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Chapter 1

Introduction

Variable speed operation of ac machines are being incessantly innovated and have developed as a
way to convert electric energy to mechanical work in a wide range of industrial application such as
fans, pumps, elevators, paper and textile mills, electric vehicle and subway transportations, wind
generation systems, servo and robotics, home applications, computer peripherals, steel and cement
mills, ship propulsion, factory automation, etc [1]-[4]. This development is caused by progress
made in various area including power and micro electronics, control systems, magnetic materials,
microprocessors and modern communication technologies.

Inverter-fed synchronous motors are widely used in high-performance variable-speed drive
systems. If the synchronous machine is supplied by a current-controlled voltage-source PWM
inverter, then the stator currents are decided by the reference speed or reference electromagnetic
torque. And the inverter drives the synchronous motor, so that the instantaneous stator currents
follow their reference values. For high-performance drives it is possible to use various rotor
configurations: rotor with permanent magnets, reluctance type, and electrically exited rotors [4]-[7].

There are basically three types of permanent-magnet synchronous machine. The permanent-
magnet synchronous machine with surface-mounted magnet, inset magnets and buried magnet [6].

The synchronous reluctance motor (SYRM) is singly-salient synchronous motor where the
symmetrical three-phase sinusoidally distributed stator winding are exited with balanced AC
currents and there is a reluctance rotor. The three-phase stator winding are situated in the smooth
but slotted stator bore. The reluctance rotor is made of steel laminations, it is salient-pole, but does
not have any winding or magnet. The rugged simple structure, low cost manufacturing, possibility
of high torque per unit volume, and the absence of rotor windings resulting in simple control



schemes and decreased losses make this motor an attractive candidate for numerous industrial and
automotive applications [8-11].

1.1 Speed sensorless control of SYRM

In synchronous reluctance motor (SYRM), to synchronize the stator current vector with rotor
position, determination of the rotor position is necessary. While speed sensors increase cost and
size, the reliability of the system decreases because of noise effect. Hence recently much research
has been done on the sensorless control of SYRM.

1.1.1 Previous researches
Several solutions proposed by researchers in literatures, in the following these solutions will be
sketched.

The primary sensorless technique is based on the direct control of the motor load angle. Two
solutions have been proposed, the former one [7] operates the inverter in the voltage-controlled
mode by keeping V/f constant, torque angle is calculated from steady-state motor equation. The
second one [13] calculate the torque angle by using dynamic equations on the basis of measured
terminal quantities (voltages and currents) of the motor fed by a current-controlled voltage source
inverter. In [14]-[16] closed-loop speed control has been implemented by estimating the rotor speed
from the flux-linkage vectors angular velocity. These types of solutions are affected by motor
parameters variation.

In [17] to estimate the magnitude, position, and speed of magnetizing-flux space vector, the
spatial saturation third-harmonic voltage is utilized. It should be emphasized that this scheme
requires the stator windings to be wye-connected and also there has to be access to the neutral point
of stator windings. At low speeds problems arise due to the distorted third harmonic voltage [6]. On
the other hand it requires motor operation in saturated condition and, as a consequence, it is not
allowable for field weakening operation.

Due to rotor saliency, the inductances of the SYRM depend on the rotor position. Thus in some
researches the rotor position is estimated by using inductance variations due to geometrical effects
[18]-[23]. Some authors [18]-[21] proposed to detect rotor position at the zero crossing of the phase
current by modifying the switching modulation. This method does not provide high performances,
in particular at low speed, because of its low estimation update rate. In [22]-[23], the rotor position
is estimated from the monitored rate of change of the stator currents. Although this method has
good dynamic operation the estimation is depended on inductance. This estimation method can be
used at low rotor speed, including zero speed, but the estimation accuracy decreases radically at
higher speeds.

It is possible to estimate the rotor position together with other quantities (e.g. the load torque,
speed) by using state observer like as extended Kaman filter or an extended lenbergure observer.
Kalman-filter, state-observer and other sensorless control schemes based on application of



identification procedure allow low and zero speed operation, but they are strongly affected by motor
parameter variations, or are too complex, and expensive to be used in low cost systems. Observer-
based systems or Kalman filtering in real-time require a very fast signal processor specialized and
optimized to perform complex mathematical calculations and manipulate large amount of data. And
in some cases, wrong values for the noise covariance matrices (not correlated to the actual noise) as
well as wrong initial value lead to instability [6], [24]-[26].

A recent solution makes use of artificial intelligence techniques (fuzzy logic, artificial neural
network, fuzzy-neural network, etc.). However since it is possible to approximate any non-linear
function with grate accuracy by using these techniques, a proper artificial intelligence system (in
particular a neural network properly trained) is able to estimate motor position and speed [27], [28].

In [5] the sensorless speed control methods are categorized in two major types. At first category,
AC machine is modeled by its state equations. A sinusoidal flux density distribution in the air gap is
then assumed, neglecting space harmonics and other secondary effects. The approach defines the
class of fundamental models. They are either implemented as open loop structures, like the stator
model, or as closed loop observers.

In the second method to exploit machine anisotropy, other frequencies than the fundamental
frequency is injected to motor and the field angle or the rotor position angle is identified using the
response of the motor [29]-[31].

Algorithms that rely on the fundamental machine model excel through their simplicity, even if
more sophisticated and detailed models are implemented for the components of the drive system.
Additional hardware for the acquisition of the machine terminal voltage can be spared when
modeling the inverter as a nonlinear component.

1.1.2 Effects of DC-offset, parameter variations and inverter nonlinearity

In some methods, SYRM is modeled by its state equations. A sinusoidal flux density distribution
in the airgap is then assumed, neglecting space harmonics and other secondary effects. This
approach defines the class of fundamental models.

Although using fundamental models [13] to estimate angles is the most straightforward approach
and has several advantages, immunity to noise, offset and drift should be achieved using appropriate
techniques otherwise measurement noise and DC offset causes an increasing error in this estimator.
Therefore, the estimation of rotor angle and speed will be not correct. These incorrect quantities
will be compared with references variables and cause an unwanted increasing oscillation in flux and
torque.

Although using a LPF with a large time constant instead of the pure integrator prevents the output
from increasing without bounds, this integrator model becomes inaccurate at low speeds, because
the gain and angle of a LPF and a pure integrator will be different, when the frequency reduces to
around LPF corner frequency. Thus this method can not solve the above mentioned problem at a
low speed region [5]-[6] .



Use of programmable cascaded low pass filters (PCLPF) instead of pure integrators is another
alternative method to reduce drift-error and it has previously been applied to the sensorless control
of induction motors [32]. PCLPF consists of some low pass filter blocks and an amplifier block in
cascade form. But PCLPF may cause other drawbacks at low speeds. These problems are explained
by authors in their previous research [33]. However, in this research, an adapted PCLPF was used in
the SYRM by using a novel method to avoid of its drawbacks at low speeds.

On the other hand in this method to estimate stator flux linkages, stator resistance must be defined
precisely otherwise the rotor angle estimation is not valid. The estimation of the load angle also
requires the motor inductances. Thus a proper method for identifying motor parameter is essential
[6], [34]-[37]. On the other hand this identified parameter is used in calculation of decoupling
signals [6], [38]. In a VSI-fed SYRM, the stator voltages can be reconstructed by utilizing the
switching signals of the inverter and the monitored DC link voltage. But the power transistors used
in three-phase PWM VSI as switching devices, have finite turn-off times and there is a need to
insert a time delay after switching device off and the other device on in one inverter leg. Due to
present of the dead time, the output-voltage space vector of the inverter is not equal to the desired
voltage space vector. Thus this error voltage should be considered in reference voltage calculation
[6], [39].

1.2  Objective of the dissertation
1.2.1 Rotor angle estimation for SYRM at low speed and near zero speed

As mentioned in 1.1.2, although open loop fundamental models have several advantages their
limits is at near zero frequency. The rotor induced voltage is then low , thus the dc offset and drifts
effects that arise from analogue signal measurement, can cause an increasing error in the pure
integrator used this type of estimator and should be avoided [5]-[7].

Although the use of three stages programmable cascaded low pass filter (PCLPF) has previously
been applied to sensorless control of induction motors [32],[40], in this paper, this filter is adapted
to estimate phase angle at low speed and near zero speed area in SYRM.

To estimate rotor angle at low speed, modified programmable cascaded low pass filter (MPCLF)
is presented by authors [41]-[43]. The problems of PCLPF are reduced because the PCLPF gain is
eliminated in phase angle calculation.

In the next stage, the range of rotor angle calculation is expanded from near zero speed to high
speed by proposing extended programmable cascaded low pass filters (EPCPLF) [44]. The
performance of these filters is improved considerably by extending their stages and reduces its gain.
Because the proposed method reduces the PCLPF drawbacks at low speed, effectively, the rotor
angle estimation at very low speed is valid and thus, sensorless control at near zero speed is
possible.

Although the rotor angle estimation using EPCPLF is possible at near zero speed, but its
necessary calculation is more MPCLPF. Thus we suggest using EPCLPF in very low speed precise



application while MPCPLF can be used in low speed application when we have limitation in
hardware capacity (memory and pressures).

1.2.2 Parameter identification using block pulse functions

In open loop fundamental models, as the stator frequency reduces at lower speed, the stator
voltage reduces almost in direct quantity, while the resistive voltage is maintains its order of
magnitude. It becomes the significant term at low speed. Thus, any variation in motor parameters
will disorder position estimation. The effect of stator resistance variation is more important in low
speed regions, because the inverter voltage decreases in relation to stator resistance voltage and the
resistance voltage dominates the integrator input in low speed [5]-[6]. Therefore these need to be
tracked to maintain the system stable at low speed.

To avoid mentioned drawbacks an online parameter identification method which does not depend
on estimation accuracy is suggested [42], [45].

In the proposed method, motor parameter identification is done using a block pulse function
(BPF) instead of the Euler method which is used in [35]-[37]. The Block Pulse Functions (BPF) is a
set of orthogonal functions with piecewise constant values and to use the BPF approximation,
differential equations are transformed approximately into their corresponding algebraic forms based
on the operation rules of BPF, so that the numerical solutions obtained more directly[46]. And it
saves calculation time compared with the other numerical analysis method, such as a Runge-Kutta
algorithm [47].

It is shown although the identified parameter is not dependent on angle difference of actual d-g
axes and the estimated d—7 axes [35]-[37]. Hence, in this method, parameter identification is not

affected by position estimation accuracy.

1.2.3 Motor startup from zero speed

At the standstill condition, the rotor angle is assumed rotating at reference speed, and because the
proposed method can estimate rotor angle at very low speed area, the estimated and actual rotor
angle converge rapidly and the motor startup is done without the torque jerk caused by transition
from the standstill mode to the vector control mode which usually is used in sensorless control of
SYRM.

1.2.4 Wide range of speed sensorless vector control of SYRM

A wide range speed sensorless vector control will be achieved, using a combination of MPCLPF
or EPCLPF and BPF-based parameter identification. Since the motor control strategy can be
determined by regulating stator current in the d axis, several close loop self control methods, like as
constant d-axis current control, maximum torque/ampere control and maximum power factor
control are achieved using the identified parameters [45]. Also the startup is possible without the
torque jerk.



To achieve the proposed method, the experimental setup employs a PC-based system with real
time Linux (RTLinux) [48] as an operating system. RTLinux can satisfy the system hardware and
software constraints and also real time control can be achieved using this operating system. To
acquire the data from the sensors and to send the gate signals to the system, an interface was
designed by the Complex Programmable Logic Device (CPLD). The experimental results show the
proposed method performs well and speed and angle estimation is correct in a wide range of speeds.

1.3 Organization of the dissertation

Chapter 2

In this chapter at fist, the synchronous reluctance motor is introduced. A brief history of this motor
is presented. Various type of SYRM includes flux barriers, axially laminate and segmental rotor is
explained. The effect of motor saliency on the power factor, torque density and efficiency and its
limitation is explained. The recent developed in SYRM is illustrated. Equations of SYRM in
stationary reference frame are presented and this equations and transformation equation are used to
extract machine equations in rotating reference frame. Then the equations of torque are extracted.
Movement mechanism in SYRM is explained and rotor-oriented vector control for SYRM includes
Current-type control and combined current-voltage controls are introduced. Finally various types of
Vector control strategies are expressed.

Chapter 3

In this chapter the phase angle calculation using armature voltages and currents is presented and
its block diagram is explained, then the effect of DC-offset on the accuracy of this estimation is
surveyed. PCLPF is introduced and its drawbacks are explained. Modified PCLPF and its block
diagram are presented and its benefits in low speed area are explained. To estimate phase angle at
very low speed and near zero speed extended PCLPF (EPCLPF) is suggested. The effect of
EPCLPF stages in DC-offset calculation is shown. Then the equations of rotor angle calculation are
presented. And finally the conclusion of chapter is explained.

Chapter 4

The effect of the parameter variation on sensorless vector control and its compensation method
are considered. At first the effect of stator resistance variations in phase angle calculation is
explained and its effect in low speed is surveyed. The inductance importance in load angle
estimation and decoupling signals is shown. Our proposed identification is presented. And block
pulse function is introduced. Then the equations of proposed parameter identification method are
discussed and it is shown that this method is not affected by position estimation accuracy. Finally
the chapter conclusion is explained.



Chapter 5

In chapter 5 the proposed sensorless vector control is presented and its block diagram is
explained. And it is shown that MPCLPF and EPCLPF and online parameter identification ,that are
explained in previous chapters, are employed in this block diagram. To startup motor in stand still
condition a novel method which uses EPCLPF is suggested. The block diagram of proposed method
is presented and its operation is explained.

The block diagram of practical system configuration is presented and the proposed experimental
setup is presented and its hardware and software is discussed. Then the practical result of sensorless
control and proposed parameter identification is presented.

The result of MPCLPF estimator, which was explained in chapter 3, in a wide range of speed is
experienced and its stability is tested by adding an artificial DC-offset to measured currents. The
transient response of sensorless MPCLPF is presented and the result of two close loop control
strategy is shown. Finally the effect of EPCLPF which includes 6 stages LPF filter is presented in
low speed and very low speed area. And it is shown that estimation is achieved even near zero speed.

The step responses of reference speed and torque load are evaluated, and the result of direction
changed is investigated.

The result of motor start up ability is presented and the effect of low pass filter stages in estimation
accuracy is studied.

Chapter 6
Major conclusions that can be drawn from this dissertation are given in this chapter.



Chapter 2

Principle of vector control of synchronous reluctance
motors

2.1 Summary

In this chapter at first, the synchronous reluctance motor is introduced. A brief history of this
motor is presented. Various type of SYRM includes flux barriers, axially laminate and segmental
rotor is explained. The effect of motor saliency on the power factor, torque density and efficiency
and its limitation is explained. The recent developed in SYRM is illustrated. Equations of SYRM in
stationary reference frame are presented and this equations and transformation equation are used to
extract machine equations in rotating reference frame. Then the equations of torque are extracted.
Movement mechanism in SYRM is explained and rotor-oriented vector control for SYRM includes
Current-type control and combined current-voltage controls are introduced. Finally various types of
Vector control strategies are expressed.

2.2 Synchronous reluctance motor

Synchronous reluctance motors (SYRM) are a type of synchronous machines that have salient
poles without any filed winding or permanent magnet on the rotor. These motors are low cost,
rugged, and capable of operating at very high speeds. The structure of SYRM is shown in Fig. 2.1.

SYRM were discussed as early as 1932 (the early versions with conventional reluctance rotor are
characterized by high torque pulsation, low torque density, very low power factor and efficiency.
This type of motors was developed in the UK by professor Lawrenson in the 1960s and by
Honsinger in the USA.

A synchronous reluctance motors (SYRM) can have various rotor configuration. In earlier
constructions, rotor saliency was achieved by removing certain teeth from the rotor of a



conventional squirrel cage. Such synchronous reluctance machines with low output power have
been used for a long time and their inferior performance combined with their relatively high price
have result in a limit use. However, as a result of recent developments, more reliable and robust
new construction exist, these have basically three types of the rotors; segmental, flux barrier, and
axially laminated rotors. In the SYRM with segmental rotor, saliency ratios of 6-7 have been
obtained. By using multiple segmental structures, the saliency ratio can be increased. In the SYRM
with axially laminated rotor, the rotor is made of conventional axial laminations bent into U or V
shapes and stacked in the radial direction. With this structure it is possible to produce very high
saliency ratios of 9-12 have been obtained [6]. This also leads to fast torque response. A flux barrier
type synchronous reluctance motor has a stator with a plurality of spaced slots and teeth and a rotor
with a plurality of flux barriers [12]. The rotor shape of a flux barriers SYRM is shown in Fig.2.2.

Although, the power factor, torque density and efficiency of SYRM increase when the saliency
ratio is high, it should be that there is a physical limit to the maximum of saliency ratio which is
curtained by ratio of synchronous inductance and leakage inductance. In general, a SYRM is
characterized by torque pulsations, vibration and acoustic problems. However there are several
attentions to solve these problems and improve the motor behavior in recent researches [49]-[55].

The resent developed SYRM have high saliency in compared to traditional models, which has
significantly improved torque density, power factor, and efficiently to the point where they are
almost comparable to those of an induction motor. However, it is distinct advantage over induction
machines that reluctance machines at exactly the synchronous speed (which is solely, determined by
stator the stator excitation frequency and the number of poles) and there are no rotor currents. These
are important aspects in many industrial applications [6]-[7].

q axis

d axis

Fig 2.1 Structure of SYRM Fig 2.2 flux barriers SYRM



2.2.1 Synchronous reluctance motor equations in stationary reference frame
The three-phase voltage equations of the synchronous reluctance motor can be described by
equations given below in stationary reference frame [56]-[57].

\ as R a () () ias \Ijas
. d (2-1)
v bs | — 0 R a 0 1bs + a \Ij bs
VCS O O R a iCS \IICS
Wherev, , v, and v are the motor phase voltages, R is the stator winding resistance ., . and

\, are the flux linkages of three phases. The flux linkages can be expresses as:

Ilfas Lasas Lasbs Lascs las
lI"bs = Lbsas Lbsbs Lbscs ibs (2-2)
II"CS Lcsas LCSbS LCSC S iCS
Where L, L,,, and L are machine self inductance and L, L, Ly, Lo > Ly, and
L., are defined as mutual inductances between motor phases and is calculated as follow :
L,..=L,+L,—L;cos20
asas Is A B r (2_3)
L. =L +L,—-L,cos2(0 —E)
bsbs Is A B r 3 (2_4)
1 T
Lasbs = _ELA - LB cos 2(er _E) (2-5)
1 T
L, :_ELA —L;cos2(0, +§) (2-6)
L..= _ELA —L;cos2(0, + 5)
1
L, :_ELA —L; cos2(0, +m) (2-8)

Where L, and 0, represents the leakage inductance of the phase and rotor angle respectively and

L, and L are calculated as follow.

L, =uorlN5<§><L+#> (2-9)

min max

T 1 1
L, = uorle(g)(———)

min g max

(2-10)
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Where g . represents the d-axis equivalent air gap and g represents the g-axis equivalent air
gap and 1, 1, and N_denote the rotor radius, the core length and the number of turns in series per

phase.
With assumption of symmetrically for machine and using the three phase to two phase
transformation (2-1) lead to (2-11).

1 .
Vo log [P O e |, 4 Ve (2-11)

Wherev,, vy, 1,, 15, Y,and Ygare the two phases voltages, currents and flux in stationary

reference frame.

From the (2-11) the fluxes in stationary reference frame can be calculated as follow:
o = [ (v, =R, i )dt (2-12)

WB:ij—Rg@m (2-13)

_ 2 2
V=4 Va Vs (2-14)

Where v, is the motor flux.

The motor torque (T, ) is produced by effect of rotor reluctance.
3
Te = _P(\Vocl -V ioc)
2 e (2-15)
Where P is the number of motor poles.

2.2.2 Synchronous reluctance motor equations in rotating reference frame

It is seen in equations (2-3)-(2-8) show the machine inductances are functions of speed,
whereupon the voltage equations that describe the performance of asynchronous reluctance machine
are time varying except when the rotor is in standstill.

To eliminate time-varying inductance in the analysis of ac machines, the stator variables are
transformed to a frame or reference fixed in the rotor using park equations. Although changing of
variables are used to make inductances time invariant, the all ac variables (for example 60Hz) are
transformed to dc variable and thus the sampling frequency could be decreased, whereupon the
necessary calculation decreases effectively. As another advantage the fluxes in rotating reference
frame there is no couple between its axes (d-q).

The axes of a SYRM are shown in Fig.2.3, and Fig 2.4 shows the relation between variables in,

stationary and rotating reference frames.
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vy axis B axis

‘ d axis

. W
g axis €

waxis

Fig 2.3 Axes of a SYRM Fig 2.4 Transformation between reference frames

These figures are used to extract transformation equations which is shown in (2-16) and (2-17).

f, ] B (cos®, —sin 0, | f, (2-16)
fg | |sin®, cos6 |f

q

(2-17)

{fd_ (cos ©, sin @, __fa}

f,| |[—sin®, cos®, | f;

Where 6 ,f_, fB andf , fB are rotor angle, variables in stationary reference frame and variables in

rotating reference frame respectively.

The voltage equations of motor in rotatinng refrence frame is achived in (2-18) using (2-11) and (2-16).

Vd — Ra + pLd - ('OreLq ?d (2-18)
Vq (’OreLd Ra + pLd lq

where P, @, are differential operator and stator frequency respectivly. And L,and L are defined as

motor inductances, and calculated as follw :

3
Ly =5 Ly —Ly) (2-19)
3 2-20
Loy =Ly +Ly) (2-20)
(2-21)

L, =L,+L,
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L,=L,+L_, (2-22)

Where L, and L, ,are magnetizing inductances. The torque in rotating reference frame can be

calculated as (2-23) and (2-24).

. Ly 2-23
= ()(LL AR (2-23)

3 P .
T, = E(E)(Ld —L i, (2-24)
Where y, =L i andy =

This equation indicates that torque can be controlled byi,, i, or both components. Equation (2-

24) can also be written in the form [7].

3 P ) .
T =W, i) (2-25)

2.3 Vector control of synchronous reluctance motor

Since the machine does not have a starting torque when exited from a constant frequency
conventionally, it is necessary to have a cage winding in a reluctance machine. Although the
modern reluctance motor drives operate without a rotor cage.

By using the cage winding, the machine runs up to synchronous speed by induction motor action
where the rotor locks into synchronism with the field product by the motor. For sinusoidal stator
excitation, at synchronous speed the only role of the cage winding is to damp the oscillations in the
rotor speed. However, in modern SYRM drives, the variable stator excitation is used. Thus it is not
necessary to have a rotor cage for starting purpose, since the excitation can be controlled in such a
way that the motor is always kept in synchronism. Reluctance machines with cageless rotors lead to
a reduction of rotor losses, improved efficiency, higher power factor, and higher torque/weight ratio
[71-[8].

The SYRM utilizes the principle that electromagnetic torque is produced to minimize the
reluctance of magnetic paths. The three-phase stator currents produce a rotating air-gap flux. When
the rotor rotates in synchronism with the air-gap flux, torque is produced which tries to align the
minimum reluctance path of the rotor with the rotating air-gap flux. When a load torque is present,
the rotor begins to lag the rotating air-gap flux producing a misalignment of the minimum
reluctance path and the rotating air-gap flux. Thus electromagnetic torque is produced to minimize
the reluctance which tries to maintain alignment. When this torque is equal and opposite to the load

torque on the rotor, the rotor will again rotate with synchronous speed.
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The SYRM drive requires the information on the rotor position for closed-loop control, but this
information is in addition requires for starting purpose as well. However as mentioned in 1.1.2
speed and position information can be obtained without using speed and position sensor for several
methods. Both vector control and direct torque control techniques can be applied to SYRM. For
rotor-oriented vector control, (2-24) or (2-25) can be used. Two control strategies will be discussed
bellow: current control and combined current-voltage control.

2.3.1 Current-type control

In a vector-controlled SYRM drive, where the motor is supplied by a current-controlled PWM
inverter, and where rotor-oriented control is performed, independent control of the torque and flux
( torque producing stator current and flux producing stator current) can be achieved by the current-
type control scheme.

2.3.2 Combined current-voltage control

In this thesis the rotor oriented control of the SYRM is achieved, by using combined current and
voltage control method. When such method is used, delays in AC current and saturation at high
speeds can be avoided. The machine is supplied by a PWM voltage source inverter and is current
controlled along the direct (d) and quadrature (q) axes of the rotating reference frame fixed to the
rotor.

2.4 Vector control strategies

Several close loop self-control methods for vector control of SYRM can be achieved. Although

these methods are defined as vector control because of the independent control of i, and
i,components of stator current and vector transformation, they are not truly vector control because

there is mo orientation with machine flux.

2.4.1 Constant d-axis current (i,) control

In this simple control method, the d axis current is kept constant and the g-axis current is

controlled to torque equation can be written in this form

3. p L .
T ==(>)1-—Y)y,i -
e 75 (2)( L, Wl (2-26)
This equation indicates that the torque is proportional to the product of y, and i, and its polarity

can be reversed by i polarity. The magnetizing current reference is constant in the constant torque

region but it is reduced beyond the base speed for extended speed control operation.
2.4.2 Fast torque response control
In this control strategy, it is desired to have the fast response of the drive. The fast torque response

will be achieved when the equations (2-27) is valid.

4 =d (2-27)
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In this situation, the maximum torque expression can be derived as (2-28)

L
T, == ()=
22 L +L

d q

B 2 L (Ld - E‘q))(id2 +iq2) (2-28)

The saturation effects of L, can be compensated in the torque computation, if desired.

2.4.3 Maximum torque/ampere response control

Maximum torque/ ampere response control strategy, which tends to give maximum drive

efficiency, is achieved wheni, =i .

2.4.4 Maximum power factor control
To maintain the maximum power factor, ratio of d-axis and g-axis currents should always be
equal to (2-29) [7].

4= =4 (2-29)
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Chapter 3

Rotor angle estimations for synchronous reluctance
Motor

3.1 Summary

In this chapter the phase angle calculation using armature voltages and currents is presented and
its block diagram is explained, then the effect of DC-offset on the accuracy of this estimation is
surveyed. Programmable cascaded low pass filter is introduced and its drawbacks are explained.
Modified PCLPF and its block diagram are presented and its benefits in low speed area are
explained. To estimate phase angle at very low speed and near zero speed extended PCLPF is
suggested. The effect of EPCLPF stages in DC-offset calculation is shown. Then the equations of
rotor angle calculation are presented. And finally the conclusion of chapter is explained.

3.2 Introduction

In Synchronous reluctance motors because the stator current vector and rotor position should be
synchronized, the determination of the rotor position is essential. But because the speed sensors
need the extra hardware and increase the cost and the size, and the reliability of the system
decreases because of noise effect, sensorless control of SYRM has been mentioned in recent
researches.

In a SYRM, because the rotor follows the flux, the position of rotor and fluxes are changed
together and it is possible to extract the rotor position by detecting of flux position. Therefore in this
method the rotor position is estimated using flux linkage.

As mentioned in chapter 1, flux calculation using fundamental models to estimate angles is the
most straightforward approach and has several advantages.
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In this approach, torque (T, ), speed (®, ) and flux linkage phase angle (p, ), in both transient and steady
states, is calculated by using the estimated stator flux linkage (), and its components ( y,, V) in

stationary reference frame. The equations of these calculations are shown in (3-1)-(3-5) [5]-[7].

Vo =I(VQ—Raia)dt (3-1)

vy = j(vﬁ ~R,iy)dt (3-2)

p.=tan~' (L) (3-3)
v,

V. =Vt -4

3 ) . 3-5
Te = EP(WOLIB - WBI(X) ( )

Where p is number of poles. Andv,, v, and 1i,, iy are defined as motor voltages and currents in

stationary reference frame.

The block diagram of phase angle estimator base on above equations is shown in Fig. 3.1.

Va :©_> J' Vo

R
. $tan_l(\|jl3) ps>
1[3 ™ Ve
Ra
Vp " > J' v
p

Fig 3.1 Phase angle estimation

3.3 DC offset problem in estimator

As seen in Fig.3.1 there is not any feedback in estimator and any noise and DC offset in measured
stator currents and voltages make an increasing error in output of pure integrators used in this
estimator. Thus a runaway drift will appear at estimated fluxes in (3-1) and (3-2), and consequently
estimated flux linkage phase angle and torque, calculated at (3-3) and (3-5), are not valid. These
invalid quantities are compared with references variables and cause an unwanted increasing

oscillation in flux and torque.
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DC offset may be produced in every part of the system like as voltage or current sensors, filters,
or signal amplifiers. However there are various methods to reduce DC offset in measured voltages
and currents [6], [58]-[59] but complete elimination is impossible.

Although using a LPF with a large time constant instead of the pure integrator prevents the output
from increasing without bounds, this integrator model becomes inaccurate at low speeds, because the
gain and angle of a LPF and a pure integrator will be different, when the frequency reduces to around
LPF corner frequency. This causes an increasing error of the estimated field angle as the stator
frequency reduces, which finally cause instability in motor control.

3.4 Programmable cascaded low pass filter

Programmable cascaded low pass filter (PCLPF) is an approach for solve DC offset problem in
sensorless vector control of induction motors that proposed in 1997 [32]. This filter consists of some
blocks of low pass filter and an amplifier block in cascade form instead of pure integrator to make a
gain and angle like a pure integrator. Because LPF blocks and each LPF decrease the effect of the
DC-offset, the DC-offset effect in the PCLPF output decreases effectively.

On the other hand the cutoff frequencies of low pass filters and amplifier gain are changed by the
stator frequency thus PCLPF acts as a pure integrator which can solve the drift due to DC offset in

measured values.

3.4.1 Equations of PCLPF
The transfer function of a three stage low pass filer which defined by H(s) is represented in (3-6)-
(3-8).
1= tan(® (3-6)
® 6

e

G :L\/|l+((oer)2 |3 (3-7)
®

H(s) = G( ! J (3-8)
Ts+1

Where, ®,,G and 1 are the supplied voltage frequency, the PCLPF gain and the time constant of

cascaded filters respectively.

A A A

As a result, the estimated fluxes of both axes (¥ .y, ) and phase angle (p, ) are calculated as

follows using (3-8) instead of (3-1)-(3-3).

v, = (v, —R,i, )H(s) (3-9)

A

v, = (v —R,ig JHE) (3-10)
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A (3_11)
p. = tan " (28

Vo

3.4.2 Evaluation of PCLPF function
By recalculate of PCLPF equations, (3-12) and (3-13) can be written instead of (3-6) and (3-7) as
the follow.

EE
30, (3-12)
8 1
G=—_— 3-13
333 o, (3-13)
And the phase lag and gain of the PCLPF at each frequency is calculated shown in the following
equation.
3
1 8 1 1
H(jw) = X X—=—
V3, | 3 e e (3-14)
3o,
. 1
H(jo) =— £(-) (3-15)
® 2

€

As seen in equation (3-15) the gain and phase angle of this system is equal with pure integrator
but also there are some problems in this method.

a) In the equation (3-15) o, 1s appeared at denominator and the system output increase infinitely
when motor is at standstill. Therefore this method needs extra system for starting up.

b) As shown in (3-13) the amplitude of gain increases when the motor speed decrease. And in
near zero speed this value is vast. On the other hand, because of inverter nonlinearity in low speeds
the ratio of voltage and gain and consequently H(s)is not same, thus the calculated flux using (3-9) and (3-
10) is not exact in low speed area and it leads to a calculation error in rotor angle estimation.

c) Filter output to a DC signal v,. equals GV, . Then DC offset in the output depends on
frequency and increase when frequency decreases. Therefore there are large amounts of DC offset
at the estimated flux in d and q axes when the motor speed is low.

As a result, the estimated value will be invalid and sensorless control will not be achieved at low
speeds [33], [42].

3.5 Rotor angle estimation using modified and extended programmable

cascaded low pass filter

In this thesis, to avoid the PCPLF disadvantages two method is proposed. In first method which is
called modified programmable low pass filter (MPCLPF), the estimation accuracy is improve by
eliminating of gain in phase angle calculation. While in the further method which can be applied for
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very low speed area the estimator behavior is modified by gain eliminating and extending of LPF
stages. Thus this method is called extended PCLPF (EPCLPF).

3.5.1 Modified PCLPF

As mention in 3.3.1 the gain of the PCLPF increases vastly, when speed decreases. And it leads to an
invalid estimation for phase angle in low speed region.

To solve this problem the output is extracted just after three stages of the LPF, in calculation of

stator flux linkage phase angle (p, ). Because gain (G) is a common factor in ¥, and Y , it can be

eliminated in phase angle calculation. Hence H'(s) , which is defined as MPCLPF transfer function
and shown in (3-16) is used instead of (3-8).
| Js (3-16)

Ts+1

H'(s):(

And in equation (3-19), in order to calculate the output of the MPCLPF, Which is shown in (3-17)
and (3-18), is used instead of (3-9) and (3-10).

F, = (v, —R,i, )H (5) (3-17)
F, = (v, —R,i, JH (5) (3-18)
pA | = tan_l(i) 319

S F ( - )

o

Where F, and F; are defined as the output of the third LPF in the o and 3 axes, respectively.

The block diagram of rotor angle calculation using modified programmable cascaded low pass
filters is shown in Fig.3.2.

Whered ,p,,®,,F, and F; are load angle , phase angle , supplied voltage frequency , and the

output of the sixth programmable LPF respectively .

3.5.2 Extended PCLPF

As mentioned previously, reduce the DC offset is effective way for the sensorless control in the
low speed region [44] and because DC offset in the output depends on gain of the PCLPF, to reduce
it, gain should be reduced. Here the relationship between the amplitude of the gain and the number
of the PCLPF is considered. For a n stages LPF, the time constant of the filters, gain and transfer
function are calculated in (3-20)-(3-22).

1 L

T= —tan(g) (3-20)

e

GZ(DL\”H'(O%T)Z E (3-21)

€
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1[3 > R, .
- B A
Vg ———»( )—» LPF stages \I]B

'
N

tanflcfb)Agggggb
FOL

Ps
' ) LPF stages Vo
- FOL
i, PR,
Fig 3.2 Estimator using MPCLPF
H(s) =G Ly
o+l (3-22)
And (3-21) is changed to (3-23) using (3-20).
G=_"L \/{1 + tanz(i)} n (3-23)
0, 2n
And finally gain is calculated as follows using (3-19).
3-24
g L 1” (3-24)
('Oe -
cos( o )

The gain and consequently the effect of DC offset will be minimized when numerous LPF is used
as shown in (3-25).

G =lim— |1 | - L (3-25)

[0 T
¢ lcos(— ¢
(2n)

n— o

To study the affect of LPF stages on DC-offset, normalized transfer function is used. The Ratio of
EPCLPF transfer function to its response at reference frequency which is defined as normalized

transfer function is shown in (3-26).
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N =

| H(w)| ‘ 1

= For n>1 (3-26)
HOI| o052 P4 (2)24in2( T
2n o, 2n
Derivative of (3-26) is shown in (3-27).
-4
H(o) n| , @ mz.znz( n.nnjwz
d /dn =—|cos”(—)+(—) sin"(— cos(—)sin(—)(—) | (—) -1 .
H(o,) R TUPT G ) (3-27)

In (3-27) the first and second terms are always more than zero, therefore (3-28) and (3-29) can be

extracted.

For d‘ H©®) 1 40 > 0 ((3)2 —1] >0=> () >1=> o, < (3-28)
H(w, ®, ,

For d-2® /4 <0 | (2 —1]<0=> (2) <1=—> 0, >© (3-29)
H(w,) ®, ®,

And (3-28) and (3-29) can be written in form (3-30) and (3-31).

H(o)

Foro>w, d /dn >0 3-30

© Mo, (3-30)

Foro<o, do®/dn<0 (3-31)
H(o,)

As seen in (3-31) for frequencies less than main supplying frequency (including DC offset and
low frequency noise), the normalized transfer function decrease when filter stages increase thus the
gain and consequently DC offset are reduced when several LPF with shorter time constant is used
instead of few LPF with long time constant. And as shown in (3-32) the effect of DC offset is
minimized when the filter stages approaches toco.

n

Min‘ HO) |yl =y (3-32)
H(w,) cos(l)
2n
n — oo

Because the reference frequency is used in calculation of EPCLPF time constant, any error in
speed estimation causes error in angle estimation. To study the effect of LPF stages on estimation
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robustness or tolerance to speed estimation errors, the rate of normalized transfer function is
calculated in (3-33).

5+
cos () +(Dysin? (L) 222 (3-33)
2n ®, 2n 0 2n

H(w)
H(o,)

d

[do=-—
2

And limit of normalized transfer function rate, as frequency approaches to reference frequency is
shown in (3-34).

H(w) 1
/dw)=-—K
) ) ° (n) (3_34)

[

lim(d

¢

00— o,

Where K(n) is coefficient function and is calculated in (3-35).
K(n) = nsin® ()
n (3-35)

As seen in (3-34) because the frequency appears at denominator, the effect of error in low speeds
increase. Therefore to reduce this error, coefficient function should be reduced. (3-35) shows the
coefficient function is reduced when n increased. Thus to control motor in very low speed area K(n)
should be reduce by increasing filter stages.

The limit of coefficient function and normalized transfer function as the filter stages approaches

to oo is shown in (3-36) and (3-37) respectively.

IimK(n)=0 (3-36)
n— oo
lim| ) | (3-37)
H(w,)
n — oo

This equations show, in enough high n the output is not depended on reference frequency and
tolerance to speed estimation errors increase by increasing n.

The simulation result using 3, 6,9,12 and 15 low pass filters for frequency 1Hz, which are shown
in Fig 3.3, confirm that the effect of DC offset is reduced by extending the stages of low pas filters.

As seen in these results, although the phase angles of high stages LPF and low stages LPF are
same, the effect of DC-offset in output is reduced effectively when high stages LPF is employed.

On the other hand, the slope of the 3 stages curve is more than 6 stages notably thus if some error
is happen in speed calculation, the flux estimation error and consequently phase angle estimation
error in low stages is more than high stages filters.

Because of these reasons the stages of filters is extended. However the use of large number of
LPF is difficult because of the computation time and hardware limitation. In practical test it was
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seen that the results of six or more stages are almost same, thus in this research a six stages LPF is

used.
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Fig. 3.3 The response for n stages cascaded filters for frequency 1Hz

In an extended PCLPF not only the stages of LPF are extended but also as a modified MPCLPF in

phase angle calculation, gain is eliminated.

Thus for a 6 stages extended PCLPF the phase angle calculation is achieved using following

equations.

(3-38)

1 6
Ts+1j
Foa = (Voc - Raioa )H (S)

|

H (s)

(3-39)

(3-40)
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. LB, (3-41)
= tan —
Ps F

o)

Where H'(s) is defined as EPCLPF transfer function.

3.5.3 Calculation of rotor angle
To calculate rotor angle (6, ), the vector diagram of the motor fluxes, as shown in Fig.3.4, is used.

Yy
Y

Fig. 3.4 Flux vector diagra

The relationship between®,, load angle (p, ) and &, which is presented in (3-42), are extracted

using this figure.
0, =p,—d (3-42)

And also from Fig.3.4 (43)-(44) can be written.

| (3-43)
Vg = |‘|’s |COS d=L,i,

¥, =[wsind =L, (3-44)
Finally load angle can be extracted in (3-46) by considering (3-43)-(3-45) and Fig.3 .

i, =.,/il +i§ (3-45)

AR (3-46)
1-12 /L

2 .
1 qus

O =sin"

Because is assumed almost invariable at constant loads and its variation rate is considered small

compared top, . Motor speed (®, ) is calculated using p, as follows :
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0) —ie ~i
SRR (3-47)

In the proposed method, rotor angle estimation is not directly dependent on the motor speed.
Therefore, at low speeds the estimated and actual rotor positions are in agreement. It is possible to
control the motor in a wide range of speeds and control is achieved at very low speeds, as well as
high speeds.

3.6 Implementation of Digital LPF

The block diagram of a low pass filter is shown in figure 3.5.

Sampler and data hold

Zero Order Hold LPF
a
» ZOH -
E(s) T E*(s) s+a C(s)

Fig. 3.5 Implementation of Digital LPF

Where E(s) and C(s) are defined as input and output and T is sampling period. Also E(s) called
the starred transform and is defined as (3-48).

E'(s) = ie(nT)e_nTS (3-48)
n=0

Where e(t) is input signal in time domain.

It is important to note that the definition of the sampling operation together with the zero-order-hold
transfer function which is shown in figure 3.5 is defined as (3-49).

-Ts

I-e
Z0OH= S (3-49)
The transfer function of digital LPF which includes sample and holder is shown in (3-50).
1-e™ 1
A= a2 G om) (3-50)
s(s+a) s(s+a)

This transfer function can be written as multiple of two function B(s) and B'(s) as shown in (3-
51)-(3-53)
a

B(s) =
(®) s(s+a)

(3-51)
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F(s)=1-¢e™
A(s) =B(s)F (s)

The * shows that the F'(s) is a function of Ts.
The Z-transformation for (3-51) and (3-52) is presented in (3-54) and (3-55).

zl-e™) (1-e™)

B(z) = e - -
(z=D(z-e™) (-z")z-e™)

F(z)=1-z"
Thus (3-53) is transformed to (3-56).

A(z) =B(z)F(z)

Finally the transfer function of filter and sample and hold is defined as follows:

(I-e™)
(Z-e™)

And the output signal is calculated as follows.

A(z) =

C(z) = A(z)E(z)

(1-e")

W=

E(z)
C(z)(z-e T)=(00-e ™)E(z)

C(z)z~C(z)e™" =E(2)~B(z)e ™"

(3-62) and (3-63) is extracted from z-transformation theorems.

Z{c(k+n)}=z" {C(z) - Zf c(k)Z’k}

k=0

Z{c(k—-n)}=2z"C(2)

where Z is operator of Z-transform.

(3-61) is changed to (3-64) using inverse of z-transform which is shown by Z™.

Z'{C)z}-e"' 27 {C(0)}= 2 {E@)}-e " Z{E(2)}
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for n=1 (3-63) is transformed to (3-62).

0
Zck+1)}=z [C(z) -~ ZC(k)Z_k} =2C(z) (3-65)
k=0
And finally,
c(k+1) =Z2{zC(2)} (3-66)

And from (3-61) and (3-66), equation (3-67) is written.
c(k+1)—ck)e™ =ek)—ek)e™ (3-67)

And finally the digital LPF will be calculated as (3-68).

ckk+D=eTck)+(1-eMek) (3-68)
Where c(k+1) and c(k) are the output in current and previous calculation steps respectively.

3.7 conclusions

Although using fundamental models to estimate angles is the most straightforward approach and
has several advantages, immunity to noise, offset and drift should be achieved using appropriate
techniques else measurement noise and DC offset causes an increasing error in the estimator.

Use of programmable cascaded low pass filters (PCLPF) instead of pure integrators is alternative
method to reduce drift-error and it has previously been applied to the sensorless control of induction
motors. In this chapter, this filter is adapted to estimate phase angle at low speed and near zero
speed area in SYRM. To estimate rotor angle at low speed, modified programmable cascaded low
pass filter (MPCLF) is presented by authors. The problems of PCLPF are reduced because the
PCLPF gain is eliminated in phase angle calculation.

In the next stage, the range of rotor angle calculation is expanded from near zero speed to high
speed by proposing extended programmable cascaded low pass filters (EPCPLF). The performance
of these filters is improved considerably by extending their stages and reduces its gain. Because the
proposed method reduces the PCLPF drawbacks at low speed, effectively, the rotor angle estimation
at very low speed is valid and thus, sensorless control at near zero speed is possible.

Although the rotor angle estimation using EPCPLF is possible at near zero speed, but more
calculation time is needed compared with MPCLPF. Thus we suggest using EPCLPF in very low
speed precise application while MPCPLF can be used in low speed application when there is
limitation in hardware capacity.
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Chapter 4

Online parameter identification wusing block pulse
function

4.1 Summary

In this chapter the effect of the parameter variation on sensorless vector control and its
compensation method are considered. At first the effect of stator resistance variations in phase angle
calculation is explained and its effect in low speed is surveyed. The inductance importance in load
angle estimation and decoupling signals is shown. Our proposed identification is presented. And
block pulse function is introduced. Then the equations of proposed parameter identification method
are discussed and it is shown that this method is not affected by position estimation accuracy.
Finally the chapter conclusion is explained.

4.2 Variation of armature parameters at low speed

In rotor angle calculation using estimated stator flux linkage, as seen in equations (3-1)-(3-2), the
rotor angle estimation is dependent on armature inductance and armature resistance. Thus, any

variation in motor parameters will disorder position estimation.

The effect of stator resistance variation is more important in low speed regions, because as the stator
frequency reduces at lower speed, the inverter voltage magnitude decreases in relation to stator resistance
voltage and the resistance voltage dominates the integrator input in low speed [5]-[7]. Thus particularly the

stator resistance determines the estimation accuracy of the stator flux vector in low speed. Conversely, it
has little effect on the integrator input at higher speed as the nominal value of R i, is low.
Because the resistance of the winding material increases with temperature and can vary in a 1:2

range, considerable variations of the stator resistance take place when the machine temperature
changes at varying load. These need to be tracked to maintain the system stability at low speed.
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On the other hand, as there is no permanent magnet in SYRM, the motor current includes
magnetizing and torque components. Therefore the motor current is pretty high especially at high
loads. And this leads to saturation of motor inductance. And because the motor inductance is very
important in calculation of load angle and decoupling signals, they should be defined precisely else
the vector control will be not valid.

An observer constructed from the machine model can be used for parameter estimation. Although
as a thermal effect, variations of the stator resistance occur slowly, the identification scheme for the
stator resistance must be fast because the effect of saturation. A fast command to lower speed leaves
this parameter incorrectly tuned, unless it gets identified as soon as the sensitivity of the estimation
algorithm returns.

In addition, to avoid using voltage transducers, the actual voltage is not measured and the
reference voltage is used in the phase angle estimation. However, the nonlinearity of the PWM
inverter, caused by dead-time effect, on-state voltage drop and threshold voltage of the power
semiconductor switches, make the machine terminal voltages different from reference voltages
when motor speed and the amplitudes of the stator voltages are low [5]-[6], [39], [45].

Since rotor angle estimation is main aim, armature resistance and nonlinearity of the inverter
having the same effect on rotor angle estimation, the effect of these nonlinearities can be
compensated, by assuming it as an additional nonlinear resistance series with armature. Therefore
the identified resistance includes armature resistance and the effect of power switch nonlinearity.
For proper rotor angle estimation this resistance should be identified during motor operation.

In this thesis to avoid parameter variation drawbacks an online parameter identification method
which does not depend on estimation accuracy is suggested [43], [45]. In the proposed method,
motor parameter identification is done using a block pulse function (BPF) instead of the Euler
method which is used in [35]-[37]. The BPF increases calculation precision while its computation
time is almost the same as the Euler algorithm [46], [47].

4.3 System Identification using block pulse function

The Block Pulse Functions (BPF) is a set of orthogonal functions with piecewise constant values
and to use the BPF approximation, differential equations are transformed approximately into their
corresponding algebraic forms based on the operation rules of BPF, so that the numerical solutions
obtained more directly. And it increases calculation precision compared with the Euler method [46],
[47].

The BPF analysis is suitable when the input and output of the system is obtained as average
values because the approximations by BPF are based on the average values.

Also we can use the derived relation between the inputs and the state in block pulse regression to
estimate the unknown parameter matrices.
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The definition of BPF is shown in (4-1)-(4-2).

T iT
1f i-1)—<t<—
o.(t)=1"' U @-1)

0 otherwise

D) =[0,(t) ,(t) cooeern, () wrrna® (D] 4-2)
Where m is an arbitrary positive integer and T is the final time.

(4-3) shows the integral of BPF which is defined by P.

j @ (t)dt =PP(t) (4-3)
And from P is calculated as a m X m matrix shown in (4-4).
122, 222
012............ 222
001............ 222
L (4-4)
2 000............ 122
000............ 012
1000............ 001 |

Where h is width of the block pulses and is defined as h = T/m.
To estimate the unknown parameter of a system using the BPF, its space states which shown in
(4-3) should be expanded into a block pulse series.
X(t)= AX(t)+ BU(t) (4-5)
Where X(t) ,U(t) are a matrix of input, a matrix of state and A and B are defined as system

parameter matrix.

And the space state (4-5) transform approximately into its corresponding BPF algebraic forms
shown (4-8) using (4-6) and (4-7).
X(t) =[x, X, oo Xy e X, J@(t) = XP(t) (4-6)

U) =[u, uy contly e J@(1) = UD(1) 4-7)

(X, X, X, )@ = (x(0) X(0) wereex(0) )JB(O)=A(X, X, coooeeX, PD(1)
+B(u, u, .t JPO(1) (4-8)
Where x,and u, are the average values of input and state matrixes over the sampling period

respectively.

The equation (4-8) is solved as follow.
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k-1
xk:F(xk+%Buk+hZ(AXJ+BuJ)j (4-9)

j=1
h -1
r=1-—A
[ 5 j (4-10)

Where I is the unit matrix.

Although it is possible to calculate A and B directly from (4-9), its computation size is very large
and this computations need a huge memory. Thus to estimate unknown parameter matrices, the
relation between the inputs and states are derived in block pulse regression equation as shown in (4-
11) and (4-12).

X, :F(x0+£BulJ (“-1D)
2
h h 4-12
Xy =1 I+=A xk+—B(uk+1+uk) ( )
2 2
Then the following equation using block pulse approximation can be obtained from (4-5).
h h
Xy — Xy ZE(AXk+1+Xk)+5B(uk+1+uk) (4-13)
All the (m-1) equations in (4-13) can be expressed in a matrix form as follows.
8" = (A B) (4-14)
GT = E(Xkﬂ + Xk}
2 \uy, tuy (4-15)
F' = [Xk+1 _Xk] (4-16)
F=G6 (4-17)
And finally the system parameter matrixes are identified using (4-18).
6=(G'G)"'G'F (4-18)

4.4 Sensor less parameter identification using block pulse function

When the data of the sensor is available, the parameter calculation can be done based on exact
information of rotor angle. Conversely in the sensorless control the data of rotor angle is achieved
using estimator instead of encoder. While the rotor angle estimation which is based on EPCLPF
presented in chapter 3 can be done with high precision, there is a difference between actual and
estimated rotating reference frame especially at low speed when the effects of noise and DC-offset
is not negligible. Thus the identification method should not be affected by difference between
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estimation and actual reference frame. In this thesis, the identification method is not depended on

estimation accuracy.

To identify the parameters in sensorless control, the circuit equation of the SYRM in actual d-q
coordinate , which is represented in equation (4-19), will be transformed to an estimated rotating
coordinate, which is defined here as 8 — 7 , using (4-20) and (4-21).

v,] [R.+PL, —mqu} _id}

V] oL, R_+PL_ ||i (4-19)
(v, ] [cosA® -sinAB][v,]

| Vs | - | sin AB cos AB Vg | (4-20)

i, | [cosA® -sinA®] [i, 421
i sin A® cos A® | |1,
Where 46 is the angle difference of actual d-q axes and the estimated § -y axes which is shown

in Fig. 4.1.

Fig. 4.1 Estimated and actual rotating coordinates
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The space state form of the SYRM which includes motor parameter matrices is extracted in (4-

22). And the equations of parameter matrices, which are defined as A and B, and motor parameters
are shown in (4-23)-(4-28).

afi i v (4-22)
b MM
dt| i i Vs

NELTE" _-R,[L,+L,)1 0 +Ra(Ld—Lq) cos 2A0  sin 2A0 W)
- a, a, - 2L,L, 01 2L,L, sin2A0 -cos 2A0 )
o, {Mn M12:|
Lqu M, M,,
o[ be L+ )1 0] (L, -L,)[cos248 sin2A8 o
C|byby, | 2L, [0 1] 2L,L, |sin2A8 -cos2A8
425
M, :%sinZAG(de—qu) (-23)
4-26)
M, :%[(de +12)+c0s 248 (L - 1)) (
4-27
M,, :—%[(de+L2q)+0052A6(L2d—L2q)] 27
(4-28)

1.
M,, =~ sin 206 (L3 —L2)

To identify the motor parameter matrix, phase currents are defined as input matrix, while the
voltages are an output matrix in equations (4-28) and (4-29). As mentioned previously, the direct

computations need a large memory size thus it should be solved recursively using BPF, as shown in
(4-31)-(4-32).

U=lv, v, (4-29)
(4-30)
X =i, i,
X,., :F((I+%A)Xk WL%B(Uk+l +Uk)J @-31)
-
r- (1—%Aj (4-32)
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Where I is the unit matrix.

Thus the motor state equation shown in (4-22) is transformed approximately into its BPF
corresponding algebraic forms, which are shown in (4-33).

Lyaan ~ v h | Yvaen + Lyao h | Vyvae + Vv
T e P T e IV (4-33)
S (k+1) S(k) S (k+1) d(k) S (k+1) S (k)

Equation (33) is a derived relation between the voltages and currents in a block pulse regression
equation. And matrix of 0 includes A and B, are calculated using (4-14)-(4-18). The unknown
parameter matrices 6 can be estimated using recursive least square (RLS) algorithm [61], which
reduces computation size efficiently, as shown in follows.

_ E Xyp T Xy 434

S 2 u,,, tu, (4-34)

£l =Xy =X, (4-35)

0,=6,,+ Ckskqgk(fk —gzem) (4-36)

S, =S, - Cksk—lgkgzsk—l) (4-37)
C 1

- 4-38

* a+gESk—lgk ( )

Sy =¢’l (4-39)

% =0 (4-40)

Where o is defined as forgetting factor and0 < o <1. And the value of ¢ should sufficiently be
large.

To calculate motor parameter, the following equations are used [35]-[37].

L,+L,

Mi=antan == (4-41)
q
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-R,(L,+L,)

M, =b,,+b,, = Lqu (4-42)
—(L,-L
M; = \/(bn - b22)2 + 4b12b21 = % (4-43)
d™q

L, = 2 (4-44)
Ml -M 3

_ 2 (4-45)
M, +M,

As shown in equations (4-41)-(4-45) although parameter matrixes (A, B) include A, the
identified parameter is not dependent on 46 . Hence, in this method, parameter identification is not
affected by position estimation accuracy [35]-[37].

4.5 Conclusion

In open loop fundamental models which was explained in chapter 1, stator resistance and
inductances must be defined precisely else the rotor angle estimation is not valid. The stator
resistance is important at phase angle calculation especially in low speeds while the motor
inductances are required for load angle estimation. Thus a proper method for identifying motor
parameter is essential. On the other hand this identified parameter is used in calculation of
decoupling signals. Also the nonlinearity of inverter should be considered in reference voltage
calculation.

In this chapter an online parameter identification method which does not depend on estimation
accuracy is proposed. In the proposed method, motor parameter identification is done using a block
pulse function (BPF) instead of the Euler method which is used in pervious researches. It saves

calculation time compared with the other numerical analysis method.

It is shown although the identified parameter is not dependent on angle difference of actual d-q
axes and the estimated &—7 axes. Hence, in this method, parameter identification is not affected

by position estimation accuracy.
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Chapter 5

Proposed sensorless speed vector control

5.1 Summary

In this chapter the proposed sensorless vector control is presented and its block diagram is
explained. And it is shown that MPCLPF and EPCLPF and online parameter identification that are
explained in previous chapters are employed in this block diagram. To startup motor in stand still
condition a novel method which uses EPCLPF is suggested. The block diagram of proposed method
is presented and its operation is explained.

The block diagram of practical system configuration is presented and the proposed experimental
setup is presented and its hardware and software is discussed. Then the practical result of sensorless
control and proposed parameter identification is presented.

The result of MPCLPF estimator, which was explained in chapter 3, in a wide range of speed is
experienced and its stability is tested by adding an artificial DC-offset to measured currents. The
transient response of proposed method is presented and the result of two close loop control strategy
is shown.

The effect of EPCLPF which includes 6 stages LPF filter is presented in low speed and very low
speed area. And it is shown that estimation is achieved even near zero speed. The step responses of
reference speed and torque load are evaluated, and the result of direction changed is investigated.

The result of motor start up ability is presented in this chapter. And finally the effect of stages of
low pass filters on DC-offset problems is studied.

5.2 Speed sensorless control of SYRM

The block diagram of the proposed sensorless control method is shown in Fig. 5.1.
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Fie. 5.1 The block diagram of sensorless vector control of SYRM

*

Where p,, o,, o

roo

ipand iy are estimated rotor angle, estimated rotor speed, reference rotor

speed and armature currents in a stationary reference frame respectively. Also v,, v,, i, and i, are

references and i, , i, are estimated values in a rotating reference frame

respectively. L, , L, and R, are the motor parameters. Here i, is defined by , and i, are regulated
based on control strategies that are classified by a constant d-axis current, maximum torque per

ampere (i, =i, )and maximum power factor control W =i |La_ ) [6]-[7]. The identified stator
d q Ld

parameters are used in rotor angle and speed estimation, flux decoupling and i, regulation.

5.3 Start up ability

The start up of SYRM has been a challenge for a long time. Because there is no current and
voltage in motor the rotor angle estimation using voltages and current is not possible.

To solve this problem in our method as shown in figure 5.2, at the standstill condition, the rotor
angle is assumed rotating at reference speed, and because the proposed EPCLPF can estimate rotor
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angle at very low speed area, the estimated and actual rotor angle converge rapidly and the motor
startup is done without the torque jerk caused by transition from the standstill mode to the vector
control mode which usually is used in sensorless control of SYRM.

IB > R“a .
- B A
K ALy a2 a2 W
tan (=) > S
F, Ps Vot W,

\ ;:?—» 6 stages LPF J;—» G Y,
o
. 4} A

<4
y Load angle :
< < g4 1
er 4— AS/ ) ?_'_ cachulati;n <« 1[(:
ms
o Initial rotor L L
©, angle P @ —d

Fig. 5.2 Proposed estimation method

5.4 Experimental setup

To realize the validity of the control theory a PC-based control system is used in the experimental
setup. Since, there is need for an appropriate operating system with real time control ability, the
Real Time Linux (RTLinux) is used in this system. The RTLinux is a hard real-time operating
system that handles time-critical tasks and runs the normal Linux as its lowest priority execution
thread [62].

The experimental setup, which employs RTiC-Lab, includes a graphic user interface, remote
monitoring and networking [63]. Therefore it is possible to monitor motor variables and change its
reference variables or its control method strategy instantaneously during motor operation. This
system consists of a Complex Programmable Logic Device (CPLD), 10MHz system clock and A/D
converter. An ALTERA FLEX10KS50 [64] is selected for CPLD device and the circuit is designed
using VHDL. The speed and position detectors with speed correction function, clock the generator
for the A/D converter and the ISA interface circuit are designed in it.
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Fig.5.3 and Fig.5.4 show the RTLinux-based experimental system. As seen in Fig.5.3 currents

]
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PC generator inverter
‘ Start of convert
nal |
ISA signa ﬁ
bus : o
interfaca® . AD >
‘ < converter | g ¢
§ FPGA
ISA Bus FLEX 10K50

SYRM

i

Fig. 5.4 Experimental Setup

Table 1. SYRM Motor Nominal Parameters

Rated Power 86W
Rated Torque 0.4 Nm
Rated Current 1.7A rms
d Axis Armature inductance 93 mH
q Axis Armature Inductance 36 mH
Armature Resistance 1.89 o
DC link Voltage 150V
Pole 4
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are sampled by A/D converter and link to the PC via the FPGA. The PWM inverter is driven by
gate signals which are made by the PWM signal generator. The PC system is connected to the
FPGA using the ISA Bus. The nominal parameter of the SYRM is shown in the Table 1.

5.5 Experimental results

5.5.1 Experimental results for parameter identification

Fig. 5.5 and Fig. 5.6 show the identified parameter in 100rpm and 600rpm respectively. As seen

in this figures, there is a different between estimated parameter (especially resistance) in low and
high speeds.
To illustrate this phenomenon it should be noted that in this paper the reference voltage is used
instead of actual voltage. But the effects of inverter nonlinearity (include of dead-time effect, the
on-state voltage drop and threshold voltage of semiconductor switches) cause a difference between
reference and terminal voltages. This difference will be increase when the motor speed, and
thereupon, stator voltage is low. Because this effect is important for accuracy of rotor angle
estimation, this effect should be compensated. To compensate this error, the effect of inverter
nonlinearity is assumed as a nonlinear resistance series with armature resistance. Thus the identified
resistance includes armature resistance and the effect of power switches nonlinearity. Therefore
because the effect of inverter nonlinearity, which is considered as additional nonlinear resistance
series with armature circuit, increases in low speed, identified resistance in 100 rpm is grater than
the case of 600 rpm.

On the other hand, the experimental results show, even with discrepancy between identified and
rated resistance, rotor angle and motor speed estimations are valid. Because the identified resistance
includes the effect of inverter nonlinearity it can compensate the difference between reference and
machine terminal voltages caused of inverter nonlinearity. Actually the identified resistance shows
the system resistance instead of armature resistance. And therefore rotor angle estimation is valid
because the first part of this resistance expresses the effect of inverter nonlinearity.

In some papers to calculate inverter nonlinearity a model of inverter with parameter identification
is used. But in our system, motor could operate satisfactorily using aforementioned method.
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Fig. 5.5 Identified motor parameters at 100 rpm
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Fig. 5.6 Identified motor parameters at 600 rpm
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5.5.2 Experimental results using MPCLPF

The experimental results using MPCLPF which are obtained at 100 rpm, 600 rpm and 1200 rpm
are shown in Fig. (5-7)- (5-10). These results show that sensorless vector control is achieved at low
speed regions, as well as, at high speeds using the proposed method.

Also, as seen in Fig. 5.7 and Fig. 5.9, the estimated rotor angle agrees with the actual rotor angle
and the accuracy of the angle estimation, is acceptable at high and low speeds.

In practical experiments it was seen that even near 30~40 rpm the accuracy of rotor angle and
speed estimation is acceptable and motor behavior is almost stable. Although at the speeds around
10 rpm sensorless control is achieved, the rotor angle estimation is not accurate (there is a
considerable difference between actual and estimated rotor angle at 10 rpm). Therefore 30~40 rpm
(about 1.5~2 percent of nominal speed) is minimum speed that rotor angle estimation is acceptable.

To test the estimation robustness again the DC offset, 25 mA was added to the motor current
signals while the motor was operating at 20% of rated torque, and as shown in Fig. 5.10 even in
these conditions, rotor angle estimation and sensorless control is achieved.

Although estimation using the MPCLPF is based on study state equations, the experimental result
of the transient response in Fig. 5.11 shows sensorless control can be achieved when a step change
is applied to the reference speed. In which case, rotor angle estimation and system transient
response are acceptable.

The experimental results of the maximum power factor and maximum torque per ampere controls
which are shown in Fig. 5.12 and Fig. 5.13 prove these control strategies can be achieved using the
proposed method. As seen in these figures, the d axis current is set based on a control strategy and
the d-q axes currents in the estimated and actual reference frame is in agreement.
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Fig. 5.7 Experimental results at 100 rpm using MPCLPF
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Fig. 5.8 Experimental results at 600 rpm using MPCLPF
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Fig. 5.11 Experimental results of transient response
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Fig. 5.12 Experimental results of maximum power factor control
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Fig. 5.13 Experimental results of maximum torque per ampere control
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5.5.3 Experimental results using EPCLPF

As seen in previous subsection, the experimental results for speeds more than 2% of nominal
speed are acceptable using MPCLPF. Because in these speeds the inverter voltage is much bigger
than armature resistance voltage drop and rotor angle estimation is not difficult. But in low speed
the estimation is difficult because the stator voltage is low, And noise, drift and nonlinearity is
important. Thus to control motor in very low speeds and near zero speed hear, an EPCPLF is
suggested.

The results for 100 rpm are shown in Fig. 5.14 using six stages EPCLPF. From the results, it is
obvious that the estimation of speed is correct and the estimated and the actual rotor angle are
agreed well, also the d-q axes currents in estimated and actual reference frame are agreed. On the
other hand, it is seen that the error of angle estimation is compared with MPCLF, which have been
shown in Fig 5.7.

Fig. 5.15 and Fig. 5.16 show the experimental result of the estimated and the actual rotor position
in very low speed when the speed command is 5 rpm and 0.1 rpm, respectively. As seen in this
figures the estimated rotor angle agree to the actual rotor angle at the near zero speed, and the
estimator can calculate rotor angle at very low speed area. Thus sensorless control at very low speed
area is possible.

The robustness of angle estimation against artificial disturbance, for injected drift, a 25 mA was
added to the misused current signals while the motor was operating at 30% of rated torque, and as
shown in Fig. 5.17 even in these conditions, estimated and actual rotor angle and estimated and
actual d-q currents agree.

Like as MPCLPF, estimation using the EPCLPF is based on study state equations, however
experimental result of the transient response shows sensorless control can be achieved when a step
change is applied to the reference speed. Fig 5.18 shows the experimental results when a step
change is applied to reference speed. As seen in this figure, the estimated d-q current and actual d-q
current agree. Also these results show, angle estimation and system transient response are
acceptable.

Fig. 5.19 and Fig. 5.20 show the experimental results when the motor direction is changed in high
and low speed respectively. As seen in Fig. 5.19, for 200 rpm, change of motor direction is possible
and estimated currents and actual currents agree and the amplitude of iq in both direction is same.
Also the estimation of rotor angle and speed is acceptable. The results of direction change for 20
rpm is shown in Fig. 5.20. As seen in this figure, although the direction change is possible and
estimated and actual values agree in both directions, there is a lag in change of motor direction.
This delay is happen, because low pass filters should be reset before the motor direction could be
changed. This lag increases in low speeds, because in this region the time constant of LPF is longer
than high speed area and thus the response delay increases. It is a weak point of EPCLPF and some
method should be suggested to solve this problem.
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Fig. 5.14 Experimental results at 100 rpm using ECLPF
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Fig. 5.15 Experimental results at 5 rpm using ECLPF
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Fig. 5.17 Experimental results at 10 rpm with 25 mA artificial DC offset

56



, @ , ® , ©® , ©®
I | I I | | |
I i I I I I
I | I I I I I
I | | I I I I
I I I I I I I
I I | I I I I
I f | I I I |
I I | I I | |
I I I I I I I
I S B I D I I oW L E ] I oL
| | ol [ | o [ | o [ o
I I | I I | I
I | i I I | I
I J I I I | I
I | | I I | I
I ! I I I I I
I I I I I I
I I | I I I I
I | I I I I
I | I I I I |
Lo I I N R S [N | T T Y DU B o T S A I [
I / I I | | I
I | I I I | I
I | I I I I I
I I | I I I I
I I | I I | I
I i I I I I | I
I I I I I T I
I ) I I I I | I
I I I I I I I I
I I 0 I I 0 I I 0 | I 0
- ——— - - ——— e I S s T T i T e IR S SR e L
| I AR | | - ' | - | -
I I | | I | |
I I © | ! o I
L | © 50 I o0 l
| ” ma m ” m 9} L
[ = | < 5 I 8 ol ol
o k - = . = =} =1
f o1 I 8 ] I o] g ]
I Q | 2 = | = — =
| « i = = | b S s
E—--- = - - - = -4~ F B -5--1+ = [ e —— ~— e
E v 5 E £
= < — =
3} ¥ 3] S . -5 < 5
< 1 « = | @ = <
Lo £ 3 ¢ g g
| o 5 3 e < £
i | 3 : B B
| . i I s
I | L o o
I [ | . — ] - I
I (B s T G O LE WL = N TR S I [ R I
I (=] [ | =] | (=] [ (=]
| I I I | | I
I I | I I I I
i I I I I I I
| I i I I ) I
| I | I I 1 I
I I I I I |
I | I I | I
| I | I I | I
I I I I I | |
| | o | | o | | o | o
o oo ) 0 ~ o o) ~ o 0 o o
Q o o ai ai ©

rpm
rpm
A
A
A
A
rad
rad

Time(s)

Fig. 5.18 Experimental results at 30% of rated load using ECLPF
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To study the motor response at load changed condition, a step change in load torque is applied to
motor. Fig. 5.21 and Fig. 5.22 show the experimental results, when a 30% of nominal load is added
to motor. As seen in this figures the result of sensorless control conforms to sensor control and the
regulation of motor speed without sensor is achieved as well as sensor control. Sensorless vector
control is achieved and estimation is valid.

The experimental results when motor startup to 50 rpm in standstill condition is shown in Fig.
5.23. This figure shows the motor start up is achieved and the estimated and actual rotor angles
converge after few revolutions.

The effect of LPFs stages on estimation accuracy was explained in chapter 3. As mentioned there,
mathematical calculations show the effect of DC-offset is reduced when the stages of filters
increase. To investigate the validity of these calculations, the practical experiments are done for 6, 9
and 12 stages of LPF. The experimental results which are shown in figures 5.21-5.23 the error of
rotor angle calculation reduces when the stages of filters is increased. But increasing the filter
stages cause an increasing in numerical calculation. For example for 12 stages EPCLPF the
calculation is twice more than 6 stages EPCLPF. In this practical system, it is seen that 6 stages of
LPF can solve the drift problem effectively.
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Fig. 5.21 Experimental result of sensor control when 30% of nominal load is added
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Fig. 5.22 Experimental result of sensorless control when 30% of nominal load is added
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Chapter 6

Conclusions

Although using fundamental models to estimate angles is the most straightforward approach and
has several advantages, immunity to noise, offset and drift should be achieved using appropriate
techniques else measurement noise and DC offset causes an increasing error in this estimator.

Use of programmable cascaded low pass filters (PCLPF) instead of pure integrators is another
alternative method to reduce drift-error and it has previously been applied to the sensorless control
of induction motors. In this thesis, this filter is adapted to estimate phase angle at low speed and
near zero speed area in SYRM. To estimate rotor angle at low speed, modified programmable
cascaded low pass filter (MPCLF) is presented. The problems of PCLPF are reduced because the
PCLPF gain is eliminated in phase angle calculation.

In the next stage, the range of rotor angle calculation is expanded from near zero speed to high
speed by proposing extended programmable cascaded low pass filters (EPCPLF). The performance
of these filters is improved considerably by extending their stages and reduces its gain. Because the
proposed method reduces the PCLPF drawbacks at low speed, effectively, the rotor angle estimation
at very low speed is valid and thus, sensorless control at near zero speed is possible.

Although the rotor angle estimation using EPCPLF is possible at near zero speed, but it needs
more calculation in compared with MPCLPF. Thus we suggest using EPCLPF in very low speed
precise application while MPCPLF can be used in low speed application when we have limitation
in hardware capacity.

Also the stator parameters are another mater in sensorless control and they must be defined
precisely, else the sensorless vector control is not valid. While the stator resistance is important at
phase angle calculation, especially in low speeds area, the motor inductances are required in load
angle estimation and decoupling signal calculations. Thus a proper method for identifying motor
parameter is essential. The nonlinearity of inverter also should be considered in reference voltage
calculation.

To solve mentioned drawbacks in this thesis, an online parameter identification method which
does not depend on estimation accuracy is suggested. In the proposed method, motor parameter
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identification is done using a block pulse function (BPF), which saves calculation time compared
with the other numerical analysis method, is used.

It is shown although the identified parameter is not dependent on angle difference of actual d-q
axes and the estimated O—7 axes. Hence, in this method, parameter identification is not affected

by position estimation accuracy.

In this thesis a wide range speed sensorless vector control is achieved, using a combination of
MPCLPF or EPCLPF and BPF-based parameter identification. Since the motor control strategy can
be determined by regulating stator current in the d axis, several close loop self control methods, like
as constant d-axis current control, maximum torque/ampere control and maximum power factor
control are achieved using the identified parameters. Also the startup is possible without the torque
jerk.

To achieve the proposed method, the experimental setup employs a PC-based system with real
time Linux (RTLinux) as an operating system.

RTLinux can satisfy the system hardware and software constraints and also real time control can
be achieved using this operating system. To acquire the data from the sensors and to send the gate
signals to the system, an interface was designed by the Complex Programmable Logic Device
(CPLD).

The experimental results show the proposed method performs well and speed and angle
estimation is correct in a wide range of speeds.

The experimental result shows the parameter identification is valid in a wide range of speed,
because this method is not affected by rotor angler estimation accuracy.

The experimental results using MPCLPF show that sensorless vector control is achieved at low

speed regions, as well as, at high speeds using the proposed method. This results show the effect of
the inverter nonlinearity increases at low speeds and this effect is considered as an additional
nonlinear resistance series with armature circuit. Also these results show the estimated rotor angle
agrees with the actual rotor angle and the accuracy of the angle estimation, which is shown is
acceptable at high and low speeds. Several control strategies, like as maximum power factor and
maximum torque per ampere can be achieved using the proposed method.
From the EPCLPF experimental results, it is obvious that the estimation of speed is correct and the
estimated and the actual rotor angle are agreed well, also the d-q axes currents in estimated and
actual reference frame are agreed. Also it is seen that, the estimated rotor angle agree to the actual
rotor angle at the near zero speed, and the estimator can calculate rotor angle at very low speed
area. Thus sensorless control at very low speed area is possible. The step responses of load torque
and reference speed are acceptable, and change of motor direction without sensor is possible.
Furthermore motor start up is achieved and the estimated and actual rotor angles converge rapidly.
These results show although the effect of DC-offset is reduced when the stages of filters increase, 6
stages of LPF can solve the drift problem effectively.
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For future researches following proposal is suggested.

1- Torque ripple is a major drawback in SYRM and to reduce its effect some technique should be
used.

2- Although even in very low speed, sensorless control is possible using EPCLPF, there is a little
difference between estimated and actual speed near zero speed. Therefore, more precise speed
calculation method should be used in very low speed area.

3- As mentioned previously when the reference speed direction is changed, motor direction will not
be changed immediately and there is a lag in change of motor speed direction. This delay is happen,
because low pass filters should be reset before the motor direction could be changed. To solve this
problem some method should be suggested.

4-The proposed method may be applied to sensorless vector control of PMSM or direct torque
control of SYRM.
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