AN IMPROVED SPEED CONTROLLER FOR PMSM DRIVE WITH
UNBALANCED LOAD USING LOAD TORQUE OBSERVER

A Thesis
by

Koray Yoldas

Submitted to the
Graduate School of Sciences and Engineering
In Partial Fulfillment of the Requirements for
the Degree of

Master of Science

in the
Department of Electrical and Electronics Engineering

Ozyegin University
June 2019

Copyright © 2019 by Koray Yoldas



AN IMPROVED SPEED CONTROLLER FOR PMSM DRIVE WITH
UNBALANCED LOAD USING LOAD TORQUE OBSERVER

Approved by:

Assistant Professor Ahmet Tekin, Advisor
Department of Electrical and Electronics
Engineering

Ozyegin University

Assistant Professor Goktiirk Poyrazoglu
Department of Electrical and Electronics
Engineering

Ozyegin University

Assistant Professor Ozkan Akin
Department of Electrical and Electronics
Engineering

Ege University

Date Approved: 22 May 2019



ABSTRACT

In order to overcome disturbance effects as load torque variations in Permanent
Magnet Synchronous Motor (PMSM), an improved controller with feed forward com-
pensation is presented in this study. Washing machines which are a good application
area of both variable loads and low-high speed operations is chosen to examine the ef-
fectiveness of the proposed method. Firstly, a mathematical model of permanent mag-
net synchronous motor and torque expressions of washing machine is reviewed. The
Field Oriented Control is introduced with the Clarke and Park Transformations. Imple-
menting the Field Oriented Control algorithm requires motor speed and rotor position
information. In order to obtain these parameters, sensorless observer approach is used.
Then for using in feedforward compensation of PMSM control system, load torque ob-
server techniques have been studied. The observed torque is used as feedforward in
q axis current PI controller to compensate the output of speed PI controller caused by
unbalanced load profile of the washing machine. Motor speed information is required
in both sensorless motor control alghorithm and in proposed feedforward compensa-
tion with load torque observer. In order to get best improvement by compensation, Ex-
tended Luenberger Observer, Direct Integration and Sliding Mode Observer methods
are introduced with improvements for obtaining the motor speed. Simulation and ex-
perimental results are showed that in an operating system with disturbances as washing
machines, PI controller response time can be improved by adopting an accurate feedfor-
ward scheme. Thus, energy efficiency performance, acoustical noise level and vibration

performance of the washing machine can be improved by this method.
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OZETCE

Bu calismada ¢amasir makinelerinin Sabit Miknatish Senkron Motor (SMSM)’larinda
degisken yiik torklar: gibi bozucu etkilerin 6niine gecilmesi icin ileribeslemeli kompon-
zasyon metodu iceren gelistirilmis bir motor kontrolér sunulmustur. Camasir Makineleri
hem degisken yiiklerin hem de diisiik-yiiksek hiz profillerinin olmasi sebebiyle 6nerilen
metodun etkisinin incelenecegi uygulama alani olarak secilmistir. lk olarak sabit mik-
natish senkron motorun matematiksel modeli ve camasir makinesinin tork denklem-
leri ¢calisilmistir. Daha sonra clarke ve park doniisiimleriyle vektor kontrolii uygulan-
mustir. Vektor kontrol algoritmasi motor hizi ve rotor pozisyon bilgisini gerektirmektedir.
Bu parametrelerin elde edilmesinde sensorsiiz gézlemleyici yontemi tercih edilmistir.
SMSM kontrol sisteminin ileribeslemeli komponzasyonunda kullanilmasi i¢in yiik torku
gozlemleyici teknikleri calisilmistir. Camasir makinelerinde dengesiz yiik profilinden
gelen etkilerin kompanzasyonunda hiz PI kontroliinden gelen kontrol parametresinin
kompanzasyonu icin gézlemciden elde edilen yiik torku bilgisi q ekseni PI kontroliine
ileribesleme olarak eklenmistir. Motor hiz1 bilgisi hem sensorsiiz motor kontrol algo-
ritmasinda hem de 6nerilen yiik torku gozlemleyicili ileribesleme kompanzasyonunda
gerekmektedir. Motor hiz bilgisini elde etmek icin ve kompanzasyon ile en iyi gelismeyi
saglamak icin Genisletilmis Luenberger Gézlemleyicisi, Dogrudan Integrasyon ve Kayma
Kipli Gozlemleyici yontemleri sunulmustur. Simiilasyon ve deneysel ¢alismalarin sonu-
cuna gore bozucu etkilerle ¢calisan ¢amasir makineleri gibi uygulama alanlarinda uy-
gun bir ileribesleme kompanzasyon metodu kullanilarak PI kontroloriin tepki zamani
iyilestirilebilir. Bu sayede camasir makinelerinin enerji verimliligi performansi, akustik

giiriiltii seviyesi ve titresim performansi iyilestirilebilir.
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CHAPTERI

INTRODUCTION

Energy efficiency and airborne acoustic noise are some of the main characteristics
in household appliances for both end user and legislative directives. In addition to
this, manufacturers should also care about the maintenance requirements of the ap-
pliance in lifetime. For a washing machine, motor is the one of most important areas to
work for improving these characteristics. The PMSM popularity is increasing in wash-
ing machines over the conventional universal motors due to low maintenance require-
ment, lower acoustical noise level and simpler structure with absence of windings and
brush/collector system in rotor. Also, PMSM has the energy efficiency and power density
advantages compared with both universal and AC induction motors|2, 3]. Washing ma-
chines are a good application area of both variable loads and low-high speed operations.
Loads are distributed in the drum of the washing machine in an unpredictable way due
to nature of laundries. Usually some amount of the load is stacked to a point of the drum
above a certain speed. This causes to an unbalanced load for the motor and resulted in
sinusoidal varied load torque according to drum angular position. If the motor torque
in the system can'’t trace this load torque, mechanical transmission parts of the machine
wear out from torsional forces. Also, washing machine results in excess acoustical noise
due to incident speed variation and unnecessarily high energy consumption [4, 5]. In
sensorless FOC algorithm of PMSM, PI controllers are used in speed-current cascaded
structure. The main advantages of traditional PI controller are its simplicity and its abil-
ity to ensure zero steady state error in stable systems. As a drawback, transient perfor-

mance of PI controller suffers from external disturbances as variable unbalanced loads



of washing machines [6, 7, 8]. Another point is that, speed and rotor position informa-
tion is needed in FOC algorithm. Sensorless approach has many advantages over the
application with sensors in terms of cost, durability and lifetime. Speed and position in-
formation of sensorless approaches are synthesized from measured system parameters
with a feedback system including a gain in both observer and tracing algorithms. In the
both sensorless methods and applications with sensors, the measured parameters need
a filtering for disturbances before to be used by the control system. This filtering limits
the PI regulator’s operating bandwidth. Therefore, PI controller starts having hard time
to keep track of the time varying system parameters.

Regarding to sensorless control of the PMSM, many algorithms have been studied
over the years. The speed and position estimators can be divided into two groups. The
first group is high frequency signal injection based methods, which are effective at low
speeds. However, for washing machine it is crucial to operate at high speed in water
extraction phase. Also, this method requires a high computational effort for the micro-
controller unit. Second group is back electromotive force (back-emf) based estimator
methods, which are effective at high speed operation. Since the back-emf is very low
at low speed, this method requires open loop startup algorithms. The back-EMF ap-
proaches are the popular and more attractive category for washing machines. There are
many approaches to estimate back-emf of motors. There are linearization and stochas-
tic based state observers as Extended Luenberger Observer (ELO) and Extended Kalman
Filter (EKF) approaches. The computational burden for these methods is similar with
high frequency injection method. Direct Integration Method which is basically a flux
linkage estimators and sliding mode observers(SMO) can be a good choice to implement
for washing machine motors thanks to their insensitivity to parameter variations, exter-
nal disturbance rejection and fast dynamic response. For comparing the performances
to be used in both sensorless motor control alghorithm and in proposed feedforward

compensation with load torque observer Direct Integration, SMO and ELO methods



have been studied in this paper. Then, the load torque observer design is studied to
improve PI controller performance. Feedforward compensation is built to improve the
performance of washing machine with unbalanced load. Since the load torque observer
design requires the motor speed information, it is crucial to have accurate results from
sensorless speed and rotor position algorithm.

Rest of the paper is organized as follows, in chapter 2 an overview of the PMSM math-
ematical model and equations of motion including torque expressions of washing ma-
chine is reviewed. Field Oriented Control with Maximum torque Per Amper Strategy and
Field Weakening are introduced in chapter 3. Sensorless motor speed and rotor position
algorithms are studied in chapter 4. Direct Integration Method which is based on flux
linkage estimator is given with feedback improvement. Sliding mode observer is pre-
sented with super-twisting and phase locked loop (PLL) algorithms. Also Extented Lu-
enberger Observer with feedback linearization is presented. In chapter 5, a load torque
observer design is constructed by the dynamic system equations. Two different algo-
rithms are presented. In chapter 6, simulation and experimental results are discussed.

Finally, in chapter 7, conclusion is presented.



CHAPTERII

SYSTEM MODELLING

2.1 Permanent Magnet Synchronous Motors Model

2.1.1 Permanent Magnet Synchronous Motor

Permanent Magnet Synchronous Motor(PMSM) is constant speed machine that al-
ways rotates in a constant speed which depends on the supply frequency. They are elec-
tronically commutated and sequentially driven by means of AC voltages. Rotor magnetic
flux is gained with permanent magnets in these types of motors. PMSM can be classi-
fied in terms of many features. They can be inner or outer rotor structures. For washing
machine applications, while inner type rotor structure is preferred in pulley-belt driven
system, outer type rotor structure is preferred in direct drive applications.

Stator structure may either have distributed or concentrated windings. Concen-
trated winding types have several advantages over the distributed types as high power
and torque density, high efficiency, short end turns, flux weakening capability, easy
structure, high slot fill factor and system cost [9].

PMSMs can also be classified in terms of rotor structure. If the magnets are mounted
on the surface of rotor it is called surface-mounted PMSM (SPMSM). This topology re-
sults in low torque ripple and smooth performance. The other variation of the PMSM is
interior PMSM (IPMSM) which permanent magnets are buried inside the rotor. In this

type of motors reluctance torque has the role of increasing the electromagnetic torque.

2.1.2 Mathematical Modelling of PMSM

2.1.2.1 Stator voltage equations and reference frame transformations

The stator voltage equation of the PMSM with phase variables can be written as fol-

lows [10]:



Ve = Rsig+ - 2.1)
. dAp
Vb:RSlb'i'W 2.2)
dA
Ve = Rgip+ —= (2.3)
dt

Both voltage and current in above equation are sinusoidally varied parameters and
non-linear. Therefore mathematical model in phase quantities is not usually convenient
for control.It needs to be transform in stationary and rotary reference frames.

Mathematical Clarke Transform and stator voltage equations in stationary frame

The mathematical transformation called Clarke Transform modifies a three phase

system to a two phase orthogonal system a§ frame:

2 1
Vg = gva_g(vb_ ve) (2.4)
1
vg = %(va +2vp) (2.5)
2
Vg = g(Va +vp+v.) (2.6)

If the PMSM drive system is considered three phase balanced system, the homopo-
lar component v is absent. The stator voltage equations in stationary frame can be

expressed as follows:

d.
l/a = Rsia +Lsﬁ _A«fslngrwe (2.7)

di
Vg :Rsiﬁ+L5d—f+Afcoserwe (2.8)



Mathematical Park Transform and stator voltage equations in rotary frame

The two phases af frame representation calculated with the Clarke Transform is
then fed to a vector rotation block where it is rotated over an angle 8, to follow the frame
d,q attached to the rotor flux.

The rotation over an angle 8, is done according to following formula:
Vg = V€00 + vgsind, (2.9

Vg = —VqgSinb; + vgcoso, (2.10)

The stator voltage equations in rotary frame can be expressed as following:

di
v = Rsid+de—j ~weLyig 2.11)

di
vq:RSiq+qu—;’+weLdid+Afwe (2.12)

Mathematical Inverse Park and Clarke transforms

The vector in the rotary frame is transformed to the two phases a stationary frame
representation calculated with a rotation over an angle 0, according to following for-

mula:

Vo = VqC080; — v4sin0, (2.13)
Vg = vgsinf; + vy cost, (2.14)

The modification from af stationary stationary frame to a three-phase system vari-

ables is given in the following equations:

Vg = Uq (2.15)
V3vg—v
vy = —ﬁz ¢ (2.16)



_\/gvﬁ_ Va

> (2.17)

Ve =

It should be noted that all mathematical formulas for Clarke, Park and their inverse

transformation forms are also applicable to stator current variables.
2.1.2.2 Torque expressions and dynamic system equations

The input total instantaneous power of a three phase PMSM system may be ex-

pressed in abc variables as follows;

Pope =vgig+ vpip+ Vi (2.18)

The input power equation can be expressed with the appropriate Clarke-Park Trans-

forms.

3
p;= E(quq +Vqiq) (2.19)

The equation for input power is given by (2.19) and the electromagnetic torque mul-
tiplied by the rotor mechanical angular velocity is the power output. As a result we have

the following expression

2 3 ) )
Teﬁwe = E(Vqlq +v414) (2.20)

Substituting (2.9)—(2.10) into (2.20) results

3P -
To=5 5 lighs + (La=L)iglal (2.21)

Torque expression in (2.21) can be analized in two parts. The first component of the

electromagnetic torque is called reaction torque and it is generated by the interaction



between rotor and stator magnetic fields. The reaction torque is expressed as follows:

3P .
Te—reac = 55 (lqu) (2.22)

The second component of the electromagnetic torque is called reluctance torque
and it is generated as a result of a magnetic field trying to minimize the reluctance of its
fluxpath. The reluctance torque is expressed as follows:

3P N
Te—ric= EE(Ld —Lgigiq (2.23)

It should be noted that in general SPMSM motors L; = L,;. Therefore there is no
any reluctance torque in SPMSM. Then (2.23) yields to a result that, there is no need
to impose any iy current to stator winding if field weakening operation is not needed.
Therefore rotor/stator magnetic field alignment should be kept in 90° degrees.

Magnet orientation in rotor results in Ly, L, difference in IPMSM motors. This dif-
ference yields to a result that an optimum electrical degree should be find in rotor/stator
magnetic field alignment for the maximum torque. As it can be seen in figure 1 ro-
tor/stator magnetic field alignment angle is beyond the 90° degrees.

Most electric motors are of rotating type and coupled with a load. In the example
of washing machine system, both direct drive and pulley-belt driven systems, motor
produces electromagnetic torque T, to rotate the desired load. In most systems, we can
assume that the rotating part of the motor with inertia J,, is coupled to the load inertia
Ji- The net torque (difference between electromagnetic torque and load torque) over the
equivalent inertia, causes to acceleration or deceleration of the load in accordance with

the following rotating system dynamic equation [11]:

dwm, _ (Te— 1))

= 2.24
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Figure 1: Torque characteristic for an IPMSM.

Itis considered that T; consists the bearing friction, wind resistance(drag) and damp-

ing forces. Equivalent inertia /., is the sum of J,;, and J;.

Washing machine dynamic equation

Horizontal axis washing machines (front loading) is a good application area for driv-
ing systems with wide operation speed range and torque requirement. Washing ma-
chines has a drum for the wash operation and uses motor agitations to maintain a wash-
ing performance. In low speed washing and rinsing mode drum speed is kept around
0-80 rpm. In this phase load is usually unpredictable and requires high and variable
torque. Therefore control system should be implemented to keep track this load in a re-
liable manner. Water extraction phase (spinning) starts above the 80 rpm and laundries
in drum start to stack in drum of the washing machine. Washing machine can reach
1600 and even 2000 rpm speeds in this spinning phase. Therefore, if the laundries are
not distributed in a balanced way, risky conditions can occur due to centrifugal forces.
Washing machine can start to vibrate and walk. So this situation can even lead to ma-

chine break down.Figure 2 illustrates the general view of washing machine and figure 3



illustrates a view of washing machine with unbalanced load. Field weakening called al-
gorithms should be used to meet washing machine wide speed operation requirements.
Washing machine general rotational system equation can be expressed as follows for

above 80 rpm speed:

dwdrum

ar + Mypi1&Tdrum SN Warumt+Bwgrym +C (2.25)

Tarum= ]eq

There are four types of torque in equation (2.25). Inertial torque, which is related
with Jg4 occurs in acceleration or deceleration phase of the drum. Damping torque,
which is related with B is disregarded compared with other types of torques. Friction
torque which is illustrated with C occurs from belt, bearing, laundry friction etc. and
disregarded compared with other torques. Potential torque which is related with m1,; is
the torque caused by unbalanced load and the main part of the load torque in washing
machine applications. It should be noted that, there is a sinusoidally varied load torque

to drive in washing machine application above certain speed.

Figure 2: Drum torque in washing machine.
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Figure 3: Washing Machine with unbalanced load
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CHAPTERIII

FIELD ORIENTED CONTROL OF PMSM

3.1 Field Oriented Control (FOC)

As described in section 2.1.2, PMSM motors are driven by sinusoidally varied stator
currents and for controlling a load profile with a desired speed profile, it is required to
control currents in stator windings. By the help of increasing process abilities in the
microcontrollers, it is possible to implement advanced control strategies, which use
mathematical clark and park transformations in order to decouple the torque genera-
tion and the magnetization functions in PM motors. In the example of separately exited
DC motors, it is possible to control torque and flux independently. By controlling the
field winding current it possible to control the flux and the current through the rotor
windings determines how much torque is produced. Collector and brush construction
of these motors guarantees that field and armature magnetic fluxes always perpendic-
ular to each other. In field oriented control of PMSM by the help of Clarke and Park
Transformations it is possible to control magnetic flux and motor torque independently
by d and q axis currents as in separately exited DC motors. As it can be seen in figure 4
d and q axis currents rotates with the total current vector i;. Therefore with the help of
these mathematical transformations, system parameters are now DC values. It should
be noted that for performing equations (2.9), (2.10) and (2.13), (2.14) rotor position in-
formation 6, is required.

The control diagram in figure 5 summarizes the closed loop FOC of the PMSM. The
control diagram is a speed-current (torque and flux) cascaded structure. It is essential
to measure stator currents and motor speed to be used in feedback system. Also rotor

position information is the core of FOC for the transformations. FOC alghoritm allows

12



us to control motor torque and flux in each sampling state of the microcontroller. This

control flexibility is crucial for washing machine operation which system has variable

Three phase reference frame Stationary (ap) reference frame Rotary reference Frame

l
A
1
1
1
1
1
1

Figure 4: Reference frames in FOC algorithm

load torque and speed requirements.

For current measurement, hardware components as hall effect sensors or shunt re-
sistances can be used. For measuring the speed and rotor position informations even

there are hardware sensor methods as hall sensors or encoders, it is possible to con-

struct a sensorless scheme.

Wre f

iqrEf

I 17qre f Vare f

Yoy
~
~

ot I PI
L (park)"l Modulation

Inverter

. v,
i + Vg Bref
: E =

idre f

park clarke

6,
Observer, Math Models etc. PMSM
We (Direct Integration, SMO)

Figure 5: Field oriented control of PMSM
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In this scheme firstly, motor phase currents are measured. These measurements are
fed to the Clarke and Park Transformation modules. The outputs of this projection gives
the current in the d,q rotating reference frame. The i; and i; components are compared
with the references iy, r (the flux reference) and i, ¢ (the torque reference). The torque
is required for acceleration or decelaration of motor. Thereby, the torque reference is
the output of speed control block. The flux reference will be described in section 3.2 and
3.3. For measuring speed, observer models are indicated to describe sensorless scheme
in figure 5. Measured electrical speed w, is compared with the speed reference wyf.
In both speed and current blocks, error is amplified with a PI control. At the end, by
using Inverse Park or Clarke Transformations voltage references are fed to modulation
block. For modulation, by using sinusoidal PWM, space vector PWM or clamped PWM
modulation etc. sinusoidal voltages for winding to be applied can be found. In FOC
algorithm of PMSM, PI controllers are used in speed-current cascaded structure. The
main advantages of traditional PI controller are its simplicity and its ability to ensure
zero steady state error in stable systems.

In following two sections, maximum torque per amper (MTPA) and field weakening
(FW) algorithms are described. In the example of washing machine, in washing and
rinsing phases, it is required to have maximum torque. Energy efficiency is one of the
main characteristics in household appliances for both end user and legislative direc-
tives. Therefore MTPA is used to find optimum control to get maximum efficiency. In
spinning phase, for reducing the back electromotive force (back-emf) voltage of PMSM,
it is required to use negative i; current. FW algorithm is used to handle high back-emf

voltage in the FOC of PMSM.
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3.2 Maximum Torque Per Amper Strategy (MTPA)

The MTPA control is a strategy which maximize electromagnetic torque while using
the minimum stator current magnitude. There are infinite numbers of i; and i; com-
binations which can produce the same amount of torque. MTPA algorithm aims to find
minimum total current vector. By doing this the copper losses are minimized, and the
overall efficiency of the motor can be increased [12].

As described in section 2.1.2.2 L; and L difference of IPMSM motors requires ro-
tor/stator magnetic field alignment angle beyond 90° degrees. Since permanent mag-
nets have higher reluctance than iron, inductance along the d axis is usually lower than
that along the q axis [10]. As a result, in IPMSMs, L, is smaller than L. This yields to a
requirement of negative i; current for reluctance torque production.

In order to find minimum stator current for a defined torque value, equation (2.21)

is used.

3P . ..

In all inverter systems there is a limitation of the stator current, due to the physical
current limitation. By adding this constraint in the system, following equation is ob-

tained.

. 2 2 .2
lsmax :ld +lq (3.1)

By representing i, in (2.21)with the stator current i, 4y in equation (3.1),

3P /. . ., .
Te = Eg[ﬂf ismax® —ia®+ (Lg— Ly)ig ismax” — ida’] (3.2)

In order to find the minimum i; current that satisfies the torque equation, the elec-

tromagnetic torque T, can be derivated with respect to i .
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dT, 3P —ighs+(Lg—Lg)(ismax—2ia")
dig 22

(3.3)
ismaxz - i;

From this equation the minimum i, current for the desired torque is found as fol-

lows:

= 34
d 4(Lg—Ly) G4

From the equation (3.1) q axis current i, can be found.

iqg=1\ismax’ — id* (3.5)
3.3 Field Weakening Strategy (FW)

In motor control systems, if the wide speed operation is required, the extended mo-
tor speed exposes some technical challenges. As described in section 3.2, due to the
upper limit of dc link voltage and current ratings of the inverter, the motor input voltage

and current ratings are limited. If the equations (2.11) and (2.12) recalled below,
di
vy = Rsid + de—l‘f —weLyig

vg=Rsiq+ Lq% tweLlgig+Arwe

The voltage term A rw, grows up with the speed, imposing a limit to the maximum
reachable speed, due to the limited voltage availability. It should be noted that the mo-
tors with high back-emf resulted in higher torque with same current. But they can work
only at lower speed. Motors which designed for higher speed are made with lower back-
emfresulted in lower torque with the same current. In the example of washing machines
operation, it is necessary to have high torque with low current at low speed of washing
and rinsing operation , but also motor needs to reach higher speeds in spinning phase
(even if with a reduction of the torque/current ratio). In such cases flux weakening strat-
egy can be applied to expend speed range of the PMSM.The idea in this strategy is using

the d axis current to create a q axis voltage. If the equation (2.12) rearranged,
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di
vq:RSiq+qu—Z +we(Laig+Ap) (3.6)

It can be noticed that, a negative set of i; reduces the back-emf term and increasing
the reachable speed.
The common method for generating negative i; current start with calculating refer-

ence voltage amplitude as follows:

Usref = \/(vfiref + v?]ref) 3.7

Then the available voltage margin v, is computed with maximum allowed inverter

voltage vector amplitude vgpqx-

Usm = KmVUsmax = Usref (3.8)

K,y is a constant gain, generally equal to 0.9. At the end for generating the negative iy

current following conditional equation can be used:

ng Vsn’l) if Usm < 0
idref =
idref—MTPA» otherwise

If available voltage margin is a negative value, then the i4,.f can be increased in each
control step of the drive algorithm with a certain K, gain until voltage margin turns back
to normal. Another method that uses an integrator with anti-windup is demonstrated
in figure 6 below [1],

In this scheme the firstly the voltage margin v, is calculated and fed to integrator
with anti-windup. The output of this integrator is field weakening coefficient f,. B4
which is limited between 0 and 1 is multiplied with the complementary angle of the
stator current vector is. When the K¢, and Ky, coefficients are tuned, if the voltage

margin vy, is negative, the output of the integrator decrease below 1. This will result
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Figure 6: Control block diagram for the field weakening algorithm[1].

an increase in the last phase angle after the calculation. Therefore a negative i;,.r will

be imposed. If the voltage margin vy, increase to a positive value, §, will immediately

increase to 1 and phase angle from MTPA algorithm will not be changed.
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CHAPTERIV

SENSORLESS SPEED AND ROTOR POSITION ESTIMATION SCHEMES

As described in section 3.1 rotor position information is crucial for the FOC algo-
rithm. Motor speed is also required for the closed loop control. Even if hardware sensor
methods can be used, sensorless approach has many advantages over the application
with sensors in terms of cost, durability and lifetime. Speed and position information of
sensorless approaches are synthesized from measured system parameters with a feed-
back system including a gain in both observer and tracing algorithms.

In this study, three back-emf based estimator methods are investigated for the per-
formance in the washing machine operation. These methods are Extended Luenberger

Observer, Direct Integration Method and Sliding Mode Observer.

4.1 Direct Integration Method

Integration based flux linkage estimator suffers from the integral operation. Integra-
tion operation is not an easy task for a microcontroller due to initial conditions, noise
and measurement offsets. In order to improve the integration operation performance,
a feedback signal is used for correction in integral method. Rotor magnetic fluxes in a8
reference frame are extracted from motor model equations.

When the stator voltage equtions in stationary frame (2.7) and (2.8) examined, it can
be seen the rotor position information 6, is hidden in these equations. (A1fsinf,w., and

ArcosO,w,). Itis possible to extract magnetic fluxes in a § frames as follows [13, 14]:

t
Aafzﬂta0+f0 (Ve - Reig)dt - Lgiq 4.1)

t
A'Bf:/lﬁo-i-\[o (Uﬁ—Rsiﬁ)dt—Lsiﬁ (4.2)
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Where A, and Agr is @ f components of rotor permanent magnet flux, Aq0 and Agy
are initial conditions. Extracted magnetic fluxes were corrected with feedback gained
control scheme. In this approach, rotor magnet flux is considered to be known from
manufacturer datasheet or with measurement. A gain G is used with a feedback for error
between calculated parameter and rotor magnet flux. Then the rotor position is derived

from the following equation:

Aas
Apf

The motor speed can be estimated from the time differentiation of equation (4.3):

0, =tan ' (—) (4.3)

. _ 48,
T dt

(4.4)

Figure 7 shows a block diagram of direct integration method with feedback.

G |e elfr lan
I Y e e
- _A
v Af* +
R l -
Y
i g L
Ar

Figure 7: Direct integration method with feedback block diagram.

4.2 Sliding Mode Observer

In other estimation technique, sliding mode observer design is studied. In this method,

error between reference and measured parameter is kept in the sliding surface with high
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gained control signals. In the real application, even sliding mode control is considered
to be robust to disturbances including measurement noise, it is suffered from satura-
tion, but for observer schemes there is no limitation in the MCU and thereby numerical
calculations. Sliding mode observer for rotor position and speed information is con-

structed from motor model equations as follows:

Ua,ﬁ - Rsia'ﬁ - ea’ﬁ

ia,ﬁ = L. (4.5)

= Ugp—R i/,\+Ksign(i/,\—i B)
la,ﬁ: a,p sta,p Ls a,p a,p (4.6)
ia,p—iap=—Rsigp+Rsiqp+Ksignlipp—iep) +€ap 4.7)

Where e, and eg is the back-emf components defined from equations (2.7) and (2.8)

as follows:

eq=—Arsinb,rw, (4.8)

eg=Arcost,w, 4.9)

Sliding mode surface is chosen as s = @ —lgpand $ = @ — ia',ﬁ. The sliding mode
occurs with sufficiently large switching gain K. The system enters the sliding mode mo-
tion when s = 0 and § = 0. From the equivalent control method e, 4 is obtained as fol-

lows:

Cap=—Ksign(ipgp—iqp) (4.10)

The rotor position is derived from:
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/— mn‘l(Z:“) 4.11)
5

Motor electrical speed can be estimated as in the equation (4.4):

A0 _smo

Deo—smo = — (4.12)

Nevertheless, sliding mode observer uses high frequency and high gains to keep the
system in sliding surface. This method leads to undesirable phenomenon of oscilla-
tions having finite frequency and amplitude, which is known as chattering [15, 16]. In
the end, this method requires a heavy filtering before to be used in control algorithms.
Therefore, instead of using a discontinuous sign function, a sigmoid function or super-
twisting called algorithms which continuous function of time can be used to obtain a
smoother switching. A smoother switching can occur without compromising the ro-
bustness properties by using continuous switching action. In this study super-twisting
algorithm is chosen after literature study [17]. The control algorithm in this method is

defined by the following control law:

u:6\/Esign(s)+m (4.13)
m=—-Msign(s) (4.14)

Where 6 and M are positive constants to be tuned in the system. The super-twisting
algorithm can be seen as nonlinear version of PI controller as it can be seen from the
figure below.

Equation (4.10) is redesigned with u parameter from the super-twisting algorithm as

follows:

Cap=0\/sIsign(igp—iap) +m (4.15)
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Figure 8: Super-twisting alghorithm block diagram.

The common method of rotor position and speed calculation is given in equations
(4.11) and (4.12). Speed is obtained with derivation of the rotor position. However, cal-
culated precision in such a way is not high and a small deviation or noise of estimated
rotor position can cause a large deviation of speed error. For this problem, the common
way used is low-pass filter for filtering. However, low-pass filter doesn’t have a good per-
formance in reducing speed error and also causes to phase shift. Phase locked loop al-
gorithm is used with super-twisting algorithm for eliminating the chattering effect with
minimal need of low-pass filter [16]. The block diagram of speed and rotor position es-

timation based on PLL can be shown as in figure 9.

COS [=
—€q We_pll

Y Ae Or_pu
D~ pI I

€ ?
Sin |

Figure 9: PLL block diagram.

From equations (4.8) and (4.9) Ae in figure 9 can be obtained as follows:

Ae=—eycos0; —egsind, (4.16)
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Ae=AfWe oo Sin@r_pir) c0SOr—smo) = A f We—smoc08Or_pi) Sin@; _sme)  (4.17)

Ae=AfWe o Sin@r_pii = Or—smo) (4.18)

Subscripts pll represents the estimated rotor position and motor electrical speed
from PLL block. If the error Ae can be controlled to be zero, the estimated motor elec-

trical speed can be obtained with a PI control as follows:
m = kp_p”Ae+kl-_p”fAedt (4.19)

Finally, the rotor position cab be obtained as follows:

o —

Or—smo = | We—pnidt (4.20)

4.3 Extended Luenberger Observer

A state observer is an algorithm implemented to reconstruct the inaccessible states
in a system using accessible states. Accessible states for PMSM are the components
of stator currents and voltages. The most commonly used state observers are Luen-
berger and Kalman types. When compared with Luenberger, Kalman type is a stochastic
method which uses both states and noise created by system measurement and model-
ing. However, this stochastic approach appears to have some inherent disadvantages.
Difficulties may arise in situations where the noise content of the system and associ-
ated measurements are too low. In any case a normal state observer is only applicable
to linear, time-invariant system. As it can be seen in state space equation of PMSM in
equation (4.22) PMSM is a non-linear system. States iy and i, are multiplied by state
w.. The Extended Luenberger Observer is a variation of a state observer which uses a
linearized PMSM model. Therefore in every step, a linearization is required in extended
state observers[18]. For linearization, derivation of jacobian matrix for state space equa-
tion in equation (4.22) is one of the methods. Then the observer poles shroud be deter-

mined. These steps should be repeated in every step of the control. All these calculations
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are computational burden for MCU and hard to implement in unstable systems as wash-

ing machines. Therefore to overcome this, ELO with a feedback linerization technique

is constructed[19]. Equations (2.7), (2.8) and following electromagnetic torque equation

in a ff stationary frames is used.

T, = Eg/lf(—ia sinf, +igcos6;)

e o
WGHD | |35 Ay (~la-prosinG:—_p1o+ ip-p100s0,—pro) — L5-ED
i - —_— il +Y
@ —Pla-slo+ i—fmsiner_,gmju b
% ] | _i_jiﬁ—ELO - L—sw’elg\msin@ + Z_f
with

Kgro =

k12

koo
k3>

k2 |

Y = TKgro

- .
Ls cosBr_g10
Af @e-ELO

L .

A sinf;_gro
0
0

Ls sinf,_gro ]
X weso 0 Y

L —
/1—; COSHT_ELO 00

0 10

0 01

(4.21)
o —la-ELO
ig = ip-ELO
(4.22)

In this method, system is linerized using the Y gain and known a f currents. So

disadvantages of the jacobian method are eliminated. K is a gain matrix, I" in equation

(4.22) is the non-linear gain matrix and a compelling derivation of I is presented in [19].

By the help of equation (4.22), it is possible to extract 0,_r10 and @,_gLo with a simple

integration.
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CHAPTERV

LOAD TORQUE OBSERVER

As described in chapter 1, a load torque observer design is studied to improve PI
controller hence the washing machine driving performance. Feedforward compensa-
tion is built to improve the performance of washing machine with unbalanced load. The
load torque observer design is constructed by system mechanical equations. Equivalent
torque in a rotational system is proportional to system equivalent inertia and angular
acceleration as it is demonstrated in equation (2.24).

System is able to calculate inertia as it is described in section 5.3 and electromagnetic
torque in this scheme. Also, speed is obtained from the sensorless approach. Therefore,
itis possible to construct an observer scheme to obtain unknown load torque parameter
from the measured and calculated parameters. Since the only unknown parameter is the

T; in equation (2.24), an observer scheme is constructed as follows:

Wy, from direct
integration or SMO

control
function

from dynamic
equation

Tioaa — Observed

Figure 10: Load torque observer block diagram.
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5.1 Load torque observer with SMO method

Error between observed and measured speed parameters is corrected with control
function in figure 10. In this scheme for the control function, two different approaches

were constructed. First, sliding mode observer is constructed as follows:

——~ Te—Kysign(wm—on)

Wy = (5.1)
" Jeq
Error equation can be obtained by subtracting (5.1) from (2.24):
— T - Kysign(@m —w
(U.m_w.m _ 1 tiSLg ( m m) (5.2)
]eq

Sliding surface is chosen as § = wy,;, — wm and s = w,, — @y, with sufficiently large
switching gain Ky, the sliding mode occurs. The system enters the sliding mode motion

when s =0 and $§ = 0. From the equivelent control method 77 is obtained as follows:
T) = Ky sign(wm—m) (5.3)

It should be noted that, in order to minimize chattering effect, super—twisting method

should be implemented instead of above equation as explained in (4.13) and (4.13).

5.2 Load torque observer with PI control method

In sliding mode load torque observer, it is possible to have accurate results, but it
suffered from the chattering in drawback. Since the obtained torque is used in the feed-
forward compensation of PI controller, system will try to trace a noisy reference. This
may cause severe damage in the mechanical transmission parts. So it is important to
have a smooth torque reference in the PI controller. This is achieved by using the tra-
ditional PI gains for the control function in figure 10. Error between real and observed
motor speed is referenced to be equal.

If PI is well tuned in the above figure real and observed motor speeds will be equal.

Thus T; will be obtained.
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Figure 11: Load torque observer with PI gains.
5.3 Egquivalent inertia calculation

For the load torque observer schemes in both SMO and PI gains, inertia information
is required. In washing machine example, as described in section 2.1.2.2 laundries start
to stack in drum above the 80 rpm. This behaviour of the washing machine leads to
a constant equivalent inertia. Thus, it is possible to obtain an approximate equivalent

inertia from the equation (2.24) with the following steps.

Step 1 Calculate the average electromagnetic torque in a constant speed

Step 2 Calculate the average electromagnetic torque in accelaration phase after steady

state condition established

Step 3 Calculate the time and speed difference starting from acceleration command to

destination speed

Step 4 Calculate the equivalent inertia with equation (2.24) by found parameters

In step 1 according to equation (2.25) since there is no any acceleration or decelera-
tion, obtained torque can be accepted as 7T; of the drum. In step 2 torque that increases
the speed of the drum can be considered as the acceleration torque. Thus with step 3
and step 4 approximate equivalent inertia can be obtained.

At the end, by the addition of load torque observer improved FOC block diagram of

washing machine can be found in following figure.
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Figure 12: FOC block diagram with load torque observer.
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CHAPTER VI

SIMULATIONS AND EXPERIMENTS

In order to verify the performance of the adopted sensorless schemes and load torque
feedforward compensation, detailed simulations have been conducted. Firstly, ELO and
Direct Integration Method is compared. A constant load of 0.5 Nm is applied as load
torque with 1750 rpm motor speed reference. Figure 13 below illustrates the speed re-
sponse of the system and figure 14 illustrates the torque response. Real motor speed and
rotor position of the simulations are used in the feedback. Thereby, according to these
figures, motor is able to control this system in a reliable manner. Observed torque is
not used in the feedforward compensation. When the ELO and Direct Integration Ob-
server Schemes speed responses are examined, even the steady state error is not existing
but there are high frequency ripples in the system. In this constant load condition, ELO
method has smaller ripples compared with the Direct Integration Method. When the
figure 14 torque response of the system is examined, it can be found that, both motor

electromagnetic torque and observed torque is able to track the real load profile.
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Figure 13: Speed response at constant load - ELO and Direct Integration Method com-

parison
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Figure 14: Torque response at constant load - ELO and Direct Integration Method

comparison

In following figures, the comparison of ELO and Direct Integration Method is exam-
ined with a variable load, that represents the unbalanced load of washing machine. A
sinusoidal signal with 1 Nm peak amplitude, 6 Hz frequency and 0.5 Nm offset is ap-

plied as a load torque. Also, at 0.5-0.8 s and 2-2.3 s time intervals a step load change of
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2 Nm is applied as a test case. After 1.65 s feedforward compensation with load torque
observer is activated. In feedforward compensation, since the real speed information of
the simulation is used, it is highly effective to illustrate the effectiveness of the proposed
compensation scheme. In figure 15 speed response of the system, speed PI has poor
performance to keep tracking of the sinusoidally varied load profile. This resulted in ex-
act sinusoidal fluctuation in the speed response. Motor speed is highly reduced in step
change of load. After the compensation, control system is robust against the both sinu-
soidal and step changes. However it should be noted that after the feedforward compen-
sation both observer schemes have even more ripples and ELO method performance is
worse than the Direct Integration Method. In figure 16 torque response of the system,
it can be seen that, motor torque is unable to track the load torque until the compensa-
tion. After the compensation, motor torque is coupled with the load torque in a reliable

manner. Thereby, as it is examined in the figure 15, speed fluctuation is disappeared.

Direct Integration Method (rpm) Reference Speed (rpm)
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Figure 15: Speed response at variable load - ELO and direct integration method com-

parison
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Figure 16: Torque response at variable load - ELO and direct integration method com-

parison

As a review of figure 13, 14, 15, 16 simulation studies, ELO and direct integration
methods have nearly same performance in a constant load system. But when a variable
load is used, ELO method has critical speed errors when compared with direct integra-
tion method. In any case, proposed compensation with load torque observer is effective
to improve control system performance.

In next step, SMO and direct integration methods are compared in terms of speed
response, usage in feedback control and usage in feedforward compensation. SMO
method of the system is used in conjunction with super-twisting and PLL algorithms.
Firstly, Direct Integration Method and SMO method speed responses are compared in
figure 17 under the constant load profile of figure 14. It can be seen that, with SMO

Method, speed fluctuation is highly reduced comparing with Direct Integration Method.
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Figure 17: Speed response at constant load - SMO and direct integration method com-

parison

Secondly, system is tested under the real load profile of figure 16. Comparison of
the motor speed response is given in figure 18. It can be seen that, as in constant load
profile, speed fluctuation is highly reduced comparing with Direct Integration Method

in washing machine load profile.
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Figure 18: Speed response at variable load - SMO and direct integration method com-

parison
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Next, for comparing the usage in feedback system of observed speeds, rotor position
and motor information obtained from Direct Integration Method substituted with simu-
lation’s real parameters in control system. According to speed response in figure 19 there
is not a remarkable change until the feedforward compensation, compared with system
that uses the simulation parameters in figure 15. When the feedforward compensation
activated with the load torque created by Direct Integration Method, motor control is
almost lost. Then the system in the figure 19 is rearranged with substituting the rotor
position and motor speed detection algorithm with SMO method. When the figure 20 is
examined, it is not possible to see any remarkable difference with the system that uses
the simulation parameters in figure 15 until the feedforward compensation. When the
feedforward compensation is activated, effect of step load change in 2-2.3 s time inter-
val is almost disappeared. Also it is possible to say that, speed fluctuation caused by

sinusoidally varied load is decreased.
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Figure 19: Speed response at variable load - feedback with Direct Integration Method
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Figure 20: Speed response at variable load - feedback with SMO Method

As a review of figure 17, 18, 19, 20 simulation studies, SMO method has better per-
formance under both constant and variable load of washing machine example compar-
ing the direct integration and thereby ELO methods. For usage of SMO method in load
torque observer, even it is not perfect as in the system that uses the simulation’s parame-
ters, load torque feedforward compensation is still effective to reduce speed fluctuation
effects.

Lastly, at the following figures, load torque observers with PI control method and
SMO method are compared. System is tested under variable load profile again and
torque response is compared. Figure 21 represents the system which load torque ob-
server is constructed with PI control and figure 22 is constructed with SMO load torque
observer. Since SMO has the switching function as described in section 4.2, torque re-
sponse contains fluctuations. Therefore even it has more phase lag compared with SMO,
PI control is the better choice to be used as torque reference instead of more torque rip-

ples.
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Figure 21: Torque response at variable load - load torque observer with PI Method
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Figure 22: Torque response at variable load - load torque observer with SMO Method

In order to verify simulation results, experiments have been conducted in Vestel 9 kg

capacity washing machine with the PMSM with following motor parameters.
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Table 1: PMSM parameters

Characteristics Units | Specification
Line resistance (phase to phase) | Q 5.25
Lg/Lg at50 Hz mH 19.5/30
Line back-emf Vims 36
Polar couples - 3

An inverter board "Vestel 20cmb05" is used which is included with Renesas RX63T
family R5F563T4EDFL model microcontroller unit. In table 2 below, microcontroller

and software specifications are given.
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Table 2: Software Specifications

Item Specification
Type of Motor 3 Phase PMSM
Motor Partname LG Electronic WDB0300Y1M
Max MCU Frequecy 100 MHz
Multi Function Timer
16 bit
General PWM Timer
3-Phase PWM Output Function Yes
ADC 12 bit - 8 channel
Modulation Technique Clamped PWM
Current Measurement Three shunt current reading
Open loop startup
Startup algorithms
Higher current than that rquired to win the load
Swithcing Frequency 16 kHz
Sampling Frequency 16 kHz

Software algorithm organization is referenced from Renesas YROTATE-IT-RX23T- Mo-
tor Control Kit. Flowchart of software organization and control interrupt routine can be

found in figure 23 and 24.
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Figure 23: Software organization
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Figure 24: Control interrupt routine

5 kg unbalanced load is stacked in the drum of washing machine. Experimental

setup can be seen in figure 25.
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Figure 25: Experimental setup

Three different algorithms which are SMO scheme without load torque observer,
Direct Integration Method without load torque observer and SMO Method with load
torque observer are tested respectively. Motor speed reference is 1000 rpm and pulley
ratio between drum and motor pulley is 11. Therefore washing machine rotates in 90.9
rpm. In this speed, laundries get stuck to drum walls because of the centrifugal force. In
figure 26 below, system is driven by using the Direct Integration Method and the motor
speed and motor torque values are demonstrated. Load torque compensation improve-
ment is not included. As it’s been demonstrated in simulations above, this method has
more ripples in the speed feedback compared with SMO method. Therefore heavier fil-
tering is required to be used in control and to have a smoother torque which is necessary
to prevent mechanical damages. Therefore this situation limits the speed PI control per-
formance and resulted in more fluctuations in motor speed and torque response. In this
driving method, motor speed varies between 940 and 1060 rpm. Motor torque varies

between -1.5 and 2 Nm.
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Figure 26: Motor speed and torque response - Direct Integration Method without load

torque compensation

In figure 27 below system is driven by using the SMO Method and the motor speed

and motor torque values are demonstrated. Load torque compensation improvement

is not included. Since there are less fluctuations in motor speed and torque response

filtering is not heavy as much as Direct Integration Method. This resulted with a better

speed PI control performance. In this driving method, motor speed varies between 955

and 1050 rpm. Motor torque varies between -1.5 and 1.6 Nm.
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Figure 27: Motor speed and torque response - SMO Method without load torque com-

pensation
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Lastly in figure 28 below, system is driven by using the SMO Method and the motor
speed and motor torque values are demonstrated. Load torque compensation improve-
ment is included this time. Since system has the feedforward compensation in all time,
there are less fluctuations in motor speed and torque response. This resulted with an
improved speed PI control performance. In this driving method, motor speed varies

between 980 and 1030 rpm. Motor torque varies between -1.3 and 1.5 Nm.
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Figure 28: Motor speed and torque response - SMO Method with load torque com-

pensation

As it is demonstrated in the figures above, with the help of SMO method and load
torque feedforward compensation, speed fluctuation is now highly reduced and elec-
tromagnetic torque is now accurate. Since now motor speed fluctuation is decreased
in figure 28, it is expected to have lower acoustical noise in driving system. In order to
test this situation, acoustical noise test is performed. Two different method is operated
in semi-anechoic test chamber and noise levels are compared in figure 29 below. While
SMO method with feedforward compensation resulted in the average of 49.3 dB noise
level, Direct Integration Method without load torque observer resulted around 50 dB
noise level. It is a known fact that, 6-9 dB noise level differences cause to doubling or

halving of loudness and 0.1-3 dB noise level differences cause to noticeable loudness
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change. In washing machine application due to market requirement, lots of foams are
used to get even 0.5 dB loudness decrease. When this situation considered, 0.7 dB noise

level reduction with a driving method improvement can be considered as a remarkable

change.
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Figure 29: Acoustical noise level comparison - Direct Integration Method without load

torque compensation and SMO Method with load torque compensation

Since the motor is now highly capable to track load torque and required motor torque
is reduced in figure 28. It is expected to current in the motor is optimized. In order to
test this, two different method is operated for 1,3 hours to check energy consumption
values. As it can be seen from the table below energy consumption performance is im-

proved which is crucial for washing machine marketing.
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Table 3: Energy Consumption Values

Energy consumption (kWh) | Energy consumption (kWh)
Time (h) SMO Method with Direct Integration Method
load torque observer without load torque observer
1.3 0.071 0.096
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CHAPTER VII

CONCLUSION

Aload torque compensation method for the PMSM of washing machine is presented
in this paper. Three different speed and rotor position observer methods are studied. In
order to improve the observer performances, a feedback signal method for Direct Inte-
gration Method, super-twisting method and PLL algorithms for SMO method are pre-
sented. These algorithms are compared in both feedback scheme and in load torque
observer. Then the proposed feedforward compensation scheme is successfully imple-
mented for the PMSM drive system of washing machine. Speed fluctuations and thereby
acoustical noise is reduced with proposed feedforward method. Also, with the help of
optimized motor torque, energy consumption is improved. Since there are better cou-
pling between motor torque and load torque now, it is expected to have better durability
of mechanical transmission parts in life time. The feasibility and effectiveness of the

proposed technique is verified by simulations and experimental analysis.
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