5.20, after applying the proposed method to high-frequency

rotor rotation, where in this case the speed is 0.5 pu,
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Figure 5.20 : FFT analysis after applying notch filter in 0.5 pu reference speed.
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FFT analysis of estimated speed signal after and before applying 137 Hz notch filter
in Figure 5.21 and Figure 5.22 shows that the amplitude of high frequency (137 Hz)

decreased from 5.9x1073 to 1.4x1073
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Figure 5.21 : FFT analysis before applying notch filter in 0.5 pu reference speed to
137 Hz.
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Figure 5.22 : FFT analysis after applying notch filter in 0.5 pu reference speed to 137
Hz.

Here are the key roles of a notch filter in SMO for sensorless control:

Filtering high-frequency noise: A notch filter is designed to attenuate a specific
frequency or range of frequencies. It can be used to filter out high-frequency noise that

can affect the accuracy of the estimated rotor position and speed.

Improving robustness: By filtering out high-frequency noise, the notch filter can
improve the robustness of the SMO to noise and disturbances. This can result in
more accurate and stable estimates of the rotor position and speed, which are crucial

for the proper operation of a PMSM.
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Enhancing the convergence rate: A well-designed notch filter can enhance the
convergence rate of the SMO, allowing it to estimate the rotor position and speed more
quickly and accurately. This can improve the overall performance of the sensorless

control system, making it more responsive and efficient.

Overall, the notch filter plays an important role in the sensorless control of a PMSM
with an SMO. By filtering out high-frequency noise and improving the robustness and
convergence rate of the SMO, the notch filter can help ensure the accurate and stable

operation of the motor.

5.1 Simulation Results

According to the results getting from the MATLAB®/Simulink®, chattering in the SMO
control model which increases the error oscillation in the system is reduced to 1 x107#
in amount, for instance as it is shown in Figure 5.15 significant reduction from 4 x10~*
to 1 x10™* of speed estimation in per unit is observed. therefore a variable notch filter
is a solution for oscillation mitigation to increase the estimation accuracy in order to

gain higher robustness and efficiency.

As it is shown in Figure 5.16 and Figure 5.17, the magnitude of the first harmonic of
the chattering frequency in 0.1 per unit decreased from 0.14 to 0.05, so that less error

in the estimated speed is desirable.
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6. FUTURE WORK AND RECOMMENDATIONS

As is explained in Chapter 5, in the higher speed, for example, 0.5 pu, there are two
main harmonics in the speed estimation signal’s frequency response, therefore both
should be eliminated to reduce chattering in the SMO method. Double notching can
be the next generation of this study, being able to eliminate all unwanted frequencies

in any speed range.
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