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INTRODUCTION

State of the art

Electrical machines are designed to transform electrical energy into mechanical energy,
mechanical energy into electrical energy or modify the level of the same electrical energy
according to the required use, so that electrical machines can be classified into three
groups: Generators, transformers and motors. Generators transform mechanical energy
into electrical energy. Transformers use electrical energy and have the ability to change
the dimension of this energy and motors are used to transform electrical energy into
mechanical energy, in such a way that, since the electrical machine was invented, they
have been used in domestic products, industrial process, electricity production, robotics,
electric vehicles, etc.

Regarding to the motors, these can be mainly classified into two groups: Direct Current
(DC) motors and Alternating Current (AC) motors. DC motors have been traditionally
used for decades in different applications. However, their commutators, brushes, and re-
quired maintenance are the main disadvantages of these devices. On the other hand, AC
motors can be classified into two groups: Asynchronous or induction motors and syn-
chronous motors. The main difference between these machines is that the rotor speed of
the synchronous motor has the same frequency as the magnetic field, unlike induction
motors, where the rotor speed is slower than the magnetic field generated in the stator,
i.e., the speed is asynchronous. The predominant motor technology for many years has
been cage induction motors. Their superior dynamic behavior coupled with their brush-
less nature, which allows operation without the presence of commutators or slip rings,
makes them suitable for high performance controlled operation in electric drive applica-
tions. Advances in the area of power electronics and automatic control technologies have
contributed significantly to their establishment as standard motors in electric drives. How-
ever, induction motor technology also has numerous disadvantages, both in construction
and in operation. For example, its relatively small air gap length and its inferiority to syn-
chronous motors in terms of overall efficiency and power factor are the main drawbacks.

Also, induction motors have windings on the rotor, which increases the temperature of
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General introduction

the machine. Nevertheless, a clear indication towards the possible limitation in the use of
induction motors and their eventual replacement has not yet been established.[1].
Consequently, permanent magnet synchronous motors (PMSM) have attracted increas-
ing interest within the scientific community, especially for high power density applications,
highlighting the need for their investigation. The most important advantages of perma-
nent magnent synchronous motor lie in the fact that permanent magnets constitute a
strong and independent excitation system, i.e., field current needed for induction machine
is not necessary, and secondary copper loss does not occur, therefore high efficiency can
be achieved [2]. This feature allows substantial overloading of the motor while providing
higher torque density values. The fact that no electromagnetic drive system is employed
further improves its transient behaviour, while small size and maintenance are also two
significant benefit factors. The above advantages have led PMSM to be considered a viable

and attractive solution for control drives [3], [4].

. i T TE==ooo oo
la fi/}\ I | Control | Vg R
N/ i [doopforig | | 1 o 0
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Q /1\ : Control T >
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lq
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i Encoder '«

Figure 1 — Control of an electric motor by using encoder

Interior permanent magnet synchronous motor (IPMSM) is the most popular in the
fields of electric drive application due to torque capability, power density, simple struc-
ture, efficiency and can operate in high speeds [5]. In variable speed motor drives, speed

controllers are applied by using encoders [6]. This devices can measure angular position
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General introduction

and with this information, the speed can be extracted [7]-[10], as can be seen in Figure 1.
However, implementing encoders to control the electric motor requires additional electron-
ics, preventative maintenance, and additional wiring. For these reasons, this technique has
become less attractive due to high cost and lower reliability, encouraging researchers to
avoid its implementation and study the sensorless strategy. Nowadays, sensorless strategy
is an indirect technique under development to estimate angular position from measurable
currents and voltages of the IPMSM, increasing robustness and reliability, eliminating
wiring, and reducing signal noise [11]-[13]. In Figure 2, a general structure for sensorless

case is shown. In the literature, various approaches to the sensorless technique have been
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Figure 2 — Control of an electric motor without the use of an encoder (sensorless case)

addressed. Among sensorless control methods, model-based method and saliency-based

method are the most popular.

Model-based method for sensorless control

According to model-based method, this method is applied in high and medium speed
regions; and rotor position is acquired from the stator voltages and currents without re-

quiring additional high frequency signal injection. Back-electromotive force (EMF)-based
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General introduction

technique [14]-[17] is commonly applied in this method. Considering that back-EMF in-
duced in motor is directly proportional to rotor speed, with this information is possible
effectively estimate the rotor position [18]. Several observers based on the dynamical
model of the electrical motor have been used for estimating angular position, for example,
Luenberger observer [19], [20], extended Kalman filter (EKF)[21], [22] and sliding mode
observer [23], [24]. However, being that the model-based approach has a direct dependency
on the dynamical model, parametric uncertainties can lead to performance degradation
of control systems. It is known that parameters vary depending on operation conditions,
e.g., mechanical parameters, viscous coefficient and inertia, could vary according to the
applied load torque, weight, road type and tires quality in automotive applications; and
electrical parameters, inductance and resistance, could vary depending on the temperature

variations or magnetic circuit saturation.

An alternative to overcome this challenge is the development of algorithms for online
or offline parameter identification. Among offline algorithms for parameter estimation can
be found the DC Current Decay Test [25], [26] and the AC standstill method [27], [28]
to measure inductances. However, there are disadvantages with these strategies due to
the fact that it requires additional equipment and the measurement errors are caused
by the estimation at a single operating point. Now, among online parameter estimation
techniques, recursive least square is a technique that uses known variables as currents
and voltages to estimate unknown parameters, for instance, in [29] has been proposed a
strategy to identify stator resistance, machine torque and inductances. Similarly, EKF is
an optimal recursive estimator that considers the effects of the measurement noise, for
instance, in [30] has been proposed a permanent magnet flux identification technique of
the IPMSM. Other methods for online parameter estimation are given in [31]-[33] in order
to constantly update the machine parameters. However, a highly efficient microprocessor

is required to handle the relatively complex procedure.

Another alternative to overcome the challenge of parametric uncertainties is the use
of robust techniques. A technique that has been widely studied in recent decades is slid-
ing modes proposed by [34]. Its main advantage is its robustness against disturbances
and parametric uncertainties. This technique has found wide application in different ar-
cas such as fault reconstruction, condition monitoring and fault detection [35]. Classical
sliding mode technique has been adopted in electrical machines for the angular position
estimation, for instance [36]. However, the main drawback of this strategy is the chattering

caused by the switching (discontinuity) of the signum function, generating high-frequency
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General introduction

oscillation components in the estimated signal of the sliding mode observer (SMO). Then,
low-pass filters are often used, causing phase delay, such that classical sliding mode is not
a good alternative. One option to reduce the chattering phenomenon is to replaced the
signum function by a sigmoid function [37], [38], showing relatively a good performance.
Similarly, the popular super twisting [39] and high-order sliding mode techniques [40] have
achieved a clear improvement in the chattering reduction as well as good performance and
finite-time convergence in presence of disturbances and uncertainties. In [41], a high order
terminal SMO is proposed in order to achieve finite time convergence of the estimated
states and chattering suppression. In [42], a third order super-twisting extended state ob-
server is designed to improve the estimation of angular position, speed and disturbance of
IPMSM; achieving a fast convergence. On the other side, in [14], a super-twisting sliding-
mode observer with online stator resistance, position and speed estimation for sensorless
control is proposed. However, during observer tuning, choosing constant gains in the ob-
server sometimes results in an overestimation of gains that causes chattering, increasing
the error in the estimates. Adaptive observers have been proposed in order to avoid this
overestimation and reduce the chattering. For instance, in [43] is addressed an adaptive
super twisting for online tuning according to the perturbation value, such that, angular
position error is reduced in a wide-speed range. In [44], an adaptive super-twisting sliding
mode observer with time-varying gains is introduced, to minimize the chattering and es-
timate back-EMF that is required for the angular position estimation. Another strategies
are addressed in [45], [46]. However, these approaches need to choose several parameters
to tune the system, increasing the tuning time.

In summary, the main drawback of the model-based methods is the loss of observability
at low speeds due to the fact that there is a direct dependency of the back-EMF with
speed rotor, i.e., the magnitude of the back-EMF decreases proportionally with the speed.

Saliency-based method for sensorless control

As previously mentioned, model-based angular position estimation is possible at high
and medium speed. However, it can fail at low and zero speed. Therefore, saliency-based
methods are an alternative to achieve this challenge. In saliency-based methods a sufficient
excitation, either by high frequency (HF) voltage or current signal injection or by using
pulsewidth-modulated (PWM) inverter switching, is mandatory in order to maintain a

persistent excitation in the system to extract angular position information and estimate
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General introduction

the angular position at low and zero speed [47]-[50].

Voltage injection techniques can be classified according to the shape of the test signal:
sine or square wave injection techniques. In addition, one can distinguish between rotating
and pulsing test signal injection. For the HF rotary signal injection scheme, a balanced
voltage signal is injected into the stationary reference frame to form a rotary excitation
that is superimposed on the fundamental excitation. Then, by applying a synchronous
reference frame filter, the negative sequence carrier current containing the position infor-
mation can be derived and used to estimate the rotor position. For pulsed signal injection
methods, a pulsed HF carrier signal is injected on the d-axis or g-axis in the estimated
synchronous reference frame, such that, the angular position can be estimated by mini-
mizing the amplitude modulated carrier current response that is measured along the axis
orthogonal to the injection axis [51]-[55]. However, the performance of sensorless control
with the conventional HF pulsed or rotating sinusoidal signal is still insufficient for some
applications, as the filtering process limits the dynamic bandwidths.

To overcome the limitations of sensorless control with conventional sinusoidal signal
injection, square wave injection in the stationary reference frame or in the estimated
rotor reference frame has been developed. The injection frequency can be increased to
the PWM switching frequency, and thus the filtering process can be eliminated and the
dynamic performance can be improved [56]-[61].

Nevertheless, in saliency-based methods, additional losses and audible noise are neg-
ative effects caused by injected signal reducing the system performance. Reducing the
amplitude of the signal could be an option to remove the disadvantages. However, this
would cause a degradation in the estimation of the angular position. In order to over-
come these disadvantages, a new alternative has been presented in [62] to improve the

performance. Nevertheless, the use of saliency-based methods is still limited.

Control techniques for speed regulation

Now, regarding speed controls used in electrical machines, several nonlinear control
methods have been applied to enhance the control performance in presence of uncertainties
and disturbances, for instance, in [45], [63] were proposed robust backstepping controllers
with integral and sliding mode actions to achieve speed regulation despite uncertainties
and disturbances. A robust control has been proposed in [64], and sliding mode controls
in [65]-[67].
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As previously mentioned, sliding mode technique is one of the most studied techniques
in recent years due to robustness against disturbances and uncertainties. Nevertheless, just
like observers, controllers based on sliding mode have chattering problems and overesti-
mation of gains. Therefore, adaptive laws for sliding mode controllers of the motor have
been proposed to remove these drawbacks [68]-[70]. Some adaptive laws have also been
proposed in a general way for the sliding mode control. For instance in [71], an adaptive
super-twisting control is proposed, removing the requirement to know the upper bounds
of external disturbance and reducing the chattering phenomenon without affecting the
control performance. In [72], the chattering problem and its relation with the high activ-
ity of control action have been studied. In this way, an adaptive law is developed to get a
minimum possible value of control. Another proposal was introduced in [73], offering con-
tinuous control signal, adaptation for dealing with unknown uncertainty /perturbations,
non-overestimation of control gains, and reduced chattering. In [74], adaptive gains have
been proposed for a super-twisting control in order to adapt in such a way that the gains
are as small as possible, and yet large enough to sustain a sliding motion. Nonetheless,

due to large number of control gain parameters, tuning these strategies could be complex.

Contributions in this work

In this work, the main contributions are the following:

— An extraction of the angular error (6 — é) is made, and based on a virtual sys-
tem without parameters of the IPMSM, two Adaptive High-Order Sliding Mode
Observers (AHOSMOs) are designed to estimate angular position, speed and ac-
celeration over a wide speed range. The robustness is improved, overcoming the
disadvantages of other methods (model-based and saliency-based methods) that re-
quire knowledge of the machine parameters, use of filters as well as high-frequency
signal injection to estimate angular position.

— Two Adaptive Super-Twisting Controllers (ASTWCs) are designed in order to track
a desired speed reference and a desired d-axis current reference. These controller
are interconnected with the AHOSMO achieving a sensorless control strategy.

— The gains for both, controllers and observers, are reparameterized in terms of a
single parameter. The main advantage of this strategy is that adaptive laws are
easy to implement, which avoids overestimation of gains that increases chattering,

reduces time to adjust gains, and reduces damage to actuators.
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— Closed-loop stability analysis under the action of the observer is improved thanks

to it is simpler to analyse and the separation principle holds.

Thesis organization

This manuscript is organized as follows:

Chapter 1

In the chapter 1, an introduction to the PMSM is given. The different configurations
for PMSM according to permanent magnet position is addressed. After that, the Park
an Concordia transformation are introduced. From these transformation, the electrical
equations of the PMSM can be used to compute the dynamical model of the IPMSM
in a af stationary reference frame and in a dgq synchronous reference frame. Moreover,
the thesis problem statement and benchmark for the observers and the controllers are
presented, the benchmark will be used in simulation and experimentation. In addition, a
specific benchmark is presented and will be used to show the performance of the observer
in different operation point.

Chapter 2

In the chapter 2, a method for the extraction of the angular position estimation error
in PMSM is presented. This information can be extracted by using «, 5 currents, i.e., the
dynamical model of the electrical machine is not used. Then, considering the extraction
of the angular error and a virtual system without machine parameters, the design of two
Adaptive High Order Sliding Mode Observers are addressed to estimate angular position,
speed and acceleration. The gains of the observers have been reparameterized in terms of
a single parameter facilitating the design of an adaptive law for each observer. Simulation
tests of the proposed observers and a comparative study are carried out.

Chapter 3

In the chapter 3, the design of two Adaptive Super-Twisting Controllers is introduced.
These controllers have been designed considering reparameterized gains in terms of a single
parameter. It has allowed to design an adaptive law for each control, which reduces time
to adjust gains and avoids overestimation of gains that can increase chattering. Moreover,
a stability analysis based on Lyapunov approach is given. After that, the proposed con-
trollers are evaluated under simulation tests. In addition, a comparative study is carried

out considering constant gains and adaptive gains.
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Chapter 4

From the angular position estimation error extraction, the proposed observers in chap-
ter 2 are able to estimate the angular position and speed. These estimates will be inter-
connected with the proposed controllers presented in chapter 3. Therefore, in chapter 4
is presented the sensorless control scheme. The stability analysis in closed-loop under the
estimates of the observer is introduced. Finally, simulation and experimental tests are
carried out in order to show the performance and effectiveness of the proposed schemes.

Chapter 5

Finally, a general conclusion about the proposed work is addressed. Moreover, some

perspectives for this work are introduced.
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CHAPTER 1

DYNAMICAL MODEL OF INTERIOR
PERMANENT MAGNET SYNCHRONOUS
MOTOR

In this chapter, a summary of the PMSM is addressed. Second, the Concordia and
Park transformations are recalled. From these transformations, the dynamical model of
the IPMSM in a «af stationary reference frame and a dgq synchronous reference frame
can be calculated. Subsequently, the problem statement of this thesis is introduced and,

finally, the benchmark used for simulation and experimental tests is addressed.

1.1 Permanent magnet synchronous motor

The PMSM control system has attracted much attention in the field of AC adjustable
speed drives with the rapid development of automatic control technology, power elec-
tronics, high-speed microprocessors, sensors, special converters, and permanent magnetic
materials. Until recently, the widespread use of PMSM was in some cases restrained by
relatively high prices for magnetic materials with high specific magnetic energy values.
However, in recent years, prices for such materials have significantly decreased. This may
imply future growth of PMSM drive systems in the industry and technology. The reason
are their indisputable advantages, such as a high efficiency factor, low noise emissions,
simple construction, easy maintenance and low rotor inertia. Then, they are widely used
in household appliances, transportation, aviation and robotics [12], [13], [75].

Now, according to the operation and configuration of the PMSM, it has a speed of
rotation directly proportional to the frequency of the alternating current network that
feeds it. The stator has a three-phase wound, represented by the axes a, b, ¢, with 120°
degree phase difference between them. The rotor produces a magnetic field with the

permanent magnets, this removes the need of a DC source to generate it. Then, according
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Part , Chapter 1 — Dynamical model of Interior Permanent Magnet Synchronous Motor

to the configuration of the permanent magnets in the rotor, there exists a classification
of PMSM and this is given as follows.

a) Surface permanent magnet synchronous motor

In this type of motors the magnets are placed on the surface of the rotor, as shown in
Figure 1.1. The inductances of this type of motor do not depend on the position of the
rotor. This type of motor has d—axis inductance equal to g—axis inductance, such that
the reluctance torque generated by the motor is zero. In this motor, the magnets are on
the surface and are exposed to a demagnetizing field. Furthermore, the relative perme-
ability of permanent magnets is similar to that of air, which leads to a low inductance
of the machine, since the effective length of the air gap is large. The air gap reluctance
is theoretically constant for the different positions of the rotor, then, the starting torque
of the surface permanent magnet machine is low. In addition, the magnets are subject to

centrifugal forces, which can cause the magnets in the rotor to detach.
N

2 g—

S

N

Figure 1.1 — PMSM rotor permanent magnets layout: a) Surface permanent magnets.

b) Inset permanent-magnet synchronous motor

In this type of motor, the magnets are inserted on the surface of the rotor as shown
in Figure 1.2, and d-axis inductance is slightly different from g-axis inductance. The iron
parts between the permanent magnets have interpolar spaces that add saliency. The value
of this salience depends on the height of the magnets relative to the iron and the aperture

of the magnets.
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N
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S
N

Figure 1.2 — PMSM rotor permanent magnets layout: b) Inset permanent magnets.

c) Permanent magnet synchronous motor with flux concentration

In this type of motor, the magnets are located inside the rotor as can be seen in Figure
1.3. The magnets are placed radially into the rotor and buried deep inside the rotor. In
this configuration, the magnets are in the directions of the circumference. The magnetic
poles are then formed at the level of the ferromagnetic parts of the rotor by concentrating
the flux coming from the permanent magnets. One of the main advantages of this type of
PMSM is the concentration of the flux generated by the magnets and a higher inductance
is obtained. Just like interior magnet machines, in this machine, the magnets are also well
protected against demagnetization and mechanical stress. The synchronous reactance on

the q axis is greater than on the d axis.

c)

Figure 1.3 — PMSM rotor permanent magnets layout: ¢) Flux concentrating.
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d) Interior permanent-magnet synchronous motor

The IPMSM has the magnets integrated inside the rotor as can be seen in Figure 1.4,
to protect the permanent magnets in deflux mode or in case of short circuit and improve
the mechanical resistance. With interior magnets, the active air gap space is less than
that of the equivalente machine with surface magnets. The d-axis and g-axis inductances
of the IPMSM are different, Ly < L,. Therefore, there is the reluctance torque, and the
torque density can be higher than the equivalent surface permanent magnet machine.
Due to that the magnets are internal and effectively shielded from the armature reaction
field, the interior magnet machine is suitable for applications with constant power over
a wide speed range. Moreover, the IPMSM inductances values change according to the
rotor position and create a geometric saliency which is an important feature for low speed

control.

d) m

Figure 1.4 — PMSM rotor permanent magnets layout: d) Interior permanent magnets.

The work carried out in this document addresses the case of the IPMSM, since its
configuration is recommended due to its torque capacity, power density, simple structure,
efficiency and can operate at high speeds. Moreover, considering that the values of the
inductances change according to the position of the rotor and create geometric saliency,

this is an important feature for low speed operation.

1.2 Concordia and Park transformations

Concordia and Park transformations are coordinate changes used to change a balanced

three-phase system to an equivalent system with two orthogonal axes. It can be used to
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1.2. Concordia and Park transformations

simplify the study of electric motors.
Concordia transformation
The Concordia transformation is employed to simplify the analysis of three-phase system

(a,b,c) in a coordinates system («, [3) as follows.

Lo o
{L‘Ig == Qg Tp (11)
To Te

where Q, is given by

(1.2)

=

I

w

|

DO |

o]
S

Moreover, this transformation has direct and inverse transform symmetry and can preserve
the active and reactive powers. Since in a balanced system x, + x, + . = 0 and thus

x, = 0, then one can also consider the simplified transformation

Ly
T
g

T
which is simply the original Concordia transformation with the 3rd equation excluded,

where Q is expressed as follows

10

21 1 V3
I .
2 2

2

In Figure 1.5, the representation of the concordia transformation is illustrated, where
0. represents the angular position and the x, and x3 components represent the coordi-
nates of the rotating space vector xz in a fixed reference frame whose a—axis is aligned

with phase z, axis.
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Park transformation
The Park transformation transforms the components—af to reference system—dq, the

objective of this transformation is to convert the variables sinusoidally in time to constant

values dq, in permanent regime.
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Figure 1.6 — Park transformation
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Tq
Lq

T_ [005(06) —sin(Qe)] _ i (1.6)

T

=T* (1.5)

g
where T is given by

sin(0.)  cos(6,)

In Figure 1.6, the representation of the Park transformation is illustrated.

1.3 Electrical equations of the Permanent Magnet

Synchronous Motor

The three-phase stator voltage equations, represented in the three-phase stationary

frame (abc — axes), can be expressed as follows

dqujabc
dt

Vabe = Rslape + (17)

T .
where v, = {va Vp vc} represents stator voltages, R is stator resistance, iq. =

T T
{z’a 1 z’c} represents stator currents and . = [@% Wy @Dc} represents stator fluxes.

Moreover, 4. is defined as follows

la Vaf
VYabe = Liss [dp | + |y (1.8)
le wcf
where
Yy cos (pt)
Uy | = |cos (pf — %) (1.9)
Yer cos (p@ + 2%)

and p represents the number of poles, § the mechanical angular position, v, is the

permanent-magnet flux linkage and L, is expressed as follows
Lss = ]Lso + ]st (110)

where
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Ls = My, Ls M, (11]—)

d
b cos (2pf) cos (2]?9 - %ﬂ) cos (2p0 + %”)
Lg = Ly, | cos (2p9 — 2{) cos (2p9 - 2{) cos (2pf) (1.12)

cos (2p0 + %”) cos (2p0) cos (2p0 — %’T)
defining M,,, L,, and L,, as the mutual and own inductances, respectively; for M, =
1
—§LSO. Moreover, L, and L, are positive parameters depending on the machine.

Now, the system (1.7) can be written as follow

Vg, Iia d Z.a waf
vp| = R |ip| + o [Ls) i | + [%or (1.13)
Ve ic ic wcf

and considering the Concordia transformation (1.3), the system (1.7) expressed in af

stationary reference frame is the following

Ld
dt

Ya
W] (1.14)

1.3.1 Dynamical model of the Interior Permanent Magnet Syn-

chronous Motor in dq synchronous reference frame

In this section, the dynamical model of the IPMSM is introduced. Then, from the

three-phase stator voltage equations in a three-phase stationary frame (abc — axes) given

by

. d .
Vabe = Rs Labe T % {]Lss Labe + ¢afbfcf} (115)
the following equation can be written
Ruiane + % {Lusian} + % (agoges} (1.16)
Vabe = Llslabe ~ sstabe ~ afbfc .
b b dt b dt fofef

where
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Vs sin (pd)

d d ; 27

T {Vasoer} = gp | Yer| = QY | sin (p9 — 3) (1.17)
Yey sin (p@ + %’r)

and € represents the mechanical speed. Then, replacing (1.17) in (1.16), the following

equation is obtained

v, iy J iy sin (ph)
vp| = Ra [iy| + o Las || o = p Q| sin (p —%ﬂ) (1.18)
Ve i i sin (p0 + %)

Now, taking into account the following transformation

Xd
Lq

where x represents a variable (voltage, current or flux). Then, combining (1.19) with (1.18)

Lq
= T7Q" |z, (1.19)

Te

and multiplying the left side of (1.19) by QT, the following system is obtained

o i i
d
QTTTQT (%) :RSQTTTQT ib +£ LSSQTTTQT ib
o ie i
(1.20)
sin (ph)
— ¢, pQQTTTQT |sin (pe—%ﬂ)
sin (p&—i—%”)
such that
Va id d id
T =R,QT + — (L, QT + QT 1.21
or || <R | dt{@iq}@wrm (121)

Consider that QTQ = I,y and TTT = I5,9, where 5,5 is a identity. Then, multiplying
the left side of above equation by TTQ7, it follows that
} +

Uq

0
P p§2

la (1.22)

14
) 7

d
+ TTQT % { Lss QT

q q
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and can be rewritten as follows

. J . g i 0
Bt < IO s o\ O G A Rl ) (1.23)
Vg iq dt i dt |i, ), pQ
where
2p0 n (2pf 10
Fss = @Lss(@ = §st C?S( b ) Szn( b ) §Lso (124)
2 sin (2pf) —cos (2pf)| 2 0
Now, L,, and L,, are defined as follows
Ly+ L Ls— L
Ly, = La+ Lyg Ly, = Zd T g (1.25)
3 3
where Ly and L, are the dg—axes winding inductance. Therefore, I'ss given by (1.24) can
be expressed by
ro— Lg— L, |cos(2pf)  sin(2p0) Lo+ Ly |1 0 | Lo Lag (1.26)
> 2 sin (2pf) —cos (2p0) 2 0 1 L.z Lg '
: d . .
Then, the solution for T% {T'ssT} in (1.23) is given by
d 0 —L
T—{T,, T} = pQ 1 1.27
Grm=m| (1.27
and the solution for TTT,,T is given by
Ly O
T7T,,T = | ¢ (1.28)
0 L,
Therefore, the system (1.23) expressed in a dg reference frame is given by
' 0 —Lg| |1 Ly 0| d |i 0
R " 40 7 | S = I S (1.29)
Vg iq Ly iq 0 L,|dt|i, (Y
Mechanical equations
The equation for the mechanical model is given by
do
=0 1.30
7 (1.30)
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where 6 is mechanical angular position and {2 mechanical speed. Moreover, the following

equality is defined as follows

dQ
JZ 4 =T, 1T} (1.31)

where J represents the inertia, f, the viscous friction coefficient, 7; the load torque and

T, the electromagnetic torque. The electromagnetic torque 7T, is defined as follows

Te = p(Yaip — Vgia) = p(Yaig — Yqia) (1.32)
where the terms 14 and 1), are defined by

¢d = Ldid + wr‘a wq - Lqiq (133)

Then, the electromagnetic torque can be expressed as follows
Te = p(Ld - Lq)idiq + pwﬂ'q (134)

Therefore, the mechanical system for the IPMSM is given by

flfzn

1.35
C Py Ligiy+ B, — T T )
R A A R R A

Dynamic model of the Interior Permanent Magnet Synchronous Motor: Elec-

trical and mechanical equations

The dynamical model of the IPMSM with electrical and mechanical equations is the

following
di R, . L, . v
T Lttt
Zelec : di Rd Ld d (136)
dt L, L, L, L,
do
a Y
Ymech - (1.37)
A p P S 1
a T (La — Lg) iaiq + jwrzq - 79 - jTl
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1.3.2 Dynamical model of the Interior Permanent Magnet Syn-

chronous Motor in of stationary reference frame

In this section the dynamical model of the IPMSM in a a3 stationary reference frame

is addressed. Then, transforming (1.29) into af stationary reference frame, the following
system is obtained

Va ia
| +pQ2
Up L35

where 0. = pf is the electrical angular position and L, = L, + Licos(26.), Lg = L, —

R+4L, L.
Los R+ 24Lg

_sin(ee)] (1.38)

4 cos(,)

Lg+ L Lg— L
Lycos(20.), Lo = Ly1sin(20,), L, = M and L; = (qu). The system (1.38)
can be written in a compact form as follows
Vaf = Aaﬁ —+ Ba,B -+ CaB + Da,B (139)

where v,5 = {va vg}T, Aap = R, [ia Z'B}T

—sin(6.) Dy = d I,
cos(6.) dt

_d i cos(20.)  sin(20.) | |ia
Bop = dt {LO sin(26,) —003(296)] [z[g] }

The system structure (1.39) is not easy for mathematical processing, having functions of

} 70046 = pQ?/)r

ig

rotor position #,, which makes the equation difficult to solve. An easy way to solve this
issue is to use the estimated position 0. instead of 6,. This is possible if the amplitude of
D,z is smaller enough than Cyg, i.c., |L1iq | << .. In fact, the approximation made in
(1.38) and (1.39) is based on the assumption that this condition is valid. Then, it is true for
motors with relatively small reluctance torque. However, if the motor reluctance torque
cannot be neglected, such as the permanent magnet torque, the sensorless estimation
could be unstable. On the other side, in (1.39), the system contains the terms 26,.. The
reason why term 26, appears in (1.39) is due to that impedance matrix is asymmetric.

Therefore, if the impedance matrix is rewritten symmetrically as

) 1
d .d 4
Uq g

then, the af stationary reference frame can be written as follows

0
(Lg — Lg)(pQig — i) + phib,

Ry +pLy —pQL,

(1.40)
pQLq R+ pLd
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Rs +pLd pQ(Ld - Lq)

ta

Z, + [(Lg — Ly) (piqg — 1q) + pQ,]
B

Va| —sin(6.)
UJ B cos(0.) ]
(1.41)
The system (1.41) is a transformation of (1.38) without any approximation. It is a general
form of the mathematical model of IPMSM. Moreover, if L; = L,, the model of the surface
permanent magnet synchronous motor is obtained and if » = 0, it is possible to obtain

the synchronous reluctance motor.

1.4 Problem statement

In industrial applications, the control of IPMSM requires the knowledge of the angular
position and speed, which usually are not available by measurement. Then, one solution
is to estimate angular position and speed by using observers based on model. Frequently,
the mathematical model used for control and observer design is given in dg synchronous
reference frame (1.36)-(1.37) [45], [76] or in a «f stationary reference frame (1.41) [77],
[78]. However, parametric uncertainties and external disturbances affect the estimation
and they must be considered. Then, one solution to overcome this drawback is to design
a robust observer to estimate the angular position and speed of the IPMSM.

In this work, in order to estimate the angular position and overcome the issues caused
by the parametric uncertainties present in the model of the IPMSM, an observer based
on an angular position estimation error (eg, ) extraction is considered, using a parameter-
free virtual system. Then, a different strategy has been proposed by considering only the
measurable signals of the IPMSM, i.e., the currents i, and i3, which can be obtained from
the abc triphasic components of the [IPMSM and can be used for extracting the electrical
angular position estimation error ey, .

Notice that, to overcome the use of the mathematical model of the IPMSM depending on
parameters; mechanical angular position and mechanical speed will be estimated by the

following parameter free virtual system

dl, dw do

_ aw da 1.42
T T N i ) (142)

where 0, = pf is the electrical angular position, w = pf) is the electrical speed, p the

number of pole pairs and « is the acceleration, where the time derivative of the acceleration
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is equal p(t), which is an unknown and bounded function depending on the angular

position, speed, currents and parameters. Therefore, from the information of 6, and w,

it is possible to compute the mechanical angular position (9 = e) and the mechanical

p
speed (Q = w)_
p

It is clear that the mechanical sub-system (1.37) of the IPMSM does not depend on
the acceleration, however, to estimate the position and the speed, the mechanical sub-
system has been extended including the acceleration in order to improve the estimation
of those variables. In other words, the first two equations of (1.42) are enough to have a
good estimation with low transient modes. However, with fast dynamics, speed estimation
errors could increase due to that its derivative is supposed to be equal to zero. To overcome
this problem, the machine acceleration—« is also estimated to achieve a more precise
estimation in transient mode. Therefore, the virtual system (1.42) will be used to estimate
angular position, speed and acceleration by using an extraction of the angular position

estimation error eg,.
The main objectives in this work are:

Observation objective: By extracting the electrical angular position estimation error
given by
€y, — 96 — 96 (143)

and based on a virtual system, design an adaptive observer to estimate the angular posi-

tion, speed and acceleration.

Control objective: Design an adaptive control to track a desired speed reference €2*

and a reference current ¢}, despite the presence of disturbances.

The sliding mode approach is the strategy that will be used in the observer and control
design due to its robustness and finite time convergence. Moreover, in order to reduce the
tuning time in the observer and control, the gains will be reparameterized in terms of a
single parameter. In addition, adaptive laws will be designed for the observer and control
to avoid overestimations of gains that can cause the increase of chattering and damage

the system.
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1.5 Benchmark

In this section, the benchmark for the IPMSM is introduced. Simulation and experi-
mental tests are going to be evaluated in order to show the performance of the proposed

strategies. The parameters of the IPMSM are presented in the Table 1.1.

Table 1.1 — IPMSM nominal parameters

Symbol \ Parameter \ Value \ Unit
R, Stator resistance 1.4 ohms

J Moment of inertia 7.3¢73 | kg.m?

p Number of pole pairs 5

T Torque 4 N-m

Uy Permanent-magnet flux linkage | 0.18 Wh

Ly d-axis winding inductance 0.0057 | H

L, g-axis winding inductance 0.0099 | H

fo Viscous friction coefficient 0.0034 | kg-m?/s

The simulation and experimentation are carried out by using different profiles of load

torque and speed, as shown in Figure 1.7.
Speed Load Torque

140 — ‘ B — 2 — =

1201

1001

15¢
801
(2]
o €
© =z
60 1
1,
401
201
o— 1= g5l
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time (s) Time (s)

Figure 1.7 — Load torque and speed profiles used during experimental and simulation
tests

As mentioned in the introduction, electrical parameters could vary during the opera-
tion of the motor due to magnetic saturation or temperature variations; mechanical pa-
rameters could vary depending on the load torque, weight, road type and so on. However,

since it is not possible to have access to motor parameters experimentally, the experimen-
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tal tests are carried out over a large time interval to see the effect of the parameters on
the estimation based on a virtual system without parameters. In addition, a simulation
test is carried out under resistance, inertia and inductance variations, as shown in Figure

1.8 in order to show the robustness of the proposed strategy. On the other hand, from

Resistance {Rs)

3 T
2 .
E2F  1.4(Nominal vaive) 2.8 (100% increase}
o y 2.1 (50% increase)
1 | | | |
0.015 : il : : |
o l
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-~ } 0.01095 (50% increase)
0.005' ' - L '
Inductance (Lq]
0.02}- ' ! ! ! '
. ‘ 0.0099 (Nominal value) | A
| A )
0.01] X 0.01485 (50% increase) (1881 i increass) .|
| | I L | |
0 2 4 6 8 10 12 14 16

Time (s)

Figure 1.8 — Parameter variations in simulation tests

simulation, the performance and effectiveness of the proposed observer based on the ex-
traction of the angular error ey during a time interval of 16 s will be shown by using the

profiles of Figure 1.9, at high, low and zero speed, and under different load torque values.

1.5.1 Hardware description

The experimental setup is shown in Figure 1.10 which is composed by an IPMSM
rated at 3 kW supplied by a three-phase voltages source inverter. The inverter is powered
by 400 V DC voltage. The pulse width modulation (PWM) technique is generated by a
dSPACE DS1103 with a switching frequency of 10 kHz. The digital board of dSPACE
receives the stator currents and the dc link voltages data with a 10 kHz frequency, and the
measured torque data with a 2 kHz frequency. The load torque is generated by a PMSM
mechanically coupled with the shaft of the IPMSM, while angular position is measured by
encoder. Moreover, a Kalman-filter applied to the measured position is used to calculate

the rotor speed.
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Speed reference

|
Load Torque
T

Time (s)

Figure 1.9 — Load torque and speed profiles considering a low-speed region with a very
small load torque.

Figure 1.10 — Experimental setup

1.6 Conclusion

The basics of permanent magnets synchronous motor, including their main dynamical
models, have been addressed in this chapter. It is well known that these dynamical model
depends on parameters as stator resistance, inductance’s and so on. Therefore, the use
of dynamical models in the design of observer represents a problem as the parameters of

the motor vary during the operation. For this reason, a parameter-free virtual system has
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been introduced to avoid the parametric uncertainties. The virtual system will be used
in the design of observer in the following chapter, taking into account the benchmark

presented in this chapter.
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CHAPTER 2

NEW STRATEGY FOR THE ROTOR
POSITION AND SPEED ESTIMATION OF
PERMANENT MAGNET SYNCHRONOUS
MOTOR

In this chapter a strategy to extract the angular position estimation error of the PMSM
is addressed. After this, two adaptive observers based on sliding mode approach will be
introduced. These observer use the information of the angular position estimation error
extraction in order to estimate the angular position, speed and acceleration. Furthermore,
the observer gains are reparameterized based on a single parameter to simplify the tuning
procedure. Some test are addressed for each observer and a comparative study is carried

out.

2.1 Extraction of angular position estimation error

A methodology to extract the angular position estimation error (1.43) of PMSM from
a af stationary reference frame, is addressed. Then, considering that the currents—i,g
are measurable and in order to extract ey , consider Park transformation, such that the

currents iq and %, are expressed as
igg = TT(0:) iap (2.1)

with

| ’JI‘T(QG) _ [cos(Ge) sin(ee)] s [ia] | (2.2)

. id

tdg = | . . .
iq —sin(6.) cos(6,) i

where currents 74, and angular position 6. are not measurable. Therefore, considering
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that there exists a control law for current-iy and current-iy tracks a reference current-i}.

Then, in order to extract ey, the following equation is introduced
Aoy = T — gy + 572 (2.3)
and the terms I, and I, are defined as follows,
Lingn =M(Bc +¢) T7(0) iag (2.4)

with Igngn = [Lgn  I,n]" and the transformation matrix M(ée + ¢) expressed as follows

A

. cos(0. + ¢)  sin(B, + @)

M(Be +¢) = —sin(le + @) cos(f, + ¢)|’ (2:5)

defining f. as the estimated angular position and ¢ is an offset angle that must be chosen
appropriately to extract eg,. In addition, notice that (i}, 7.3, ¢) are known values and 6

will be computed by using the observer presented later, then

A01 == A91 (éey /L.a[% ZZ) ¢) (26)

can be computed taking into account that

TT0) ia = iey = lza] _ {cos(@e)id—sm(ﬁe)iq] 2.7)

i sin(0e)iq + cos(6.)i,

Now, from transformation matrix M(ée + ¢), the currents i,5 can be transformed into

alternate synchronous reference frame. Then, the terms I, and I, are defined as follows
Lan, = cos(eg, — ¢)iq — sin(eg, — @)iq, L, = sin(eg, — @)iq + cos(eg, — )iy (2.8)

where Iz, and I, are functions of ey,. Nonetheless, extraction of ey, in this structure is
not possible. Therefore, in order to overcome this drawback, a selection for ¢ = 7 is made.

In consequence, (2.3) is expressed in terms of ey, as follows

Ao, = i,V2 sin(eg,) — iaV/2 cos(eq,) +i5V/2 (2.9)
Considering that Ay, is calculated by using measurable currents i,g; and assuming 4
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2.1. Extraction of angular position estimation error

tracks a desired reference ¢j;. Then, the above equation can be rewritten as follows

Ao, = igV/2 sin(eg,) +iiV/2[1 — cos(eq, )] (2.10)
and using a trigonometric identity, the following equation is obtained

Ao, = igV/2 sinleq,) +iV/2 {Q(Sm(e;e))?] (2.11)
Therefore, for a small angular error ey, an approximation for Ay, is stated as

Z‘*
Ao, = igeq, V2 + %ege. (2.12)

Moreover, consider that quadratic term is smaller than linear term. Then, Ay, is given by

Ao, = igeq, V2 (2.13)

Notice that (2.13) depends of the current 4,. It is worth mentioning that the changes in
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5 ’---._\\ 5 '-.,'\- _____ .‘,;q
D ."’h‘\ 0 - ~ e
_-_!E_ \.“'-. go “b*\‘\‘
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...... 1y \‘h-.,_‘ .-———___....._.........._.__,..“_".'-..__\__
10 ~=.10 ; =
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Figure 2.1 — Different scenarios to see the behavior of speed, electromagnetic torque and
current-z,.

the current i, are directly proportional to the electromagnetic torque T¢ [see [79]]. As can
be seen in Figure 2.1, different profiles of speed and electromagnetic torque have been
plotted and the behavior of the current 7, is shown. Then, from Figure 2.1, current i, can

be positive or negative depending on the electrical machine operation. Then, multiplying

47



Part , Chapter 2 — New strategy for the rotor position and speed estimation of Permanent
Magnet Synchronous Motor

sign(i,) in both side of the equation, it follows that

A915ign(iq) R Z'qSign@'q)\/E (eq.)

(2.14)
~ \/§ |iq’695
Taking into account that i,, . > |i,|. Finally, it follows that
Ag ~ U eg, (215)

with Ag = Ag, sign(i,), and p = i,,,./2, where i, is the maximum value of i,.

Nevertheless, i, is not available for measurement. Then, in (2.15), i, will be replaced by
the estimated current %q. In fact, %q is obtained from the transformation of the measured
currents %, and ¢g from the stator reference frame to synchronous reference frame as shown

by these equations

- T7(),) H (2.16)

where T7(0,) = [ o

observer, then,

tg = —5in(0,)ia + cos(8.)ig (2.17)
The initial rotor position information is needed for practical implementation to obtain %q,
This problem is addressed in the literature by several research works (as it could be seen
in [80]-[82]) and is supposed to be solved. In the experimental implementation, the rotor
is moved very slightly by applying short voltage in order to detect the initial rotor position
information. Once this information is obtained, the current Eq could be calculated using
equation (2.17). Based on the calculated Eq, the rotor position estimation error could be
extracted by

N Aglsign(zq)
T

where Ay, is computed from (2.3). In the sequel, (2.18) will be used in the observer for

ey ~ (218)

e

estimating the angular position, speed and acceleration.
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2.2 Observer design based on a sliding modes ap-

proach: Proposal 1

In this section, an observer is designed by using the sliding mode approach. Consider

the following class of nonlinear system given by

l"l = T2
To =2

2 (2.19)
&3 = p(t)

y=1mn

where 1, xo and x3 are the states, p(t) is an unknown and bounded term and y € R the

output of the system.

Assumption 2.1. The term p(t) is bounded and unknown, i.e., |p(t)| < o1 for o1 > 0.

Now, an observer based on sliding mode for the system (2.19) is expressed as follows

2 . 2
Ty = Ty + Ky ler|3sign(er)

2 . 1

Ty = T3 + Ky 1lei|3sign(e) (2.20)
i3 = K3 1sign(e;)

=

<>

where %1, 5 and 23 are the estimated states and ¢ is the estimated output. Moreover,

the gains for the observer are reparameterized based on a single parameter L, as follows

5 10 4
Kii=3L5,  Koy=2Ld, Ky = (9) % (2.21)

where L, is an arbitrarily chosen gain large enough. However, if L, is too large, it could
cause an overestimation and increase the chattering amplitude, causing damage to the
actuator. Currently, the design of an adaptive law for the gains is the best alternative to

mitigate this problem.
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2.2.1 Adaptive observer design

Now, an adaptive observer will be designed for the system (2.19). Then, the following

observer _ 3 ,
Ty = Ty + Ky 1lei|3sign(er)
xfg = aAU~3 + ?2,1|61|35ign(61) (2.22)
&3 = Kz 1sign(er)
Y=
is an AHOSMO-1 and its gains are defined as follows
- 5 ~ 10 - 4
Koy =3Li(t), Koy =203 (1), Kai= (9) L3() (2.23)

where L,(t) > 0 is an adaptive parameter that will be introduced later.

Remark 2.1: The demonstration to calculate the proposed gains has been introduced
in Appendiz A (see A.1.1).

Taking into account the observer (2.22), an analysis of convergence will be introduced
and an adaptive law for L,(t) will be designed. Then, defining the following estimation

errors
er =a1 — I

€y = T9 — Zi’g (224)
€3 — T3 — .@3

the following dynamics can be calculated

5
é1 = ey — 3Ls5 (t)|61|§sign(61)

ey = e3 — oL (t)|ex| 3 sign(es) (2.25)
s =p(t) — (3) Li)sign(e)

Now, taking into account the dynamics of the estimation errors, the following change of

variable is established as follows

€1

€3
e T ne

T L2

G (2.26)

and taking the first derivative in time, the dynamical system in terms of the new variables
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is given by ‘
: . Lo(t
G = =3Lo()|Gi |5 sign(C) + G — 2G: LoEti
. , Lt
= 20l sign(G) + G~ 26 7 (2.27)
N o) . L)
=— L3t — 203>
G (3> o(t)sign(C1) + L2(t) CgLo(t)
On the other side, the following new change of variable is introduced
z . G 3Gs1Gi s
& = |Cu]3sign(¢y), & = ROk £ = 212(1) (2.28)
and the dynamical system can be expressed by using the new variables as follows
. 2L,(1) 4L,(t)
= —3&1 + &) —
61 3‘<1|% [ 51 52} 3Lo(t)€l
. 2L,(1) 3L,(t)
—3 _
&2 L (=381 + &3] L0 & (2.29)
- 2L,(1) <3>2 Glip(t) | & 14L,(t)
- T | 5 Pl -3 -
&3 T &1+ 5 5(0) +2Kl|§ (=3& + &) 3L, (1) &3
The resulting system (2.29) can be expressed in the following compact form
: - Lo(t)
— 1T . o
€= a0 (40— BICTC) €+ 8] = Nog © (2:30)
Ly(t
where a, = (1) and
[S1E
&1 010 1 -1 1
E=1&|, A=10 01|, C=[1 00, P=|-1 2 -3|,
&s 000 1 -3 6
4
20 0 0
3 0
R V| R P OB
14 1130 3
= = -3
0 0 3 (2) Lg(t) +2|C1|§ ( §1+£2)
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Assumption 2.2. The terms in vector ®, are locally Lipschitz with respect to € [83], i.e.,
19,1 < K], for b > 0.

Moreover, P, is a symmetric positive-definite matrix, whose solution is given by
P,+ AP, +P,A,—-CTC,=0

Theorem 2.1. Consider the dynamic system (2.19) and the Assumptions 2.1 and 2.2 are

satisfied. Furthermore,

Lo(t) = k2 |€f|3 —%%L?,(t) (2.31)
L (1)

is an adaptive law-1 of Ly(t), for v, > 0 and k, > 0 chosen appropriately, where k, > v, >
0. Then, the system (2.22) is an Adaptive High Order Sliding Mode Observer (AHOSMO-
1) for the dynamic system (2.19) such that estimation errors e;, for i = 1,2,3; converge

to zero in finite time.

Proof

A Lyapunov candidate function is considered as follows

Vie.Low)) = Viey + Ve (2.32)

Yo

defining Vigy = ¢TP,€ and V(i) = gLo(t)? Then, considering the Lyapunov candi-
date function, it is possible to take its first derivative in time and replace the suitable

expressions, it follows that

LoD er1p v, 4 NP €

Vie =o€ [ A7 ot PoAdo| € = 20067 C G = 7215 (2.33)

+ YoLo(t) Lo(t) 4+ 20,6 P,®,

Taking into account that ATP, + P,A, = —P, + CI'C,. Then, equation (2.33) can be

rewritten as follows

Lo(t)

V(f’L"(t)) - _aongog - aogTCZCog o T(t)

ET[P,N, + NP, € +7oLo(t) Lo(t) + 20,6 P,®,
(2.34)
Now, taking into account that P,N,+ N,P, = R,, and defining R, as a symmetric positive-

definite matrix. Then, (T R,¢ > ng) = k,Vie), where Apin(R,) and Aoz (Fp)

52



2.2. Observer design based on a sliding modes approach: Proposal 1

are the minimum and maximum singular values of R, and P,, respectively. Moreover,

—a,lTCTC,¢ <0, for L,(t) > 0. Then,

Lo(t)
Lo(t)

VieLowy < —aVig — koViey = 1o L2(t)] + 2006 P, D, (2.35)

Considering that

1

1 1 1 1 1 1
[koVig = 1L2(0)] = |8 ViE) + 23 Loft)] [K3VEE — 8 L0

11 1
and fv, o) = |:k,'02 Vg + s Lo(t)} > (. Then, equation (2.35) is written as

Vie rooy < —oVie) — Fvie, 100 28 [k VE -8 Lo(t)} + 20,67 P,®, (2.36)
On the other side, using the following inequalities
[GlF = lal < il (2.37)
and
Amin( PEN < Vigy < Ammaw (Po)[[€] (2:38)

where Ain (P,) and Ap,q.(P,) are the minimum and maximum singular values of P,. Then,

the following inequality is satisfied

2 Ve )
< < | — 2.39
R S 239)
Therefore, from above inequality, it follows that
. Lot) | 1 le|3 1
VieLo) = Vg = fvi Lo T (t) ks |§| =73 Lo(t)| + 200" Po®,  (240)
o) | L)
Choosing an adaptive law as follows L,(t) = |kd | ;| — 8 L,(t) | Lo(t). Then,
L3 (t)
all
Vie.Lot) < —oVie) = fivie Loy |43 L;( | — e Lo(t)| + 20,67 P, (2.41)
o(t
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Assuming that e; tend to zero faster than L,(t). Equation (2.41) is given by

‘./(E,Lo(t)) < —OzO‘/(@ — f(V@,Lo(t)) [’yoLg(t)] —+ 2aO§TPOCI)O (2.42)

From Assumption 2.2, taking the norm to the nonlinear term 2c,¢7 P,®, and the inequal-
ity (2.38), then, it follows that

2L,(t)

V(g,Lo(t)) < - 3|€ |% [1 - O'o] V(ﬁ) - f(v(g),Lo(t)) [%Li(t)} (243)
1
_ 2(| B | |7 2 _ 2 2 ;
where 0, = i (B)° Furthermore, from |(1]3 = [&] < &7 < |[¢][%, the following
inequality is sa’Tcri”s%edo,
! Vie \*
< < | — 2.44
alt < el < (55 (2.4
Then,
Vie.Loty < —Lo(MT0Vig) = fivie o) {%Li(t)} (2.45)
1
21 —o0,)N\2,, (P, )
where I', = 1= ]3 min( ) Rewritten (2.45) as follows
v LotV |2V + W, (t) (2.46)
y Lo S - Ot Yo + Jv, Lo) ™ /=o .
(&:Lo () \/570% (é) Ve )\/i
1 I,
and defining 1y = L,(t)v/273 and ¢ = min —+ J(Vey Lot | - It follows that
V293
1
. % 702
VieLow) < =1 | Vi) + ﬁLo(t) (2.47)

where 17 = 1. On the other hand, considering that Jensen “s inequality [84] is expressed
as follows
[lal” + [bl*]« < lal + |b] (2.48)

1 1
and defining a = Vé), b= V&O(t)) and ¢ = 2. Then, the following inequality is satisfied

L(t)| (2.49)
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and )

: L
Vet Vo T 5

Finally, the Lyapunov dynamic equation is satisfied as follows

Lo(t). (2.50)

1

Vie.Low) < =MV L) (2.51)

As mentioned before, V(& Lo(t)) is a Lyapunov function, with L, (t) sufficiently large, satis-

fying n > 0. Then, V(& Lo(+)) 18 negative definite and can guarantee the convergence of the

observer in finite time. On the other side, taking into account the equation © = —nv%,

whose solution is defined by v(t) = (’U(O)% — %nt)z. Then, the comparison principle can

be applied in order to estimate the convergence time 7. Therefore, Vi¢ 1)) < v(t) when

Vie0),Lo0)) < v(0), then & has a finite-time convergence in an estimated time defined by
i

2Vié).2.0)
Ty = —==2= for L,(t) sufficiently large. Thus, V(¢ 1)) tends to zero in finite-time,

which involves that the estimation errors e;, for i = 1,2, 3; tend to zero in finite time.

Remark 2.2. As can be seen, the system (2.30) has a singularity when e; = 0.

The singularity arise due to the change of variable & = |C1|%sign(fl); §2 = ngt)’
_ 3Gl - - n i
& = 212(1) converting system (2.25) into system (2.30), whose domain is defined

as follows D = {(&1,&,8&) € R3] & # 0} . Nonetheless, considering convergence anal-
ysis, the singularity does not appear when the system is expressed in terms of the original
coordinates (see for more details [85], [86]).

2.2.2 Adaptive observer design for the IPMSM

Consider the adaptive law-1 in Theorem 2.1 and the virtual system (1.42), then, an

adaptive observer based on the virtual system (1.42) is designed as follows

W+ f(m]ege\%sign(ege)
%Sign(ege) (252)

& = I~(3713ign(egﬁ)

0.

(jj OAJ+I~(2’1’695

where ée, @ and & are the estimation of electrical angular position, electrical speed and

acceleration, respectively. However, 6, is not measured directly, such that, the observer
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(2.52) cannot be implemented. Therefore, considering the methodology to extract eg,

introduced in section 2.1, then, Ay can be expressed in terms of the estimation error ey,
R A A
as Ng = pey,, with g > 0. Thus, ey, = 0. — . can be replaced by ., — 0, = % into the
1
observer (2.52), i.e., the AHOSMO-1 for the IPMSM is given by

A ~ A 2 A
B = &+ K11 | =2 S sign(=2)
% @
. Ao A
a:@+Kmhﬂ%mmi5 (2.53)

. - A
& = Kg,lsign(—a)
I

Then, the observer (2.53) is used to estimate the angular position, speed and acceleration.

A

~ 0 A
As previously mentioned, # = — is the estimated mechanical angular position and 2 = =

=

p
is the mechanical speed. In Figure 2.2, a scheme of the proposed AHOSMO-1 (2.53) is

introduced.

............................... -
Py !
e —— I
m é
e |
. R .
sin(6, +-) H | 2 21 o _____ I 0
_______ .: (e — 1 I-_E
I L
I TR e i R
N [ 9n 1 g 1 e Adaptive observer. )
<+/ :_ 1 : 1 Proposal 1 : _I
1 | 1@
cos(Be +7) = N lan | e —
TR |
| UJ O I
. 45— Lo® 1
________ =} ’.

Figure 2.2 — Scheme of the proposed AHOSMO-1.
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2.2.3 Simulation results

In this section, a simulation result is introduced to show the AHOSMO-1 performance
in open-loop. Simulation test has been carried out in Matlab-Simulink environment, using
a sampling time of 1 x 1072 with a fixed-step ode4 solver. Moreover, the test has been
made by considering the profiles and parametric uncertainties given by Figure 1.7 and
Figure 1.8, respectively. The parameters of the adaptive observer are given in the Table

2.1. In Figure 2.3, the estimation of the angular position is given. It is possible to see that

Table 2.1 — Parameters for AHOSMO-1
Values

Lo<0) 70 ko

1.5 | 0.003 | 120

observer has a good performance during the estimation.

0.05 2 4 6 8 10 12 14 16
’ |n ' ' I ' |— Angular position error
N

=
24

0.05

-0.1 ' : : :

0 2 4 6 8 10 12 14 16
Time (s)

Figure 2.3 — AHOSMO-1. Rotor angular position estimation and its estimation error

In Figure 2.4 is introduced the speed estimation and its estimation error. The speed
estimation error can show that observer is not affected by parametric uncertainties. More-
over, thanks to the estimation of the acceleration [see Figure 2.5-a)], a minimum error
can be seen during speed profile change. This error is caused by the fast dynamic in the
speed, for this reason, the acceleration estimation has been included to compensate those

errors in fast transient modes, minimizing the estimation error.
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Figure 2.4 — AHOSMO-1. Rotor speed estimation and speed estimation error

On the other hand, in Figure 2.5-b), the behaviour of adaptive law for the observer
is introduced, which takes values in order to achieve a good estimation of the observer
avoiding overestimation of gain. Therefore, in this open-loop test for the first adaptive

observer, good results have been obtained by simulation.

a b
60 -) T " — 45 ' . .) r
—k
r___‘—————._r‘._,——____r———-_f‘—————._
40 4 —L. 0
3.5 43
20
4.25
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20
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-40 151
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Figure 2.5 — AHOSMO-1. Estimation of acceleration (a) and behaviour of the adaptive
law (b)

o8



2.3. Observer design based on a sliding modes approach: Proposal 2

2.3 Observer design based on a sliding modes ap-

proach: Proposal 2

In this section, a second observer is designed for a class of nonlinear system given by

(2.19). Then, an observer for the system (2.19) is expressed as follows

x N 2
T1, = B2 + Kiple, |3 sign(er,)

X . 1

To, = T3 + Kale1,|3sign(e,) (2.54)
:i"gz = K3sign(ey,)

§ =1,
where 21,, £9, and 3, represent the estimated states and ¢ is the estimated output.
Moreover, the gains for the observer are reparameterized in terms of L,, as follows

2 2
Ki2 = 3L, Kyo =2L2, K32 = <3) L3 (2.55)

where L,, > 0 is a constant positive parameter large enough. However, if L,, is too large,
it could cause an overestimation and increase the chattering amplitude, causing damage
to the actuator. For this reason, in the next section, an adaptive law for the gains will be

designed.

2.3.1 Adaptive observer design

Now, a second adaptive observer is proposed for the system (2.19). Consider the fol-
lowing system
R ~ 2 .
T, = To + Ky oley,|3sign(es,)
~ 1

T9, = T3 + Ko ole1,|3sign(e;

2 =Bt €1, | (€1,) (2.56)
T3, = K39sign(er,)

A~

Y= £12
which is an AHOSMO-2 and its reparameterized gains in terms of a single parameter are

defined by

3 . - 2
Ky = 3L,,(t) Koo =2L2 (1) Kso = <

2
SIAC (2.57)
where L,,(t) is an adaptive parameter that will be introduced later.
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Remark 2.3: The demonstration to compute the proposed gains has been introduced
in Appendiz A (See A.1.2).
Now, an analysis of convergence for the observer (2.56) and an adaptive law for the

parameter L,,(t) are introduced. Then, consider the following estimation errors
€1, = T1 — @12, €2, = T2 — i’QQ, €3, = T3 — i’gg (258)
and their dynamics as follows

é1, = €9, — 3L, (1)]e1,|3sign(es,)
é22 = €3, — 2L32 (t>|612‘§5ign(612> (259)

s, = olt)— (2 L, Wsiones,)

Now, a change of variable is introduced as follows

3632 ’612 | %
2L3 (t)

lexs |3 sign(er,)

D) (2.60)

€2
522 - 2 632 -

= Iz (1

Then, it follows that the dynamical system can be expressed by using the new variables.

Therefore, the following system can be obtained

- 2L, (1) Lo, (1)
1, = L [—3&1, + &o,] — OQ(t)flz
- _2L02(> . LOQ()
€2, = Slen, |} [=381, + &) — 0 §2, (2.61)
L 2L02(t) 2 ‘612’3 (t) Loz(t)€32 o _ 3L02<t>
532 - 3|€12‘% |: §12 ( ) ( ) + 2‘612’% [ 3§12 +€22] ng(t) 632
and can be simplified as follows
Lo, (1)

502 = Qo [(Ao - PC)_IOZCO) 502 + (1)02] - D02502L27 (2-62)

or (1)

2L02 (t)

3|€12|%

defining «,, = and the following terms as follows
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IS 010 1 -1 1
o= [E], Ao=10 0 1|, Co=1]1 00, P=|-1 2 -3, (263
&3, 000 1 -3 6
100 8
Doz_ 0 20 ) CI)OQZ 2 . (264)
3\? len,|3p(t) | Loy(H)&s
00 3 () : (85 o
2) Liw) 2ley,|3 30, G2l

Assumption 2.3. The term in the vector ®,, is locally Lipschitz with respect to &,, [83],
i-e, ||®o, || < Pa[€o, ], for By > 0.

Moreover, P, is a symmetric positive-definite matrix, whose solution is given by

P,+ AP, +P,A,—CI'C,=0 (2.65)

Theorem 2.2. Consider the dynamic system (2.19) and the Assumptions 2.1 and 2.3 are
satisfied. Furthermore,

. 1 1

Loy(t) = [Kiulens [T = 6. L2, (1) (2.66)

is an adaptive law-2 of L,,(t), for v,, > 0 and k,, > 0 chosen appropriately, where
Koy, > Yo, > 0. Then, the system (2.56) is an Adaptive High-Order Sliding Mode Observer
(AHOSMO-2) for the dynamic system (2.19) such that estimation errors e;,, fori =1,2,3;

converge to zero in finite time.

Proof

A Lyapunov candidate function is considered as follows

Vioy Loy @) = Vieoy) T ViLo, 1) (2.67)

defining Vie,,) = &, Pobo, and Vig, ) = %L(Q)Q (t). Then, considering the Lyapunov can-
didate function, it is possible to take its first derivative in time and replace the suitable

expressions, it follows that

"/(502,L02 ) :O‘02£Z; [AZPO + POAO} §on — 2050253;0300602

Lon(t) ~ : (2.68)
L (t) 502P0D02§02 + 702L02 (t>L02 (t> + 20402502P0¢02
02

-2
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Taking into account that ATP, + P,A, = —P, + CTC,. Then, equation (2.68) can be

rewritten as follows

: Lo, (1)
Vi = — L P, — L CTCLE,, — 2722 P D&,
(Eog,Log (1)) 2502 g 2 2502 o 5 2 L02 (t) 602 25 2 (269)
+ Yo, LOQ (t)L02 (t) + 20402532 P,®,,
On the other hand, using the following inequalities
|612|% 2 2
= < 1€, 2.70
[ = ol <1l (270
and
)‘min(PO)Hmez < V(&;Q) < )‘max(Pomg@HQ (2'71)

where Apin(P,) and Ay (P,) are the minimum and maximum singular values of P,.
Moreover,
Amin(PoDoy)|€0s ||* < €3, PoDoyEoy < Amaz(PoDoy)|[€os I (2.72)

where \in(P,D,,) and Ajyez(P,D,,) are the minimum and maximum singular values of
P,D,,. Then,

Ly (1)
Lo, () (2.73)

V(Eoz,LOQ(t)) < - a02£oTQP0502 - 050253;0300502 - 2>‘min(PoD02)H502H2
+ Yoy Loy (t) Loy (t) + 20€L P, @,

In this way,

L02 (t)

W&og,Log(t)) S — (140253;P0502 - aOQﬁtz;Cgcogoz - k02||€02||2L (t) (2 74)

+ Yoo Z'—102 (t) Loy (t) + 2040253; P,®,,
where k,, = 2A\pmin(P,D,,) > 0. The above equation can be established as follows
V(SOQ,LOQ (t)) <- ()‘0252;P0502 - aezgz; Cgcofoz + 20402{3;Po(1)02

Lo, (%) 2 2
— LOQ (t) [km ‘ |§oz | ’ — Joz LO? (tﬂ

(2.75)
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Now, the last term of the above equation can be expressed as follows

Loy(t) )  Loy(t) [,2 :
£ (0 [l = 30,2, (0] = 7265 (Rl 93,2 ()] [ K Enl] = 3. Len (1)
(2.76)
1 1
and f(fo2,L02(t)) - [kg2||£02|| + 7022[/02 (t>:| > 0. Then7
‘./(&,Q,L% () <- aOQSg;PO§OQ 0402£T CTCO€OQ + 2a02£TP (I)
Loy (t) (2.77)
~ et 0 {]%2“602” 7 Loyt )]
From inequalities (2.70) and (2.71), the following inequality is satisfied
e Ve )
< el < [ ) 2.78
Log(t) — Hg QH — )\mzn(Po) ( )
Then, from (2.78), it follows that
V(éoz:LOQ (1) < — Qo, V(&oz) O‘02§T OTcofoz + 2a02§TP Do,
L, le, |3 1 (2.79)
ko 2 — 3 Lo, (t
f(502 LOQ(t))L ( ) 2L02<t) V6> Loy (t)
Choosing an adaptive law as follows
fo,(t) = | k2, eul s )| Lo, (1) (2.80)
2 L02 (t) 2 2
Then,
Ak 2
. 1|€ 3
Vieoy Lop(®) < —00,Vieoy) =020, Cg Cobior = Fitoy Lap 1)) |2 LIQ(t) Loy (1) | 42,6 P,
02
(2.81)

and assuming that e, tend to zero faster than Lo, (t), and —a,,&L CTC&,, < 0, for
L,,(t) > 0. Equation (2.81) is given by

Vioy Loy ®) < — Qo Vigo,) = f(€ugsLoy (®) {%ng(t)} + 20,0 Po®o, (2.82)
Taking the norm to the nonlinear term 2ay,, 53; P,®,, and from Assumption 2.3, then (2.82)
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is given by
Viwy Loy @) < — oy View,) + 2000 |00 |IP || Pol B2 = fieny Loy 0) [%QL?)Q (t)] (2.83)

Now, from inequality (2.71). Then, it follows that

2L02 (t)

Vieoy Loy ) < = L (1= 00] Viewy) = Fieop Lup(®)) [Yor L2, (8)] (2.84)
12
2| B[22 e, |3 .
where 0,, = ————. Furthermore, from —2— = [&1,] < |£1,]? < [|&,][?, the following
o Al Loy (1)
inequality is satisfied
EHE View \*
2 < gl < (550 (2.55)
2, (t) min\{ o

: 2Lo ( )
W6027L02( )) = 12 [1 - 0-02] V502 f(fog Log |:702L2 ( )i| (2 86)
3|€12\3L (®)
L3,
Then,
: 1 1
Vo Loy ) < L& (L0, VIE ) = fleoy Loy (®) [%QL?)Q (t)] (2.87)
1
2[1 — 0,,] A2, (P
where I, = L= Foa] Amin(F) . Rewritten (2.87) as follows

3

g )

+ feo. Lo o 2.88
VEdh G et e (288)

. 1
‘/(5027L02 ®) < _Loz (t)\/§’7022

r
1 [y Loy ) ) We can write

1
and defining 79, = Lo, (t)v/273, and ¢,, = min (
\/5702[/02( )

the following equation

ke (t) (2.89)

. 1
Vigog Loy ) < =11 | Vig, ) +

where 77 = 10, ¢,,. On the other hand, considering that Jensen “s inequality [84] is expressed
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as follows
(@0, "+ [boy | "] 7 < [0, | + [0, | (2.90)

1 1
and defining a,, = VéOQ), by, = V&%(t)) and ¢ = 2. Then, the following inequality is
satisfied

1 1

3 Vi 2 Voo
|V(602)|2+|V(L02(t))\2 §|V( )|+ \\/— 05 (t)] (2.91)

such that

3 1 Vo2
Vidoy Loy = Vidoy T 5 Loa (1) (2.92)

V2
Finally, the Lyapunov dynamic equation is satisfied as follows

1

Viog Loy @) < —V(E,. Lo, (2.93)

As mentioned before, V@OZ,L%@)) is a Lyapunov function, with L,,(¢) sufficiently large,
satistying 77 > 0. Then, V¢, 1, (1)) Is negative definite and can guarantee the convergence of
the observer in finite time. On the other side, taking into account the equation v = —ﬁv%,
whose solution is defined by v(t) = (v(0)z — +7t)?. Then, the comparison principle can be
applied in order to estimate the convergence time 71,. Therefore, V¢, 1, < v(t) when

Vi€o, (0)).Loy (0)) < v(0), then &,, has a finite-time convergence in an estimated time defined

by 1
2V 2
T, = 2 EnO) L)

n

for L,,(t) sufficiently large. Thus, V¢, L., @) tends to zero in finite-time, which involves

that the estimation errors e;,, for i = 1,2, 3; tend to zero in finite time.
Remark 2.4. As we can see, the system (2.62) has a singularity when e; = 0. The

singularity arise due to the change of variable

3es,e1,]5
2L§2 (t)

|€12‘§8ign(612) 52 _ €2, §3 _
Lo(t) ’ ’

= ZX0)

converting system (2.59) into system (2.62), whose domain is defined as follows

De = {(€1:60,,63) € W] &1, £ 0}

Nonetheless, considering convergence analysis, the singularity does not appear when the
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system is expressed in terms of the original coordinates (see for more details [85], [86]).

2.3.2 Adaptive observer design for the IPMSM

Consider the adaptive law-2 in Theorem 2.2 and the virtual system (1.42), then, an
AHOSMO-2 for the virtual system (1.42) is designed as follows

0.

o+ I~(172|696|%sign(696)
%Sign(eee) (294)

& = nggsign(ege)

Ci) @ + f(g,2|€96

where 96, @ and & are the estimation of electrical angular position, electrical speed and
acceleration, respectively. However, 6, is not measured directly, such that, the observer
(2.94) cannot be implemented. Therefore, considering the methodology to extract eg,

introduced in section 2.1, then, Ay can be expressed in terms of the estimation error eq,
R A A
as Ny = pey,, with p > 0. Thus, ey, = 0. — 0. can be replaced by 0. — 6, = 2% into the
1
observer (2.94), i.e., the AHOSMO-2 for the IPMSM is given by

A A
0. =&+ Kio| =2 3sign(=2)
. A A
b= a+ Koo~ |3sign(=2) (2.95)
[ [
Ay

Then, the observer (2.95) is used to estimate the angular position, speed and acceleration.

In Figure 2.6, a scheme of the proposed adaptive observer-2 is introduced. As previously

A~

A 0 A w
mentioned, § = - is the estimated mechanical angular position and {2 = — is the
p p
estimated mechanical speed.

2.3.3 Simulation results

Considering the second adaptive observer introduced in this section. Simulation results
in open-loop are going to introduced to estimate angular position, speed and acceleration.
As previously mentioned, simulation test has been carried out in Matlab-Simulink envi-

ronment, using a sampling time of 1 x 1073 with a fixed-step ode4 solver. The profiles
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Figure 2.6 — Scheme of the proposed AHOSMO-2.

in Figure 1.7 and the parameter variations in Figure 1.8 have been used. Moreover, the

parameters of the adaptive observer are given in Table 2.2.

Table 2.2 — Parameters for the AHOSMO-2
Values

Lo, (0) “Yos Ko,
8 0.0001 | K0

In Figure 2.7, angular position estimation and its estimation error are illustrated,
showing good effectiveness during the estimation despite parametric uncertainties. In
Figure 2.8, speed estimation and its speed estimation error can show that the strategy
based on the virtual system without parameters has a good performance. Moreover, it
is compensated with the estimation of the acceleration (see Figure. 2.9-a) to avoid large
estimation errors in the speed and angular position. In addition, in Figure. 2.9-b, the
adaptive parameter L,(t) is introduced, showing the profile it takes to achieve the correct

estimation of the estimates.
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Figure 2.7 — AHOSMO-2. Rotor angular position estimation and its angular error
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Figure 2.8 — AHOSMO-2. Rotor speed estimation and speed estimation error

2.4 Comparative study

In this section, from simulations, a comparative study is approached. A comparison
among an observer based on back-electromotive force, an observer based on mechanical
system by using first-order sliding modes and an observer based on high frequency signal
injection is carried out by simulation test under parameter variations (see Figure 1.8).
First, an observer based on back-electromotive force is introduced in Figure 2.10 for es-

timating angular position and speed. In this class of observers, the use of low pass filter
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Figure 2.9 - AHOSMO-2. Estimation of the acceleration (a) and behaviour of the adaptive
law (b)

generates a phase-delay in the estimation of the angular position, and the parameter vari-
ations causes an error increment. After that, an observer based on mechanical system by
using first-order sliding modes is shown in Figure 2.11, estimating speed, angular position
and load torque. The chattering effect can be seen in the angular error and the speed
estimation error. Moreover, the effect of parameter variations causes an error increase in
the estimation of the load torque. Another strategy often used in sensorless methods is the
observer based on high frequency signal injection, which considers an extraction of angu-
lar error from high frequency signal injection. In Figure 2.12, this strategy is introduced
in order to estimate angular position and speed. Then, from the errors in speed and an-
gular position, it is possible to see the performance of this strategy under the variation of

parameters. A disadvantage of this strategy is the sensitivity to variations in inductance.

A performance index, Integral Absolute Error (IAE), is computed in order to show
numerically the performance of each observer for the angular position estimation error
and the speed estimation error as can be illustrated in Figure 2.14 and Figure 2.13,

respectively.

The proposed observers (AHOSMO-1, AHOSMO-2) based on virtual system achieve
a better performance compared with the other strategies. The improvement can be shown
from the performance index, validating the effectiveness of the proposed observers. There-
fore, it is possible to say that extraction of the angular error ey, introduced in section 2.1

has been achieved successfully.
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Figure 2.10 — Simulation test: Observer based on back-electromotive force
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Figure 2.11 — Simulation test: Observer based on mechanical system by using first-order

sliding modes

In addition, a simulation test to show the convergence of the observer has been carried
out, as can be seen in Figure 2.15. The initial conditions for the estimated speed and
estimated angular position are (0) = 20 rad/s and A(0) = 5.5 rad, respectively. We can
see as the convergence is ensured such that convergence of the observer is achieved in
finite time.

On the other hand, this work proposes adaptive observers for the observer. Therefore,
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Figure 2.12 — Simulation test: Observer based on high frequency signal injection
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Figure 2.13 — Performance index for the angular position estimation error

two simulation tests have been carried out to show the advantages of using adaptive gain
instead of constant gains. These demo tests have been applied in AHOSMO-1 taking

into account that gains K, Ky; and K3, are a function of the parameter L,. Then,

in Figure 2.16, a test is introduced by considering constant gains, i.e., L, is constant.
During this test, the gain L, has taken 3 values; 4, 6 and 8, respectively. It is possible to

see that estimation of speed, angular position and acceleration has a good performance
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Figure 2.14 — Performance index for speed estimation error
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Figure 2.15 — Simulation test: Initial condition for the speed (Top) and initial condition
for the angular position (Bottom)

when L, = 4, avoiding the increase of chattering. However, at 5 seconds when L, = 6,
it is possible to see the increase of chattering in the estimation errors and estimated
acceleration. Similarly occurs when L, = 8 at 10 seconds. It is due to a gain overestimation,
causing chattering in the estimations. Then, in order to avoid this issue, the use of adaptive

gain have been an alternative, as shown in Figure 2.17, where is possible to illustrate how
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Figure 2.16 — AHOSMO-1. State estimation using different constant gains
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Figure 2.17 — AHOSMO-1. State estimation using adaptive gains

the gain L,(t) is adapted and finds the best value, avoiding an overestimation of gain,
reducing chattering in the estimate and achieving a good estimation. Therefore, it has
been shown that an adaptive gain can improve the result obtained by constant gains.

In addition, the proposed adaptive laws, for the parameters L,(t) and L,,(t) of the
observers AHOSMO-1 and AHOSMO-2, have been numerically evaluated at 5 seconds,
as can be show in Table 2.3. The final value of each gain at 5 seconds can show that

both adaptive laws have a similar behavior with respect to the energy used. However, the
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adaptive for L,,(t) has slightly higher values, such that it could be concluded that the

adaptive law L,(t) is more conservative.

Table 2.3 — Value for the gains of both adaptive observers at 5 seconds
AHOSMO-1

L0(5) fﬁ,l f(2,1 K3,1

4.14 | 32.07 | 228.5 | 542.9

AHOSMO-2

L,,(5) | Kip Koo K3

11.53 | 34.58 | 265.8 | 680.9

2.5 Proposed observer analysis

The performance of the proposed observer based on the extraction of ey, is evaluated in
a simulation and experimental test considering the profiles of Figure 1.9. A low-speed and
zero region is taken into account due to that in this region most of the observers present
observability problems. It is well known that IPMSM is not observable when the angular
speed is equal to zero. However, in the proposed strategy, the angular position estimation
error ey, extracted depends on the dynamics of the current—i, directly. Therefore, the
observability is ensured for a current—i, different to zero, i.e., 7, # 0, such that this
condition is satisfied when the load torque or the speed are different to zero. In this way,
the load torque profile considered in the validation has values equals to zero and different
to zero with small values.

A simulation test is introduced in Figure 2.18 and an experimental test is introduced
in Figure 2.19. Then, from Figure 2.18 and Figure 2.19, it is shown that at the beginning,
the speed is 0 rad/s with a load torque going from 0.05 N.m to 1 N.m. Then, the observer
converges to real angular position and speed. After that, from 1.5 s to 4s the load torque is
0 N.m and the speed is still 0 rad/s until 3 s. Therefore, from 1.5 s, the observer diverges,
since, there exist a loss of observability when both speed and load torque are zero, since
at that moment the electric machine is standstill and there is not a persistent current—z,
in Ay. However, from 3 s the speed increase until 2.5 rad/s, such that, the current—i, is
different to 0, then the observer tends towards real speed and angular position. Therefore,

from 3.5 s is possible to see the convergence in the angular position. Then, the speed stays
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Figure 2.18 — Simulation test: Convergence of proposed adaptive observer and behaviour
of current 7,, applying different profiles of small load Torque and low-speed.
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Figure 2.19 — Experimental test: Convergence of proposed adaptive observer and be-
haviour of current i,, applying different profiles of small load Torque and low-speed.

at low speed (2.5 rad/s) for 2 s with a load torque different to 0 N.m, such that, a good

estimation is achieved for the observer. After that, the speed increases until 30 rad/s and

stays there for 3 s, and the load torque tends to 0 N.m and stays there from 8.5 s to 11

s, such that, the observer achieves a very accurate estimate. Finally, the speed decreases

until 2 rad/s and from 13 s until 16 s, the speed continues to decrease until it reaches 0

5
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rad/s with an small load torque of 0.05 N.m. From this test it can be concluded that the
observability depends on i, directly, which must be different from zero (i, # 0) to ensure

the observability.

2.6 Conclusion

The extraction of the angular position estimation error has been the main challenge
in this work in order to apply a sensorless technique. In this chapter, an new alternative
for the extraction of the angular error ey in PMSM was presented. Considering that
measurable currents ¢,5 can be taken from the abc triphasic components of the machine,
this information has been considered and represented by using the Park transformation.
Moreover, taking into account some ideas of the saliency method-based, one equation
was defined without considering the high frequency signal injection characteristic. Then,
after some calculations, one approximation of the angular error was obtained. It is worth
mentioned that the extraction of the angular position error does not require the use of
additional elements like filters and high frequency signal injection.

A sensorless scheme requires information of the angular position and speed. Then, the
extracted angular error has been a key piece to design two adaptable observers based on
a virtual system without machine parameters to estimate angular position and speed of
the IPMSM. These adaptive observer have been designed by considering reparameterized
gains, i.e., all gains are in terms of a single parameter to reduce the tuning time and
facilitate the design of adaptive laws for the observers. Simulation tests were introduced as
well as a comparative study. The effectiveness and performance of the adaptive observers

based on the extraction of the angular error has been illustrated.
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CHAPTER 3

CONTROLLER DESIGN FOR THE
INTERIOR PERMANENT MAGNET
SYNCHRONOUS MOTOR

In this chapter, two adaptive controllers are designed. The gains of these controllers are
based on a single parameter to reduce the tuning time. The controllers will be applied to
track a reference of direct-axis current and speed. Some tests for the adaptive controllers

are addressed and a comparative study is introduced.

3.1 Control design based on Super-Twisting approach:
Proposal-1

Consider the class of nonlinear system given by

X1 = X2
X2 = f(x) + g(x)u + (1) (3.1)
y=Cx

where y = [x1  X2|? is a state vector, for x € %% u € R is the input, f(x) and g(x)
are nonlinear terms, y € R is the output of the system, 0(¢) is a time-varying external
disturbance and C' = [1 0].

Assumption 3.1. The nonlinear terms f(x) and g(x) are globally Lipschitz with respect
to x [87].

Now, a sliding surface S is defined as follows
S = 191161)( + 62)( (32)
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where €1, = X1 — Xres is a tracking error, e = X1 — Xres and 917 > 0; whose dynamic is
given by
S =1ney, + f(x) +90x)u+0(t) — Xres (3.3)

A control input is chosen as follows

1
U = ——~ —’191162 — f(X) + Xre + Vst 5 (34)
9(x) | : aacl
with
Voo = =KalS|Esign(s) — [ Keasign(S)di (3.5)
4
where K, = QLE and K. = ?c are reparameterized based on a single parameter L., such
that L. is a constant positive parameter large enough. Then, equation (3.4) is a super
twisting control for the system (3.1). However, tuning with constant gains sometimes
causes gain overestimation. Therefore, in the next section, an adaptive control will be

presented to avoid this problem.

3.1.1 Adaptive super-twisting control design

Consider the following control

1 .
u = @ {—?911€2X — F(X) + Xoer + Vst} 5 (3.6)

Vy = — ~01]S\%3z'gn(s) —/ Kesign(S)dr (3.7)
0

which is an Adaptive Super-Twisting Control (ASTWC-1) for the system (3.1) and their

reparameterized gains, in terms of a single parameter, are defined by

Kcl — QLE(t) Rc? . <

(3.8)

where L.(t) is an adaptive parameter that will be introduced later.

Remark 3.1. A demonstration to compute the proposed gains has been introduced in
Appendiz A (See A.2.1).

A stability analysis and the adaptive law design for the parameter L.(t) will be intro-

duced in the sequel.
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3.1. Control design based on Super-Twisting approach: Proposal-1

Consider that the dynamic of the sliding surface (3.3) in closed-loop with the control
(3.6) is given by

. ~ 1 t .
§ = —K.|S|sign(S) — / Reasign(S)dr + 6(t) (3.9)
0
where (3.9) can be expressed as follows

S = —K.|S|Y2sign(S) + v + d(t
" 1S 2sign(S) + v+ 4(t) (3.10)
V= — chiQﬂ(S)

then, sliding variable S and its time derivative S converge to 0 in finite time.

Assumption 3.2. §(t) and its time derivative 0(t) are bounded for unknown positive
constants, i.e., [6(t)] < oar, |0(t)] < Anr; with Sar, Apg > 0, ¥t >0 [88],

Now, introducing the following change of variable: T; = S and Y9 = v+ §(t). System
(3.10) is expressed as

Tl = — ~61|T1|1/23ign(T1) + Tg,
ESTW . A ~ (311)
Ty = —Keasign(Ty) + d(t)

with d(t) = d(t). Consider the following change of coordinates

T, Ty
T T (3.12)
and its first derivative in time as follows
, 221 L (t
21 = —2L.(t)|z1]|2sign(z1) + 22 — Zg(tg)
¢ (3.13)
L _Lg(t)si n(z1) + d(t)  2zL(t)
T T RG T L
After that, a new change of variable is given by
£y = 121|%5i9n(21) £y = Lj(Qt) (3.14)

then the dynamics, in terms of these new variables, are given by
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L) L)
T [—2£1 + £5] £1Lc(z€)
L = hd() Lt (315)
e T T | TP

To make some calculations easier, system (3.15) can be expressed in compact form as

follows ) "
: L.(t
_ -1 T c
£=a.|(A. - P7'CIC,) £+ 2] —NeL 75 (3.16)
with a, = Lc(t)“ nd
2 Z21|2
T
L=t &), Co=[1 0],
0
0 1 10 ) 1 -1
AC: O O] ) Nc: [0 3 ) q)C: 2’21’5 (d(t)) PC: |:_1 2 ] )
Li(t)

where P, is a symmetric positive-definite matrix, solution of the following equation
P+ AP+ PA. - CYC.=0 (3.17)

Assumption 3.3. The terms in ®. are uniformly bounded with respect to u and locally
Lipschitz with respect to £, i.e., ||P.|| < p||£]|, for ¢ > 0.

Theorem 3.1. Consider the system (3.11) and the Assumption 3.1, 3.2 and 3.3 are
fulfilled. Furthermore,

Lo(t) = k2|S|F — 72 L2(1) (3.18)

is an adaptive law-1 for L.(t), with k. > 0 and v. > 0 chosen appropriately, where
k. > 7. > 0. Then, the trajectories of Xsrw converge towards a vicinity of the origin in

finite time.

Proof

Consider a Lyapunov candidate function as follows
Vieew) = Viey + Vieewy (3.19)
with Vig) = £TP.£ and V{1 ¢)) = %Lg(t), for 7, > 0. Then, taking its first derivative in
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3.1. Control design based on Super-Twisting approach: Proposal-1

time and replacing the suitable expressions, it follows that

Le(t) LT [P.N.+ N.P.] £

Vie,zo) =aed’ {AZPC T PCAC} £—2a.£7CT0L ~ L.(t) (3.20)

+ YeLo(t) Lo(t) + 20.£T P®,

From ATP, + P.A, = —P. + CTC,, it follows that above equation can be expressed as

follows

Lelt) LT [P.N.+ N.P.] £

V = —a.£TP.£ — a £TCTC.£ —
(£,Lc(1)) Lo(t) (3.21)

+ YeLo(t)Leo(t) + 20.£T P®,

Now, considering that P.N.+ N.P. = R, and defining R, as a symmetric positive-definite

matrix. Then, £TR.£ > WWi‘) = kcVig), where A\pin(R.) and Apgq(P.) are mini-

mum and maximum singular values of R. and P,, respectively; moreover, considering that

—a . LTCTC.£ < 0; for L.(t) > 0. Then,

. L.(t
V(,E,Lc(t)) < —OéCV(Jg) — Lgti {/{JCV@) — ’ycLz(t)} + 2aC£TPCCI)C (3.22)

Now, from (3.22), the term
[keViey = eL2(0)] = [KEVE + 9 Le(o)] [V — 2 L)

1 1

11 1
and defining fv, 1.1 = [kg Viey +7¢ Lc(t)} > (. It follows that

. Lo(t) [ 2. 1 1
VieLaw) < —acVie) = [V Le) (t) [k}g Viey =7 Lc(t)} + 20, LT P.®, (3.23)
Consider that the following inequalities are satisfied,
] = £4]* < ][ £]]7 (3.24)

and
Ain(P P < Viey < Aaa(Pe) || £]] (3.25)

where A\pin(P:) and Apq.(P.) are the minimum and maximum singular values of P.. Then,
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it follows that the following inequality hold,

1 Vi :
<||£]] £ | —%= 3.26
alt <14 < (Amm@) (3.26)
for z 1 o Now, taking into account the above inequality, equation (3.23)
= = . Now \4 :
can be expressed as
. i :

+ 20, £TP,®,  (3.27)

ke <L|2S<L)> 2 L(D)

Therefore, an adaptive law can be chosen as follows,

Vietean < = acVie) = Jvw o 5

L.(t) = Le(t) (3.28)

LSV

Then, it follows that

2

VieLoy) < — acVie) = f(vie Le)

1 (19] : 3 T
2 AL, 20, £ P, 3.29
" (Lm L] + 200t (3.20)

Assuming that S tends to zero faster than L.(t). Then, (3.29) is given by

Vier.w) < —eViey = fvi Lo e Li (t) + 20 LT PO, (3.30)

Moreover, from Assumption 3.3 and taking into account the norm for the term 2. £7 P.®.,,
it follows that

Viezowy < —acVig) + 200l LIPI| Pell = fiviay, Loy veLe(t) (3.31)

and considering the inequality (3.25), it is obtained the following

- Le(t)
Vien) < T [1 = 0eViey = [y mewnveLe(t) (3.32)
1
20||P.
with o, = )\@H(PH) Moreover, taking into account (3.26), the above equation can be
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3.1. Control design based on Super-Twisting approach: Proposal-1

expressed as follows

Vierow) < —Le(t)Te V — fvie Loy VL2 () (3.33)

1

[1— 0] A2

min

2

with ', = ()

. Now, equation (3.33) will be factored as follows

O ol

. F l
Vieron < —Le(t)V?2 3.34
(o) < —Le(t)V2y, [\/5% £)+f Viey Lelt )\/— o(t) (3.34)

Thus, selecting 7, = {Lc(t)\/ﬁ%z } and ¢, = min [1,

5.3 (V<£),Lc(t))] , it is possible to
e

express the following equation

. 1 ’YCE
Vierewy < —m2 | Vi) + ﬁLc(t) (3.35)
with 72 = m1¢.. Then, from Jensen s inequality [84],
1
[lacl™ + e ™)™ < [ac| + |bel, (3.36)

1 1
defining a. = V(jg), b. = V&C) and m = 2. Thus, the following inequality can be established

1

\/—IL o(t)]

1 1 2 1
Vi |+ Vikwl| < Vel + (3.37)
In this way
1
Vi s < Vi) + Zlato) (3.38)
Therefore, the dynamic of Lyapunov function can be expressed as
) 1
Vieew) < —m2V(Z r.wy)- (3.39)

Then, from the Lyapunov function, V( £,L.(t)) 1s negative definite and ensures conver-
gence in finite-time, for L.(t) sufficiently large, satisfying 1, > 0. Moreover, the com-
parison principle is taken into account to estimate the convergence time. Thus, consid-

ering the equation ¥ = —npv? and its solution defined as v(t) = (v(0)2 — snat)?. Then,
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Vie,L.wy < v(t) when Vigo).r.0) < v(0), such that, £ has a convergence in finite-time in
1

2V 2
an estimated time given by T, = W Therefore, £ tends to zero as well as S tends

to zero in finite-time.

3.1.2 Control design for IPMSM

The design of controllers for the speed and the direct-axis current are presented by

considering the adaptive law-1 given by Theorem 3.1.

Control loop for speed—2

Consider a sliding surface given by
Sa = V€1, + €2 (3.40)

where e;, = 0 — Q" is speed tracking error, es, = Q — QO and 935 > 0. Therefore, the

dynamic of the sliding surface S is given by

SQ = 1912629 + a1b1 —+ agbg + &3[72 — b3 — Q* + VyC1 (341)
Lys—L,)i Lys—L,)i . v Rgiq  LypQhi
Whefealzw’azzw’%:mf7bl=LC;— de+ qu_id 0, —
_Rslq_LdpQZd_@brpQ’ by = Jo [ P(La — Lg)iatg n pPriq  fS2) o o = p(La — Lq)ld+
L, L, L, J J J J JL,
Py . Then, the control input v, is given by
JL,
1 .
Vg = ; {—1912629 — a1b1 — agbg - (1352 + bg + Q + Vst_Q} (342)
1
with .
Vi—q = _KCIQ|SQ|%S7:QTL(SQ) —/0 Ko, sign(Sq)dr (3.43)
. N LA () : : -
where Ko, = 2L2 (1), Koo, = % and according to Theorem 3.1, L, () is an adaptive

parameter given by
. 1 1 1
Lo (t) = k&,|Sal2 — & L2 (1) (3.44)

with k., > v, > 0. Therefore, 3.42 is an ASTWC-1 for the speed of the IPMSM.
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Control loop for current—i,

A sliding surface is given by
t
Sid = 191361}1 -+ / eiddT (345)
0

where e;, = 14 — 1; is a current tracking error and ;3 > 0. Moreover, the dynamic of the

sliding surface S;, is given by

_ VhigRylq n V13p§2L gt . V1304

Siy = I » o D150t + €, (3.46)
Then, the control input v,4 can be chosen as follows

Ly (Vi3Rstqg  U13p2Lgi, .
_d _ V130 — €; i 3.47
Vd 1913 ( Ld Ld + 1384 €iy + Vt d ( )

with .
Vaig = =Ko, | S, sign(S,,) - / Koo, sign(Si,)dr (3.48)

0

N _ L (t
where Ko, = 2Lgid (t) and Ko, = % ) and according to Theorem 3.1, L, (?) is an

adaptive parameter given by

. 1 1 1
L., (t) = k&,|Si,|* =1, L2, (1) (3.49)

Cq

with ke, > 7., > 0. Therefore, 3.47 is an ASTWC-1 for the current—i4 of the IPMSM.

3.1.3 Simulation result

Consider the adaptive law-1 established by Theorem 3.1 and the system (1.36)-(1.37)
in closed-loop with the controllers given by (3.42) and (3.47). Then, simulation result are
introduced in this section in order to show the performance of the system under the action

of adaptive controllers. The parameters of the adaptive control are given in Table 3.1.
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Table 3.1 — Parameters for the ASTWCs-1
Values
LCQ (0) 7912 ’}/CQ ch LCid (0) ?913 ’}/Cid kCid
20 400 | 0.05 | 90 20 200 | 0.1 1

2 =L@ * | T —La(®)
15 25|

10 20!

5 15

% 5 10 5 5 10 15

Time (s) Time (s)

Figure 3.1 - ASTWC-1. Behaviour of adaptive law for the speed and current-i4 controllers

150 T T f T I I I —erf
s -!.ZI'J!H!
® 100 - .
=
g
50
0 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16
1 ' 0'.03- i i —Tracking error
-0.057 ]
0 2 4 8 g 10 12
80 = &
_1 | | | |
0 2 4 6 8 10 12 14 16
Time (s)

Figure 3.2 — ASTWC-1. Speed tracking and speed tracking error
The profile given by the Figure 1.7 and the parameter variation given by Figure 1.8 are

considered in this test. In the first instance, it is possible to see the behavior of the adaptive

gains in Figure 3.1, L;,(t) and Lq(t), respectively. Then, considering this adaptive laws,
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=%
|—1y]

1o S

0 2 4 6 8 10 12 14 16
Time (s)

Figure 3.3 — ASTWC-1. Behaviour of the currents g4,

the speed (see Figure 3.2) has been controlled. The tracking error can show a minimum
error under the action of the load torque and parameters variations. In fact, in Figure
3.1, it is possible to see the reaction of the adaptive parameter in the controller when
the load torque change its value, so that the adaptive gains adjust their values in order
to reject system disturbances. Moreover, in Figure 3.3, the currents 4, are introduced.
The current—i4 tracks a reference current equal to zero and the current—i, takes different
values according to the speed and load torque. A good performance of ASTWCs-1 can be

seen in this simulation test.

In Chapter 4, the ASTWCs-1 of the IPMSM will be interconnected with the AHOSMO-
1 presented in Chapter 2. From this, the sensorless scheme for the IPMSM will be intro-
duced.

3.2 Control design based on Super-Twisting approach:
Proposal-2

In this section, a second adaptive control is designed for the system given by (3.1).

Consider that at [89], an adaptive super- twisting control was proposed with reparam-

eterized gains, taking into account the following structure:
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A sliding surface Sy was defined by
SQ = 192161)< + €2X (350)

where €1, = X1 — Xrey 18 a tracking error, ez, = X1 — Xres and U1 > 0; whose dynamic is
given by
Sy = Varea, + F(X) + g(X)u+ 5(t) = Xrer (3.51)

Then, a control input was chosen as follows

1 . 1 t .

u= Fe) (-1921€2X — f(X) + Xoer — Kc1|Sa|2sign(S2) — /0 Kggszgn(Sg)dT> . (3.52)
&)
where Kg1 = 2Lg(t) and Kgo = 5 have been reparameterized based on a single
parameter Lg(t) > 0. Then, for the above controller, the following adaptive law was
proposed
L
LG G( ) ’52‘

Lot - Lo,
La(t) = 5 \/_
(Lot) = L)+ 5y (19:E + g S gmsian(sar ) (=1

(T) sign(&)dr)
(3.53)

for Lg ., ke > 0. In this section, an adaptive law will be designed by using the same repa-

rameterized gains. However, the proposed adaptive law in this work has been simplified.

ref?

Next, an adaptive law will be designed.

3.2.1 Adaptive super-twisting control design

Based on [89], in this section the design of one adaptive super-twisting control is
introduced in order to simplify the adaptive law given by (3.53). Then, the following

equation
1

9(x)

u = (—1921€2X — f(X) + Xres + Vst) ; (3.54)

Vo = — ~(:3\52|%Sign(Sz) - /0 Keasign(Ss)dr (3.55)
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is an Adaptive Super-Twisting Control (ASTWC-2) for the system (3.1) and the repa-
rameterized gains, in terms of a single parameter, are given by
% o ng (t)

Ko=2Le(t)  Ku=-2%- (3.56)

where L., (t) > 0 is an adaptive parameter.

Remark 3.2. A demonstration to calculate the proposed gains has been introduced in
the Appendiz A (See A.2.2).

An stability analysis and an adaptive law for the parameter L., (t) will be presented
in the sequel. Consider that the dynamic of the sliding surface (3.51) in closed-loop with
the control (3.54) is given by

. ~ t
S = Rl Soltsign($) — [ Keasign(S)dr + () (3.57)
where the super-twisting (STW) control (3.57) can be expressed as follows

Sy = — K 3|53 sign(Sy) + vy + 5(t
2 ’ 3\ 2| 529”( 2) ) () (3.58)
Vo = — Keysign(Ss)

Assumption 3.4. The disturbance 6(t) and its time derivative (t) are bounded for un-

known, positive constants 0y, Ay, respectively, i.e., |6(t)] < Ou, |0(2)] < Ap; VE >0

/88].

Now, introducing the following change of variable z;, = Sy and 25, = v5 + §(t). Then,

system (3.58) is rewritten as

212 = _2L62 (t)’212‘%3ign<212> + 22,
STwy t L2 (1) . (3.59)
Zo, = —QTszgn(zb) +d(t)

with d(t) = 6(t). Consider the following change of variable

£ = ’212‘%8ign<212> A2
1o — 20 — 2
Le, (1) LZ,(t)

(3.60)

then the dynamics, in terms of these new variables, are given by
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Le,(t L., (t
12 — 2<>;[_2£12+£22]_£12 2<)
2|’212|2 L52<t)
1 (3.61)
by = Le® | AmldB| ), La(®)
R EAE AV “ L, (t)
To make some calculations easier, system (3.61) can be expressed in compact form as
follows ) n
. _ L, (t
Loy = 0, [(Ac— P7ICTCL) Loy + ®ey) — Dy Lo L © (3.62)
L,(t T T
with o, = | (‘2 and Lo, = (L1, L,] ,Ce=[1 0]
2112 2
01 1 -1 10 0
e [0 of T [—1 2 ] P [0 2] Per = 2zl gy 5
L2, (1)

Furthermore, P, is a symmetric positive-definite matrix, solution of the following algebraic
Lyapunov equation
P.+A'P, +PA —-CTC,=0 (3.64)

Assumption 3.5. The terms in the vector ®., are uniformly bounded with respect to u

and locally Lipschitz with respect to £.,, i.e., ||Pe,|| < @o||£e,]], for g2 > 0.

Theorem 3.2. Consider the system (3.59) and the Assumption 3.1, 3.4 and 3.5 are
fulfilled. Furthermore,
Loy () = K&|Sa]? =24 L2, (1) (3.65)

is an adaptive law-2 for L.,(t), with k., > 0 and 7., > 0 chosen appropriately, where
key > e, > 0. Then, the trajectories of Xsrw, converge towards a vicinity of the origin

in finite time.

Proof

A Lyapunov candidate function is introduced as follows

Vitey Ley 1) = Vigy) T VLo, ) (3.66)

with Vig,) = £LP.£e, and Vi, 1)) = %ng(t% for 4., > 0. Then, taking first time

derivative of (3.66) and replacing the suitable expressions, it follows that
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Vitey oy ) =0 £, [ALP. + PLAL,| L0, — 200, £7,CTC. £,
L 2 () or : . (3.67)
L (t) LeyPeDey £y + Yoy Liey () Ley (8) + 2000, £, Pe®e,

From ATP, + P.A. = —P. + CTC,, it follows that equation (3.67) can be rewritten as

follows

Ley(t)

: _ T T ~T T
V(£c2,Lc2(t)) = — Oy, JCCQPCOECQ — O, £CQCC C £C2 — 2LC2 (t) £C2PCDCQ £02 (3.68)
+ Yeo LC2 (t)LC2 (t) + 2a, £Z;ch)02
Now, consider that the following inequalities are satisfied
Pl g <1 (3.69)
Lz, (1) T
and
Amin(P) £l € Viesy) < Mnaa(Pe)l| £es | (3.70)

where \pin(P.) and Apq.(P.) are the minimum and maximum singular values of P.. More-

over,

Mmin(PeDey)[| £ < £, PeDey £y < Amaa(PeDey )l £6,]1” (3.71)

where A\pin(PeD.,) and Aoz (P.D.,) are the minimum and maximum singular values of
P.D.,. Then,

' Le,(t)
T T ~T 27¢
‘/(£c27L02 (1)) S — Qy £02PC£C2 = Qe ’6626’C C "E o )\mm(PCDCQ)HJTCQH ch (t) (372)

+ %QLCQ (t) Ley (1) + 20, £Z;ch>cz

such that,

V(£C2,L32(t)) < —ae,Vie,,) —a, £TCTC. L.,

2 T
e LC2 (t) [kCQ ||£02 || — Yeo L (t)} +2a,, £CQ P,

(3.73)
where k., = 2\in(P.D,,) > 0. Now, from (3.73), the term
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[Feall £aall? = 1 L2,(8)] = (K&l £l |+ 78 Lea(®)] K11 £l = 78 Len(t)

Moreover, since f(z,, L., () {k@HfQH + 7§2LCQ( )} > 0. Then, equation (3.73) can

be expressed as follows

"/(£627L52(t)) < — O,/CQ‘/(f 2 OéCQ£T OTC £02 + 2&62£Z;P0q>02

Le, (1)

1 (3.74)
— fttey Loy @) L) {’féHf@H %QLCQ( )]

Now, considering the inequalities (3.69) and (3.70), it follows that the following inequalities
hold

1
View \?
£l < £l < () (5.7
salt _ ISaf%

Ley(t)  Ley(t)
equation (3.74) can be expressed as

for |£1,]| = Therefore, taking into account the inequality given by (3.75),

‘./v(£02,LC2 () S — Ol ‘/(.,5 — Ol £T OTC £cz + 20[52 £Z; ch)cg

co ¢
Lo,®) | 1 (152 1 (3.76)
— ! ké, — &L, (t
f(,eCQ,LCQ(t))LCQ o) (LCQ 0 Ve Ly (t)
Then, choosing an adaptive law as follows
1
o = ke (222 i ol o (3.77)
c2 - C2 Lc2 ( t) Yealicy C2 :
the following expression is obtained
Vit Loy@®) < — 0 Vie,) — ey £5,CT Cokey + 20, £, Po®,
2 (3.78)

= f(£ey Loy ()

b (1% ) s
m%%@ kel

Assuming that Sy tends to zero faster than L, (t) and —a., £LCTC.£,, < 0; for Le,(t) >
0. Then, (3.78) is given by

‘./(i’cgchg(t)) S _aCQ‘/(£02) - f(£021L02 (t))702ng (t) + 20{62 OEZ;PC@CZ (379>
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Moreover, taking into account the norm for the term 2, £2 P.®., and Assumption 3.5,
it follows that

"/(56021[/02 (t)) S _OéCQ‘/(f:CQ) + 2a02p2||£02||2|‘Pc|| - f(£02,L02(t))782L32 (t) (380)

Now, consider the inequality (3.70), then,

y < Lc2 (t)

Viey Loy () < L (1= 00)Vieey) = ey ey ) Ver L2 (1) (3.81)
12
209! P.
with o., = M The above equation can be written as
P Aman(Pe)

‘ Le, ()
Vitey Ley(t) < — " éL " (1= 0e,]Viee,) = [ty Loy ) Ver Lty () (3.82)

2 c2

Ley (D)

Therefore, from (3.75), the above equation can be expressed as follows
. 1

Vit Loy < ~TeVii, ) = fen o) Ve ls, ) (3.83)

1
[1 = 0, [ Amin (Fe)
2

with ., = . Now, equation (3.83) will be factorized

1
L. : "8
Ve, <£CQ7LCQ<t>>ﬁch(t)

(3.84)
Le,(t)V272

1 r
Thus, selecting m;, = {LCQ (t)ﬂ%é} and ., = min ( 2 f £027LC2(t))), it is

L, (1) \/§ng
possible to express the following equation

1

. 1 Ve
‘/(£627L62(t)) S _T]22 ‘/(%CQ) + TZLCQ(t) (385)
with M2y = MN3Peo-
On the other side, Jensen s inequality [84] is given by
1
[lac,[™ + 1bey|"]™ < facy | + |be,| (3.86)
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1

1 1
defining a., = V(}CQ), be, = V&Q ) and m = 2. Thus, the following inequality can be
established

1

%2

1 1 2 1
V) + Vi, < IVEl+ 2 Le®)] (3.87)
\/_
and

1

'Yc
V(,cc L) S |V A+ =1L ()] (3.88)

2 2 \/—

Finally, the dynamic of Lyapunov function can be expressed as follows

1

V(f%vch(t)) < M2 Vike, Lo, ) (3.89)

Then, from the Lyapunov function, V( £e,.Le, (1)) 18 negative definite and ensures conver-
gence in finite-time, for L., (t) sufficiently large, satisfying n,, > 0. Moreover, the compar-
ison principle is taken into account to estimate the convergence time. Thus, considering
the equation © = —mp,v% and its solution defined as v(t) = (v(0)2 — +12,t)%. Then,

Vi£ay Leyy) < V(t) when Vig, (0).L.,0) < v(0), such that, £, has a convergence in finite-
1

2V &y (0).Ley (0))
712,

time in an estimated time given by 75, = . Therefore, £ tends to zero as

well as Sy tends to zero in finite-time.

3.2.2 Control design for IPMSM

In this section, the design of controllers for the speed and the direct-axis current are

presented by considering the adaptive law-2 given by Theorem 3.2.

Control loop for (2

Consider a sliding surface given by
Sq, = Ve, + e (3.90)

where e;, = Q — Q" is speed tracking error, ey, = 0 — O* and 99 > 0. Therefore, the

dynamic of the sliding surface Sg, is given by

Sa, = Uaz€2, + arby + asby + asby — by — Q" + vye1 (3.91)
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p(Ld — Lq)iq p(Ld - Lq)id P% Vd Rsid Lquiq
h = — = — = — - — —
where aq J , a2 J , as J y V1 Ld Ld Ld )
Rsi Ldind ¢rpQ fv p(Ld — L )ZdZ pwrl va Tl
b - _ a _ b _ Jv q q a ot d —
S L, 27 7 e T )l
p(La — Lg)iq L P
JL, JLq'
Then, the control input v, is given by
1
Vg = c ( 1922629 — a161 — a2b2 — a3b2 + b3 + Q + Vst QQ) (392)
1
with .
Voo, = — K, |Sa,|Esign(Sa,) — /O R sign(Sa, dr (3.93)

~ VN0
where Ke, = 2L, (1), Ko, = “22 and according to Theorem 3.2, L, (¢) is an

adaptive parameter given by

Lo, (1) = K&y, |Sal? — 72, L2 () (3.94)

CQoy

with keo > 7Yeq, > 0. Therefore, 3.92 is an ASTWC-2 for the speed of the IPMSM.

Control loop for 4

Now, a sliding surface is introduced

t
Sidz = 192361}1 —|—/ €idd7' (395)
0

where e;, = 14 — 1; is a current tracking error and 3 > 0. Moreover, the dynamic of the
sliding surface S;, is given by
Vo Rstg  Vo3pQ2Lgiy — Vasvyg

Sid2 = — Ld + Ld -+ Ld — ﬁggiz + €id (396)

Then, the control input v,; can be chosen as follows

<1923R ’ld 1923pQLq?:q
Vg =
a3

L L + 1923712 — €, + Vst—id2> (397)

with
Vst—idQ = _Kc&d

i, lzszgn /KC4 sign(Si,, )dt (3.98)
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i _ L% (1)
where K, = 2L, (1), Ko, = d22 and according to Theorem 3.2, L, (t) is an
2 2
adaptive parameter given by
. 1 1 1 9
LcidQ (t) = k‘édz |Sid2 | 2 — '762% Lcid2 (t) (399)

with kcid > Ve, > 0. Therefore, 3.97 is an ASTWC-2 for the current—i4 of the IPMSM.

3.2.3 Simulation results

Consider the adaptive law established by Theorem 3.2 and the system (1.36)-(1.37) in
closed-loop with the controllers given by (3.92) and (3.97). Then, similarly to the previous
adaptive law introduced in section 3.1.1, simulation result are illustrated in this section in
order to show the performance of the system in closed-loop under the action of adaptive
controllers. The parameters of the adaptive controllers (ASTWCs-2) are given in Table
3.2.

Table 3.2 — Parameters for ASTWCs-2
Values
Leq,(0) | D22 | Yea, | Keq, | Lei, (0) | D23 | ver, | Fcr,,
100 400 | 0.001 | 300 500 200 | 0.06 | 100

500 | 350 ey \
400 300
300 250 -
100; 150 |
” 100!
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time (s) Time (s)

Figure 3.4 — ASTWC-2. Behaviour of adaptive law for the speed and current-ig controllers
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i—Qm. f
- [~ =~ reat
» 100} kv
g,
&
50 |
0 ‘/ : - - =S
0 2 4 6 8 10 12 14 16
| B | —Tracking error
1 0 Y I
02
E l 5 10 15
T 0 i
o v
At |
0 2 4 6 8 10 12 14 16

Time (s)

Figure 3.5 — ASTWC-2. Speed tracking and speed tracking error

In Figure 3.4, the adaptive gains for the controllers (3.92) and (3.97) are shown,
respectively. Moreover, considering the adaptive gain for the speed controller, in Figure
3.5 is illustrated the speed tracking and its tracking error. Then, according to the adaptive
parameter Lgq,(t), the tracking error is minimized when there are changes in the load
torque, such that, it possible to see the value increase in adaptive gain in order to reduce
the error. On the other hand, the currents—i4, are introduced in Figure 3.6. The behaviour
of the adaptive parameter L;, (t) for the current—iy control can be seen in Figure 3.4,
obtaining a good performance for a current—iy reference equal to zero. Therefore, we can
say that the controllers based on adaptive gains have had a satisfactory result in the
presence of disturbances and parametric uncertainties. In addition, an evaluation for the
proposed adaptive laws is given. The adaptive parameters L., (), Lcid(t), whose solution
is given by Theorem 3.1, are evaluated at a specific time (5s). Similarly, the adaptive
parameters Le, (1), L%2 (t), whose solution is given by Theorem 3.2, are evaluated at a
specific time (5s), as can be seen in Table 3.3. The final value in each gain can show that
the adaptive parameter (L.q,) is more conservative for the speed controller. However,
for the current controller, both strategies have achieved to adjust the gains with similar
values. Therefore, it is possible to say that the adaptive law given by Theorem 3.1 provides

more energy in the presence of disturbances (Load torque).

In Chapter 4, the ASTWCs-2 of the IPMSM will be interconnected with the AHOSMO-
2 presented in Chapter 2. From this, the sensorless scheme for the IPMSM will be intro-
duced.
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6

Ampere

21

s L-—\J——lJ//—/LFL“RM

d {

oF

8 10
Time (s)

12

14 16

Figure 3.6 — ASTWC-2. Behaviour of the currents—igq,

Table 3.3 — Value for the gains of both adaptive controllers at 5 seconds

ASTWCs-1
L) | Kw | Kew | Lo(0) | By | Koo
24.9 1248 | 1.9 €° 2.07 8.57 | 9.19
ASTWCs-2
Lo ) | Ko | Kow | Loy, ) | Kan, | Kor,
285.4 | 570.7 | 4.07¢e* 4.3 8.61 | 9.27

3.3 Comparative study

In this section, two comparative studies are addressed. First, considering constant

gains, the proposed controllers based on reparameterized gains are compared with two

similar strategies of the literature. After that, the proposed adaptive controllers are com-

pared with three adaptive strategies of the literature. The performance of each strategy

will be shown by considering simulation tests.

3.3.1 Comparative study with constant gains

In this work have been proposed two strategies with parameterized gains in order to
tune the gains in an easier way, i.e., the gains are based on a single parameter. Then, a

comparative study will be carried out by considering only constant gains, i.e., the proposed
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adaptive laws are not considered. Therefore, considering that (x = €2,44), the gains for the
4
proposal 1 are given by K., = 212 K., = 70* where L., is positive constant. Similarly,
2
the gains for the proposal 2 are given by K3, = 2Ly, Kegs = % where L., is positive

constant. Then, considering the proposed strategies in this work, two similar strategies

have been taken from the literature to compare the performance of each of them.

Levant [90] Super-twisting strategy was proposed in [39]. However, in [39], the super-
twisting control has two gains, which results complex to tune, causing overestimation of

gains. For this reason, in [90] was proposed an alternative to tune the gains as follows

op = —ky, |s|"?sign(s) + v
L 1L| ’ g ( ) L (3100)
v, = —ky, sign(s)

1/2
L

where s is the sliding surface, ki, = 1.5L;'" and ko, = 1.1L;, where Ly, is the parameter

to be tuned.

Moreno [85] A second alternative to tune the gains of the super twisting was proposed

in [85]. In this strategy the super twisting is given by

oy = —ki . |s|"2sign(s) + v
M 1 |87 7 sign(s) + v (3.101)
Uy = _kQMSign(S)
and its gains are defined by
2vm (B +1)
| — S e — ky, = ———21L
1m Har (1 — BM)QM 2Mm (1 _ BM) M

where iy, anr, By and vy are positive constants, such that 0 < By < 1 and vy > 1,

satisfying the following inequality

2 1
par — s > o4 — Bur(1+ par)or + Z(1 + par)? (3.102)
M

Now, the comparative study will be introduced by considering the best values of each

strategy in order to make a fair comparison.

In this way, the parameter value L., in the proposal-1 is given by L., = 16 and the

parameter value L., in the proposal-2 is given by L., = 254.

Now, considering the strategy (3.100) and applying the strategy in the speed and
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current controller, a value of L; = 30000 is chosen.
On the other hand, in (3.101), the chosen values are the following: iy = 3.5, ap = 2.8,

By = 0.8, var = 12 and Ly, = 600. Similar values are applied in the speed and current
controller.
150 202 ' ' =9,
204 = T Qreqr-Levant
P 100 o ‘\ - = =€ cat- L a-constant
E \L Qeut-Lay-constant
S0 4 42 \\ B
0 il | | | | \ """""" e ——— rma
0 6 8 10 12 14 16
06 015+ ' —Tracking error (Levant)
0.1 \ 1 |—Tracking error (L..-constant)
% 041 D'DE' i ' Tracking error (L.,-constant)
® 02} 0051 -
- i 41 42 4.3
0 [ v H"
-0.2E | | | | | —
0 2 8 10 12 14 16
Time (s)

Figure 3.7 — Speed tracking. Comparative study among Levant strategy and proposed

strategies

150

201

100 Poos

rad/s

20

415

0.6
0.4
02F

rad/s

-0.2E

' ! — Qs
A | TN |- -Qea-Moreno
s "\ - - =Qen- Lew-constant
20 MBS N Q- L ,-constant
BN e L N 1
44 4.45 45 N o
| | | e
8 10 12 14 16
| —Tracking error (Moreno)
] —Tracking error (L.,-constant)
! ~~Tracking error (L., -constant)
82 1
: e J
1
| | | | =
8 10 12 14 16
Time (s)

Figure 3.8 — Speed tracking. Comparative study among Moreno strategy and proposed

strategies

Then, taking into account the information for each strategy, a comparison for the speed
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tracking is illustrated. In Figure 3.7, the proposed strategies are compared with (3.100)

and in Figure 3.8, the proposed strategies are compared with (3.101). Then, it is possible

show that the adjust of gains of (3.100) is not enough to attenuate the disturbance, it can

be seen at 4 s (see Figure 3.7). In Figure 3.8 is possible to illustrate a similar behaviour

among the strategies. On the other side, the currents iq, are illustrated in Figure 3.9

8 i 51 > ' " |—i,-Levant
5.06 /—" —i4-Lew-constant
% 6 so2f j L 14~ Lev,-constant
&1 {—‘—‘ 205 21 215 22 225 T
E H E P i \'-
<4 !---—‘\ H ! ot |
j
2 | | | | | | |
0 2 4 6 8 10 12 14 16
[ | T T T |
o 0
@
200 0.0122 .
5 0.012 —ig4-Levant
< 0.4 —1ig4-Lo.-constant
06 il 1304 1306 1308 134 | 1312 1304 | id-Lvy-constant
0 2 4 6 8 10 12 14 16
Time (s)

Figure 3.9 — Currents—iq,. Comparative study among Levant
strategies

strategy and proposed

16

8 I - = F ' |—i,-Moreno
5_193; [ — —i4-Lyy-constant
g 61 5.102 [ , i iy~ Lev,-constant
S — 21 215 22 226 23 | g 2
<€ 4 — | = g A iy =]
| |
2 | 1 B | | | | |
0 2 4 6 8 10 12 14
| I I T I
o 05' e ; S o
] it [ 7
o .09k 0013 |
£ D2 il —1i4-Moreno
< -0.4 02| | —1,4-Loy-constant
2 214 22 23 24 25 td-Lev,-constant
0.6 | 1 1 | | 1 =
0 2 4 6 8 10 12 14
Time (s)

Figure 3.10 — Currents—i4,. Comparative study among Moreno

strategies
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and Figure 3.10. According to comparison, strategy (3.100) presents more chattering in
the current—ig, while the strategy (3.101) has a similar behaviour with the proposed
strategies.

Similarly, in Figure 3.11 and Figure 3.12, the voltages—dgq are introduced. A behaviour
with more chattering in the signal can be seen for the strategy (3.100)(See Figure 3.11).
On the other side, considering the strategy (3.101), in Figure 3.12 can be seen a similar

performance of the voltages with proposed strategies. In addition, a performance index

150 T T
r I g [ = v,~Levant
238 Nfea el ; ,»/ 05 — )y~ Ly.~-constant
o 100 [ ! 7 \ Vg~ Lev,-constant
I /
(2372 Vi \ -
50 205 21 215 22 = 4 N
/s \\
- RS L D
D L | | | | ——
0 2 4 6 8 10 12 14 16
1 0 T T I .06 i T T T T T
Ll e P = A ] e———
% r e 112 | i .- s
4 . 4 42 44 46 48" |—uvg-Levant
10+ g 1 L —w4-L.-constant
‘ . | . L f | v4-L,.,-constant
0 2 4 6 8 10 12 14 16

Figure 3.11 — Voltages—v4,. Comparative study among Levant strategy and proposed
strategies

(Integral Absolute Value-IAE) is considered. In Figure 3.13 is possible to show that the
strategy (3.101) and the proposed strategies have a similar performance, except (3.100).
Finally, we can conclude that in (3.100), the value for L; need to be very large, which
turns out to be somewhat complex to find a more precise value. Moreover, the main
disadvantage in (3.101) is that it is necessary to find and adjust different parameters
for satisfying the inequality and after that, gain adjustment can be done. However, the
proposed strategies in this work only need to adjust one parameter satisfying the tracking
with a good performance, which has allowed to design the proposed adaptive laws for the
controller in the sections 3.1.1 and 3.2.1.

It is worth mentioning that the choice of constant gains could generate an overesti-
mation of the gains and cause chattering in the signals. A simulation test is shown in

Figure 3.14, where the proposed strategy given in the section 3.1.1 (Proposal 1) has been
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150 T T T T
1w — ] \ —v,-Moreno
L 418 B T \ —Uy-Ley-constant
o 100 PR, \\ vy-Ley,-constant
e \
50 N\ |
Y
\,
0 L | I \‘_-_T_-__- o T—
0 2 4 6 8 10 12 14 16
= ' -1.08 ] '
-1.085
L -1.09 _soEie ey
2 R e 1o ff S ik
g TN\405 41 415 42 425 —u4-Moreno
-10F N '| —v,-Ly-constant
| | — / i Vg-Ley,-constant
0 2 4 6 8 10 12 14 16
Time (s)

Figure 3.12 — Voltages—v4,. Comparative study among Moreno
strategies

IAE IAE
0.04 0.09
0.0784
0.035 0034 0.08
0.03 0.07
0.02 0.06
.025
n n 0.0437 0.0443
(] W Levant @ 0.05 0.0435 W Levant
E 0.02 0.0155 0.0149 ™ Moreno _3 : ® Moreno
g 0.0147 ® Proposal 1 g 0.04 W Proposal 1
0.015 ‘ Proposal 2 Proposal 2
0.03
0.01 0.02
0.005 0.01
0 . 0 . .
Speed tracking error Current-id tracking error

strategy and proposed

Figure 3.13 — Performance index: Comparative study using constant gains

considered using constant gains. The parameter value L., can be

seen with different val-

ues, 10 at the beginning, 40 at 4.5 seconds and 70 at 10 seconds, respectively. At the

beginning, the gain is small and the tracking is achieved with less

precision, after that, at

4.5 seconds, the gains is increased achieving a correct estimation. However, at 10 seconds,

it is possible to illustrate the chattering effect for a value of L., = 70. Similarly, this can
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be illustrate for the voltages and currents.

6
100 ¢
g — S 50
Ez- _',i; 2
0f 0f
0 2 4 6 8 10 12 14 16 0 6 8 10 12 14 16
_"QJ'(—_!‘ 80'
o0 100 "'Qrml 60
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401
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1 o0t
:‘3 0 p0 2 4 B 8 10 12 14 18
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0 2 B 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time (s) Time (s)

Figure 3.14 — Proposal 1. Performance using different constant gain values

For this reason, the design of adaptive laws is necessary to avoid this issue. In Figure

3.15, the action of the adaptive parameters, L., and L, are shown such that the gains

are adjusted according to the need of the controller to achieve the minimum error, avoiding

overestimation of gains and chattering in the signals.

6
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54m_l_
£
412
0
0 2 4 6 8 10 12 14 1
— ey
w 100 ¢ _"Q?'f_'u.l'
¥
— 50r
0 0.0[1] | P
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= 0 2 4 & 8 10 12 14 18
t=) ——
g |—Tracking error

0 2 4 6 8 10 12 14 16

Time (s)

8 10 12 14 16

0 2 4 6
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S
0 i 1
0 2 4 6 8 10 12 14 16
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Figure 3.15 — Proposal 1 (ASTWC-1). Performance using adaptive gains

104



3.8. Comparative study

3.3.2 Comparative study with adaptive strategies

The adaptive laws introduced in Theorem 3.1 and Theorem 3.2 are compared with

three proposed strategies in the literature.
The term Vg _, for x = Q, 1, will be defined for each controller.

Firstly, an Adaptive Sliding mode Control (ASMC) has been introduced in [91], with
the control input Vs, given by

Vv = =K. (t)sign(S,) (3.103)
where K, (t) is an adaptive law defined by

. K, |S.|sign(|S.| — €. f K, > u,
K1) |Si|sign(|Ss| —e.)  if v (3.104)

[ if K. <
where K,(0) > 0, K, >0, 1, > 0 and €, = 2K,(t)T, with 7, is the sampling time.
Secondly, an Adaptive Super twisting (ASTW) was introduced in [92], where the

control input Vs, is given by

Vit—s = —oz*(t)|S*|%sign(S*) — /Ot 6*2@) sign(S,)dr (3.105)

with a.(t) and S, (t) defined by

w /5 sign(]S.| — i) if a.>0
0 if a,=0

an(t) = (3.106)

Ba(t) = 2€,0u

where @, 7., s and €, are positive constants.

The third adaptive law was introduced in [89] and a simplified adaptive super twisting

(SAST) was proposed, with the control input Vy_, given by
1 t
Vaos = —Ker.|S.|Esign(S,) — / Kenvsign(S.)dt (3.107)
0

La.(t)?

where Kgix = 2Lg«(t) and Kgo. = and Lg.(t) > 0 is an adaptive parameter,
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solution of

ke 1
EILeu(t) = Lyes| + 2515,

\/_

LG*(t):
(£6s(t) = Lue) + 22 (51} + £y | L (Pysign(S.)dr) (= f 25 signi(s.)dr

(3.108)
for Lref > 0 and kg, > 0.
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Figure 3.16 — Control performance using ASMC strategy
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Figure 3.17 — Control performance using ASTW strategy
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Figure 3.18 — Control performance using SAST strategy
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Figure 3.19 — Control performance using proposed ASTWC-1 strategy

The ASMC, ASTW and SAST are compared with the proposal 1 (ASTWC-1) given
by Theorem 3.1 and the proposal 2 (ASTWC-2) given by Theorem 3.2 under the same

conditions in order to evaluate the performance of each adaptive control in terms of

tracking error and tuning process (number of parameters).
Simulation test has been carried out in Matlab-Simulink environment, using a sampling
time of 1 x 1072 with a fixed-step ode4 solver. The profile for the speed and the disturbance

(Load Torque) are given by Figure 1.7 and the parameters used in the adaptive strategies
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Figure 3.20 — Control performance using proposed ASTWC-2 strategy

have been chosen in order to get the best results.

ASMC: K;, =20, p;, = 0.5, Kq =20, ug = 0.5 T, =1 x 1075

ASTW: w;, =5, vi, =2, i, = 0.1, &, =2, wq =5, 70 =2, po = 0.1, eq = 2.

SAST: kg, = 15, kgo = 10, L.y = 0.1.

ASTWC-1: ke, =1, 7, = 0.1, ey = 90, 7, = 0.05.

ASTWC-2: kcidQ = 100, Veiy, = 0.06, keq, = 200, ¢, = 0.001.

In Figure 3.16, the Adaptive Sliding Mode Controller (ASMC) is addressed. An increase
in the chattering can be seen in the voltages. It has been improved in the Adaptive
Super Twisting (ASTW)(See Figure 3.17). However, to get good results, it is necessary
to adjust different parameters in the adaptive law. Then, in order to reduce the number
of parameters for tuning the adaptive controller, a Simplified Adaptive Super Twisting
(SAST) is illustrated in Figure 3.18 achieving good results in the tracking errors. However,
the structure of the adaptive law is complex. Therefore, considering a reparameterization
of gains, similarly to SAST, in this work an effort has been made to simplify adaptive
law, achieving better results, as shown in Figure 3.19 and Figure 3.20, ASTWC-1 and
ASTWC-2, respectively. The tracking errors has been greatly decreased as well as the
time of convergence. Moreover, the adaptive laws only need two parameters to be adjusted,

similarly as the SAST. Nevertheless, the structure is less complex.

In order to compare the strategies, a performance index, Integral Absolute Error (IAE),

is considered. From Figure 3.21, it can be concluded that the two proposed strategies
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Figure 3.21 — Performance index: Comparative study using adaptive gains

(ASTWC-1, ASTWC-2) can guarantee a high level of accuracy in the tracking error.
Moreover, from the Figures. 3.16-3.20, a reduced level of chattering can be illustrated in

all strategies, except for ASMC.

3.4 Conclusion

In this chapter, two adaptive controllers based on super-twisting approach have been
introduced. The gains of the controllers have been reparameterized in terms of a single
parameter to reduce the tuning time. From reparameterized gains, an adaptive law was
designed for each controller in order to avoid overestimation of gains and the classical
chattering. Simulation tests have been carried out in closed-loop. Some tests were per-
formed to justify the use of adaptive laws. Moreover, considering constant and adaptive
gains, a comparative study was carried out taking into account some important results
from the literature, to show the performance of each of them with respect to the proposed
strategies, so that the proposed strategies can show an easier adjustment with good per-

formance, effectiveness and a less complex structure.
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CHAPTER 4

SENSORLESS CONTROL OF THE
INTERIOR PERMANENT MAGNET
SYNCHRONOUS MOTOR

In this Chapter, two sensorless control scheme for the IPMSM are introduced, i.e., the
proposed observers are interconnected with the proposed controllers in closed-loop. First,
the stability analysis for the first scheme is addressed, interconnecting in closed-loop the
adaptive observer given in the section 2.2.1 (AHOSMO-1) with the adaptive control given
in the section 3.1.1(ASTWC-1). Simulation and experimental results are introduced for
this strategy. After that, the adaptive observer given in the section 2.3.1 (AHOSMO-
2) is interconnected in closed-loop with the adaptive control given in the section 3.2.1
(ASTWC-2). An stability analysis is introduced and simulation and experimental results

are illustrated for this strategy.

4.1 Closed-loop analysis: Scheme 1

Consider the proposed control in section 3.1.1 (ASTWC-1) using the estimates pro-
vided by the proposed observer in section 2.2.1 (AHOSMO-1). Then, the stability analysis

of the system in closed-loop with the control-observer scheme is established as follows

Theorem 4.1. Consider the dynamical model of the IPMSM (1.36)-(1.37) in closed-loop
with the controllers (3.42) and (3.47) using the estimates provided by the observer (2.53).

Then, tracking errors ex, and ey, ; and estimation error eg, converge to zero in finite time.

Proof: Since the control input v,(%) depends on estimates Q, 74 and fq; and taking
into account the sliding surface given by (3.41), then the dynamic of the sliding surface
is given by

Sq = thaea, + a1by + asbs + asby — bg — O + c104(Z). (4.1)
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Now, adding and subtracting the term c¢,v,(x) in the sliding surface, it follows that
S’Q = ’1912629 + a1b1 + ang + agbg - bg - Q* + Cﬂ)q(l’> +c1 [Uq(li') — Uq(.T)] (42)

Notice that the term ¢;[v,(Z) — v ()] is Lipschitz, i. e., there exists a positive constant
p11 such that ||c1[vy(2) — vy(2)]|| < p1||Z — z||. Then, applying the control input v,(z)
in (4.2), the dynamic of the sliding surface is given by

1, thl t
Sq = —2Lgﬂ(t)|SQ|§szgn(SQ) —/0 (1)

sign(Sa)dr + c1[vy (%) — vy(x)] + 0a(t)  (4.3)

The dynamic of S can be expressed as follows

Sq = —ZLEQ(t)|SQ|1/28ign(SQ) +vg + da(t) + c1[vg(2) — vy()]
A (t) (4.4)

vo = —762 sign(Sa)
Now, defining the following change of coordinates Yy, = Sq and Yo, = vq + do(t). It

follows that

Tlsz = _2L§Q (t)|T1gz|1/25ign(T1gz) + TQQ +c [UQ(j) - UQ(xﬂ

A 4.5
Ty, = —ch(t)sign('flg) + dqf(t) Y

with dg(t) = do(t). To analyze the stability of the system (4.5), consider the following

change of coordinates as follows

Tq, T,
21 = Zog = : (4.6)
vOLE, () vOLE, ()
whose dynamics are given by
. 1. c1|vg () — v, (x 2z LC t
flg = _QLCQ(t)|Zln|2SZgn(Zln) + 22, + 1[ q(Lg (t)q< )} a EZ (7?)( )
L2 (t) do(t)  2z,L (t;Q : (4.7
. _ __Tco . Q . ZQQ cQ
fog = T sign(z1,) + 7X0) 0

After that, in order to represent system in a simple form, a new change of variable is
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introduced as follows

I 22
L1, = |z |5szgn(zl ) Lo, = — (4.8)
Q Q Q Q LcQ(t)

then, the dynamical behavior, in the new coordinates, is given by

' L, (1) c1[vg(2) — vg(2)] Ley (1)
L1, = ——F [—2»51 + Lo, + 4 4 — 4
? 2‘219‘5 ? ’ ng (t) . LCSZ (t) (4 9)
' Lo (¢) 2| 21,|2dol(t) Leg (1) '
£y, = —2 — Ly, 2 3L o
SRETEN N B PN () Lo ()
which can be represented in a compact form as follows
y -1 T Lcn(t)
co
. L. (t T
with ag = Lol ) Lo= Ly, £y,] . Ca=]|1 0],
2|Zln|2
c1[vg(2) — vg()]
01 1 -1 10 L3 (t)
Aq = , Po= , Ng= , $g= e ,
““ oo R ] ¢ [0 3] ¢ 2|Z19’2

cQ

where, from Assumption 3.3, the nonlinear term ®q satisfies the following inequality,
[[®al] < cuil|£al| for ¢11 > 0.
Following the same steps of the previous analysis, consider the control input vy, expressed

in terms of the estimates as follows

~ 191333251 ﬁlSPQLq%q L
val®) 1913( L, Ly st i (411
N7N0 )
—2Li (t)]S; |2szgn( )—/ 75 sign(S;,)dr
0

Then, from sliding surface (3.46) and the control input (4.11) depending on the estimated

states, the dynamic of the sliding surface is given by
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_1913R52-d 4 ﬁlgpQLqZ'q i %

S’id = Ld Ld Ld Ud({i‘) — 191352 + Gid (412)
)
Adding and subtracting the term fvd(ac) in (4.12), it follows that
d
) Y13 Rt V13pL 0 9 . 9 N
Si, = — 1378t + 13P°22q% + —mvd(x) — V3l + €, + ﬁ[vd(x) — vg(z)] (4.13)
Lq Lq Lq L4

9
where the term f[vd(fc) —vg(x)] is Lipschitz, i.e., there exist a positive constant 12 such
d

v
that HL—B[vd@) — vg(2)]|| < p12]|Z — z||. Moreover, applying the control input vg(x) in
d
the above system, the dynamic of the sliding surface is given by
: t L, (t) 0,

Sig = _2L§id(t)‘sid‘%8ign(sid)_/ i sign( S, )dT + = [va(®) —va(x)] + 8, (t) (4.14)
0 2 Ld

which can be represented as follows

Sig = —2L%, (1)|S,|"?sign(Si,) + viy + 61, (t) + 72 [va(®) — va()]
4 () (4.15)

v, = —%sign(sid)

Now, defining Tlid = S;, and TQid = v;, + 9;,(t). The system S, , can be expressed as

follows

. U .
Psign(Ya,) + Ta,, + = [va(®) = va(z)]

Y _ 2
Ty, = —2L2 1)1y, I

'd

e (4.16)
T2¢d = _%Sign(rlid) + did(t)
with d;,(t) = 0;,(t). Then, from (4.16), consider the following change of coordinates,
Ty, :
2, = Liz:(dt) and zp, = inj’(dt), whose dynamics are given by
Yafog(2) —vg(z)] 221, L,
. 1. 7 d d 1, Lee;
b1, = 2L, (Ol Foign(, ) 2, + B s - S
) : ¢ ! (4.17)
oy =~ T1 D ey, ) 4 Gaal®) 22T
ST TR Y P () R N ()
¥ d
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4.1. Closed-loop analysis: Scheme 1

After that, a new change of variable is introduced as

1 22;
£lz‘d - |Zlid|287'gn<z1id> ‘£2id = LCid Zt) (4'18)
whose dynamics are given by
: Le,, (1) i %[Ud(iq) — a(z)] Le, (t)
£y, = —1 —2£ £ 4 — £y, —
1"d 2|le % 1 _'_ 27‘d + Lgld (t) 17‘d Lcid (t
L . (4.19)
, = Lcid(tz £y Q‘Zlid Qdid(t) — 34, LCid(t>
OO B S0 0
Then, system (4.19) can be rewritten in a compact form as follows
Le, (t)
L AT . id
Li, = ai, [(Ai, = PICLC) £, + @3, = N, £, 0 (4.20)

7 [va(2) — va(2)]

0 1 1 -1 10 L3 (1)
Aid = ) Pid = ) Nid = ) @id = ,d
0 0 1 2 0 3 AT
L ()

From Assumption 3.3, the term ®,, is Lipschitz, i.e. there exists ¢ > 0, such that
1P| < <aal[£4,]] -
Then, considering the adaptive observer-1 given in section 2.2.1 and the adaptive control-

1 given in section 3.1.1 the dynamics in closed-loop, controller-observer, are established

as follows
§= (4 —P'CIC,) €+ ) - N&igg
£o= ag [(AQ - PﬂlchQ) Lo+ @Q} — Natog éaﬂ Eg (4.21)
o
. Le,
Liy= ai, [(Ai, = P,ICLC,) £i,+ @] - Nis£ing dg
Cig
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If Vit > Ti, such that £ tend to zero, then, e; tend to zero. Therefore, from Theorem

2.1, the observer converges in finite time to zero, it follows that the terms ¢ [v,(Z) — v, (2)]

v
and —=[v4(2) — va(z)] contained in ®g and ®;,, respectively; tend to zero in finite time.

Lq
Therefore, the system given by (3.16) is obtained. Finally, from the same procedure given

149

in the proof of the Theorem 3.1, the stability of the closed-loop system is proved.

4.2 Simulation and experimental results: Scheme 1

In this section, simulation and experimental results have been evaluated in order to
show the performance of the proposed strategy. The adaptive observer introduced in
section 2.2.1 and the adaptive control introduced in section 3.1.1 have been interconnected
to illustrate the performance of the control in closed-loop under the action of the observer
estimates, i.e., controller+observer (ASTWC-1 + AHOSMO-1). A scheme of the proposed

sensorless control-1 is shown in Figure 4.1.

Proposed Adaptive Control-1 Vac
Qr=m=—=—==—- 1
Q I Control I v,
(0] 1 ontro 1 Vg v
loop for Q [ dq = ] 3-Phase
s I | v [SVPWM S
lg 1 1 Va B [3]Inverter
- Control ) a,fp ) .
' loop for i la|;
A 1 p d |1 ~ 1}
ta | I — B b i
_ I ig a,b,c
Q ] Proposed adaptive .
SRCEREI. -, s

lia Lig

L ~
< a, B 9,

d,q

Figure 4.1 — Proposed sensorless control: Scheme-1.

4.2.1 Simulation tests

Simulation test has been carried out in Matlab-Simulink environment, using a sam-

pling time of 1 x 10~ with a fixed-step ode4 solver and white noise was added in the
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measurable currents—i,s with a power noise of 1 x 1077 in order to illustrate a realistic
situation. The parameter variation given in Figure 1.8 and the profile given in Figure

1.7 are considered. Therefore, from simulations, the behaviour of adaptive law L, for the

6 —— 24 - 1 2517 : T |
—L(t) L ()] [—Le, ()
25
5.8 I -2 |
\'\_\r\'v\ 24.9
56 = 90 a
24.8
5.4 .18 1 247
24.6
52|
| 245
5/
24.4
"_‘s.‘

48" : 18— ———— 243 : : -
0 2 4 6 8 101214 16 0 2 4 6 810121416 0 2 46 8 10121416
Time (s) Time (s) Time (s)

Figure 4.2 — Simulation test: Behaviour of the adaptive gains, observer and control

observer; and the adaptive laws L., and LC¢d for the speed and current—i, controllers,

cQ
respectively, are shown in Figure 4.2. The adaptive laws have been implemented by con-

sidering the parameters of the Table 4.1. Then, in Figure 4.3, the speed estimation and

Table 4.1 — Parameters for the sensorless control-1 in simulation test.
AHOSMO-1 ASTWC-1

Yo k'o 1912 Yea kcg 7913 Vcid kc-

‘d

0.01 90 400 | 0.1 | 3 | 200 | 0.002 | 0.8

its estimation error are plotted. Small overshoots can be seen under the load torque vari-
ations. However, the performance of the adaptive observer is good under these variations.
On the other hand, the estimated angular position compared with the real angular posi-
tion is plotted in Figure 4.4. It easy to see that angular position error converges to zero
ensuring observability for a wide speed range, i.e., high, medium and close to zero. In
Figure 4.5, the estimation of acceleration is plotted and an estimation with noise can be
seen due to the application of the additive noise in the currents—i,z. Now, taking into

account the estimates of the observer, the controllers of speed and current—iy are applied
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Simulation result with adaptive gains
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Figure 4.3 — Simulation test: Speed estimation and estimation error
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Figure 4.4 — Simulation test: Angular position estimation and angular position error

in closed-loop in order to control the IPMSM. Therefore, IPMSM has been controlled and

rotor speed tracking is plotted in Figure 4.6 showing a tracking with good performance.

Similarly, in Figure 4.7, the current-iy tracks the desired reference i), = 0 and the cur-

rent i, takes different values according to the speed and load torque profiles. Then, from

these figures, the effectiveness of the proposed scheme based on sliding mode is shown

by simulations under parameter variations. Finally, from simulations can be shown that

the angular position estimation error ey, has been extracted successfully showing good
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Simulation result with adaptive gains
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Figure 4.5 — Simulation test: Estimation of acceleration

Simulation result with adaptive gains
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Figure 4.6 — Simulation test: Speed tracking and tracking error

performance in closed loop.

4.2.2 Experimental test

The proposed strategy is implemented taking into account the profiles defined in Figure
1.7. Moreover, as previously mentioned, during the experiments an encoder is used to

measure the real angular position. Then, considering measured position, a Kalman-filter
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Simulation result with adaptive gains
T I T
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Figure 4.7 — Simulation test: Behaviour of the currents—ig,

is applied in order to calculate the rotor speed. Therefore, from this information, it is
possible to know if the proposed observer does a correct estimation and the controller a
correct reference tracking.

Now, considering the proposed adaptive observer, the speed, angular position and
acceleration are going to be estimated to control the speed and current—iy4 of IPMSM using
adaptive controllers. A comparison is carried out with the same proposed strategy using
constant gains in order to see the improvement with the implementation of adaptive gains.
It is worth mentioning that during the experiments with constant gains, the constant gains
have been chosen in order to avoid damaging the hardware. Experimental validation has
been carried out considering the following parameters: for the case with constant gains, the
observer is implemented with L, = 4.5; Y12 = 180 and L., = 35 in the speed controller;
and 13 = 20 and ch-d = 20 in the current—i,4 controller. On the other hand, the adaptive

observer and adaptive control parameters are given in Table 4.2. The behaviour of the

Table 4.2 — Parameters for the sensorless control-1 in experimental test.
AHOSMO-1 ASTWC-1

Yo k:o 1912 fyCQ kCQ 1913 ’Vcid kC‘

°d

0.07] 35 180 | 0.0003 | 0.1 || 20 | 0.0009 | 0.2

adaptive laws for the observer and controllers are illustrated in Figure 4.8.
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Figure 4.8 — Experimental test. Adaptive laws: Control (L, (t), Ley(?)) and observer

(Lo(t))-

Experimental result with constant gains
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Figure 4.9 — Experimental test: Speed estimation and estimation error.

Then, the speed and the angular position have been estimated using constant gain and
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adaptive gain as can be shown in Figure 4.9 and Figure 4.10, respectively. At first glance,
it is not possible to see the improvement in detail through speed estimation error and

angular error. However, in Figure 4.11, in order to show numerically the improvement,

Experimental result with constant gains
T T

rad
o ra = m

5 4[) 2 4 6 8 10 12 14 16
& T T T T
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i e W
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0.2 : : y y ;
0 2 4 6 8 10 12 14 16
Time (s)
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0 |—A11gulm‘ position error
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Figure 4.10 — Experimental test: Angular position estimation and estimation error.

a performance index is computed: Integral Absolute Error (IAE). Therefore, it possible
to see that proposed adaptive observer improves the estimation adjusting the gains in
order to obtain a minimum error. On the other side, the estimation of the acceleration is
shown in Figure 4.12 using constant gains and adaptive gains. Then, the estimation with
adaptive gains has an improvement avoiding overestimation with large gains and reducing
the chattering. Now, the estimates of the observer have been used in the controllers to
control the machine in closed-loop. In Figure 4.13, the speed tracking and its tracking
error are shown. A comparative study using constant gains and adaptive gains is given.
It is clear that an improvement can be seen numerically in Figure 4.11 using the adaptive

gains in the scheme. On the other hand, the currents—i4, are plotted in Figure 4.14. Then,
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Figure 4.11 — Performance index for the estimation and tracking of states during experi-
ments
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Figure 4.12 — Experimental test: Estimation of the acceleration.

the closed-loop in IPMSM is achieved successfully.

Therefore, as can be seen the proposed strategy only requires the current—i,z signals
for extracting the angular position estimation error ey, directly, without any additional
information or elements, then, ey, can be used in the observer based on the virtual system
to estimate angular position, speed and acceleration, such that the proposed strategy has
been validated experimentally, with good effectiveness at low, medium and high speed in
closed loop. Moreover, as can be seen in simulation, the tracking errors and estimation
errors show the effect of adding white noise. It is clear that the chattering has been atten-
uated. However, the effects of white noise are present in the signals. On the other hand,

during the experimental test, these errors are more important compared to those obtained
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i Experimental result with constant gains
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Figure 4.13 — Experimental test: Speed tracking and tracking error

in the simulation. It is well-known that in the experiments the effect caused by external
disturbances (inverter effect) and the noise appears in the measured signals. However, the
proposed strategy works well and attenuate the effects of chattering, uncertain parameters

and unmodeled dynamics.

4.3 Closed-loop analysis: Scheme 2

Consider the proposed control given in the section 3.2.1 (ASTWC-2) using the esti-
mates provided by the proposed observer given in section 2.3.1 (AHOSMO-2). Then, the
stability analysis of the system in closed-loop, control-observer scheme, is established as

follows

Theorem 4.2. Consider the dynamical model of the IPMSM (1.36)-(1.37) in closed-
loop with the controllers (3.92)-(3.97) using the estimates provided by the observer (2.95).
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3 Experimental result with constant gains
T T T T T T T

Amp

1 1 1 1 1
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Time (s)

5 Experimental result with adaptive gains
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Figure 4.14 — Experimental test: Profiles of the currents—ig,

Then, tracking errors ey, and e, and estimation error eg, converge to zero in finite time.

Proof: Since the control input v,(Z) depends on estimates Q, 74 and Eq; and taking
into account the sliding surface given by (3.91), then the dynamic of the sliding surface

is given as follows
592 = VUgges, + a1by + asbs + azby — by — O + c104(2) (4.22)
Now, adding and subtracting the term c¢;v,(x) in the sliding surface, it follows that
Sa, = Ve, + a1y + aghy + asby — by — QO + 10, () + c1[vy (&) — vy(2)] (4.23)

Notice that the term ¢;[v,(Z) — v,()] is Lipschitz, i. e., there exists a positive constant
pa such that [[es[o,(#) — v, @)]]| < pn 2 — ]
Applying the control input v,(x) in the above system, the dynamic of the sliding surface
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is given by

Lz, (t)

CQ2

Sq, = —2Leq, (t)]SQQﬁsign(Sgg)—/ot sign(Sa, )dT+c1[vy(Z) —vy(x)]+0a(t) (4.24)

Then, the dynamic of S, can be expressed as follows

SQz = _2LCQQ (t)|SQ2|%5ign(Sﬂz) + Vo, + 592 (t) + Cl[UCI(aAj) - U(J<x)]
L2 (1) (4.25)
——2"3ign(Sq,)

Vo,
Now, defining the following change of coordinates 21, = Sq, and Z2q, = Va, + do(t). The

system (4.25) is given by

. 1, N
f1g, = ~2Leq, ()21, [25ign(21,) + 229, + c1[04(2) — vy(2)]

L2 (1) (4.26)
2 —sign(z1,,) + daft)

S0, = —
with dq(t) = dq(t). Now, a change of variable is introduced

1.
£ - |Z192 | 2 Slgn(zlgzz) £ _ R2q,
1 - 2 -
T L) = T2 (0

(4.27)

then, the dynamical behavior of system (4.27), in the new coordinates, is given by

Lo, (1) 1[04(2) — vy(®) Lo, (1)
IR B e Ty £ () R RV )
e | (4.28)
Le,. () | 2|21, | 2dq(t Leg, (¢ '
292 _ QQ< )1 _£192 + | IQ§| Q( ) o 2£292 QQ( )
2|Zln |5 LCQQ <t) LC§22 (t)
which can be represented in a compact form as follows
/ _ -1 ~T L692 (t)
£92 = aq, |:(AQ2 - PQQ 092092) £QQ + CI)QQ} - DQQ£Q2 (429)

Leo, ()
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Ag, = [O 1] Ca, = [1 0] (4.30)

€1[vg(2) — vg()]
2,0
2‘2192 |%

3, (i) )

(4.31)

Qo —

no_ 1 - oo _[ro
2T 9 R NV

From Assumption 3.5, the nonlinear term @, satisfies the following inequality, ||Pg,|| <

Sa1|[ £, || for ¢z > 0.
Following the same steps of the previous analysis, consider the control input vy, expressed

in terms of the estimates as follows

-
+ 1923Zd — €4y

v (,’fj) :ﬁ 023Rs%d _ ﬁQgPQngq
¢ Vo3 Lqg Lq

R0 (4.32)

_2ch’d (t)|Sid ’%Sign(sid ) _/ Sign(sid )dT)
5 2 2 0 2
Then, from sliding surface (3.96) and the control input (4.32) depending on the estimated

states, the dynamic of the sliding surface is given by

g _ Yl n VaspSiLlgiq N Va3

idy Ld Ld Ld ’Ud(fi') - 1923%2 + €iq4 (433)

v
Adding and subtracting the term %vd(x) in (4.33), it follows that
d

g _ _Yxsliq n VaspSilyiq N Va3

. 9 X
idy L I, L, va(x) — Va3t + €;, + —[va(Z) — va(z)] (4.34)

Ly

v
where the term %[vd(i) —wvg(x)] is Lipschitz, i.e., there exist a positive constant jige such
d

9 R N
that IILi;[vd(w) — va(@)]|| < paa||Z — ]

Moreover, applying the control input vg4(z) in the above system, the dynamic of the sliding
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surface is given by

(4.36)

(4.37)

. 1 t Lg% () ‘ Va3 .
Sig, = —QL%2 (t)]Siy, |2 sign(Siy,) —/0 Tszgn(sidz)dT + L—d[vd(x) — Vg
which can be represented as follows
) 1. Va3 .
5ﬁ2ZZ—QL%QQHSQJQ%QRCi@)+L%2+5m@)+”Z;WA$)—UA$H
12 (1
Vig, = —TQSign(SidQ)
Now, defining 2, = S; 4 and Zo,, = Vig, T d;,(t). The system S; 4, CAL be expressed as
2 2
follows 9
. 1 23 .
le‘d2 = _2ch‘d2 <t>’21id2 |2829n(21id2) + Z2id2 + fd[vd<x> - Ud(IL’)]
L2 (1)
2%2 = —T2sign(z1id2) +d;,(t)

with d;,(t) = d;,(t) Now, a new change of variable is introduced

; ’ZlidQ ‘%Sing(ZlidQ ) 22%2
Ve T L, (1) e L2 (1)
2 2
whose dynamics are given by
L0 k@ - u@]] |, e, 0
1id2 2‘Zl7jd2 |% i 1id2 2id2 indg (t) 1id2 Lcid2 (t)
1
. Lcid2 (t) n 2|Z1id2 | 2 did (t) idy (t)
2, = 1 53 2;
“ T om B e L, 0 “ L,

Then, system (4.39) can be rewritten in a compact form as follows

Le,, (1

£iyy = iy, |(Aiyy, = Py CL Ciyy) £iy + @iy | = D w
Cid2

£

idy
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4.4. Simulation and experimental results: Scheme 2

. Cig (t)
with a;, = >— and
’zlid ’5
2
£, 01
d — . —
b = g, Ao = L) 01 Ciuy = [1 0 (4.41)
do
P [vg(2) — va()]
_ L, (#)
1 1 10 ci
P, = D;, = ®;, = iy (4.42)
S Y R U I
2 ()

From Assumption 3.5, the term ®; 4y 18 Lipschitz, i.e. there exists ¢ > 0, such that
195, | < 2| £

idy idgy | | :

Then, considering the adaptive observer given in section 2.3.1 and the adaptive control

given in section 3.2.1, the dynamics in closed-loop, controller-observer, are establishes as

follows
fon =" oy [(Aoy — P CLCoy ) oy + oy | — Dot 200
02 02 02 02 02 02 02 02 02502 L02 (t)
Lo, = agq [(AQ — Py CE O ) La, + g } — Dq, £q Lea, () (4.43)
2 2 2 2 2 2 2 2 2 2 LCQ2 (t) .

‘ L., (1)

_ 10T ”
£id2 - aid [(Ai@ o Pid2 Cidz Cid?) £id2 + q)idJ N DidQ £id2 ch 2 (t)

1d2

If Vt > T},, such that &,, tend to zero, then, e;, tend to zero. Therefore, from Theorem

2.2, the observer converges in finite time to zero, it follows that the terms ¢ [v,(Z) — v ()]

9
and %[vd@) —v4()] contained in ®g, and ®;, , respectively; tend to zero in finite time.
d
Therefore, the system given by (3.62) is obtained. Finally, from the same procedure given

in the proof of the Theorem 3.2, the stability of the closed-loop system is proved.

4.4 Simulation and experimental results: Scheme 2

In this section, simulation and experimental results have been evaluated in order to
show the performance of the proposed strategy. The adaptive observer introduced in sec-
tion 2.3.1 (AHOSMO-2) and the adaptive control introduced in section 3.2.1 (ASTWC-2)
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have been interconnected to illustrate the performance of the control in closed-loop under
the action of the observer estimates, i.e., controller+observer (ASTWC-2 + AHOSMO-2).

A scheme of the proposed sensorless control strategy-2 is shown in Figure 4.15.

Proposed Adaptive Control-2 Vyc
Qr=—==== 1
Q I Control I v
(0] 1 ontro 1 Vq v
loop for Q [T dq g :: 3-Phase
. 1 | v, [SVPWM)
lg 1 1 Va B [5|[nverter
- Control T a,p ] .
+ i gl .
R loop for iy | R il
ta L | B %
el g ab,c
! Proposed adaptive | ,
e T P

Figure 4.15 — Proposed sensorless control: Scheme-2.

4.4.1 Simulation test

Simulation test is carried out in Matlab-Simulink environment, using a sampling time
of 1 x 1073 with a fixed-step ode4 solver. Moreover, white noise was added in the measur-
able currents—i,g with a power noise of 1 x 1077 in order to illustrate a realistic situation.
Moreover, the adaptive laws have been implemented by considering the parameters of the

Table 4.3. The behaviour of adaptive law L,,(t) for the observer; and the adaptive laws

Table 4.3 — Parameters for the sensorless control-2 in simulation test
AHOSMO-2 ASTWCs-2

Yoq koy || V22 | Yea, | Kea, || P23 | e 4 ke, 4y
0.016 | 200 || 400 | 0.008 | 120 || 200 | 0.0011 | 120

Lo, (t) and L, (t) for speed and current—iq controllers are shown in the Figure 4.16,
2

respectively.
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16— 450 - —— 440 — _
[—Lo,(8) \—Ly, (t)
15 TR . T
430
14
13 420
12 1
350 410
1 1
10} 1 400
g9 . 300
390
8 | w

7 : ; 250 : : 380 e
0 2 46 810121416 0 2 4 6 8 10121416 0 2 4 6 8 101214 16
Time (s) Time (s) Time (s)

Figure 4.16 — Simulation test: Behaviour of adaptive gains for the observer (L,,(t)) and
controllers (L, (t), Li,, (1))

Considering the adaptive laws, in Figure 4.17, the speed estimation and its estimation

error are introduced, showing a minimum error. In Figure 4.18, the angular position

Simulation result with adaptive gains
T T T T

._ﬂr'r'rn'
--Q

o
o

4
-
@
= 50
0 e | .
60 2 4 6 8 10 12 14 16
ik ' ' —Speed estimation error
@ El
E 0 e e Vo .y
=2F
4t
6 . | | | .
0 2 4 6 8 10 12 14 16

Time (s)

Figure 4.17 — Simulation test: Speed estimation and estimation error

estimation and its angular position estimation error are plotted. As can be seen, the
estimation is ensured over a wide speed range in presence of parametric uncertainties
(see Figure 1.8). Moreover, in Figure 4.19, acceleration has been estimated in order to
compensate the fast dynamics in the system and reduce the estimation error in the speed
and angular position.

Information from observer estimates has been interconnected with the controllers in

closed-loop, as can be seen in the scheme 4.15. Then, in Figure 4.20, speed tracking and
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Simulation result with adaptive gains
T T

g 0
0 il
0 2 4 6 8 10 12 14 16
0.2 T t T T T ey
— Angular position error
0 ——
kel
£
-0.2
-0.4 ” : -
0 2 4 6 8 10 12 14 16

Time (s)

Figure 4.18 — Simulation test: Angular position estimation and angular position error

&0 Simulation result with adaptive gains
T T T T T T

=

rad/s?

-80 1 1 1 1 1
0 2 4 6 8 10 12 14 16
Time (s)

Figure 4.19 — Simulation test: Estimation of acceleration

its tracking error are illustrated with a good performance.
Moreover, the currents—i4, are plotted in Figure 4.21. Therefore, from the illustrations,
it is possible to see that the behaviour of the adaptive laws with the system in closed loop

(controller+observer) have a good performance. Moreover, the extraction of eq, introduced

in section 2.1 has been achieved successfully.

4.4.2 Experimental test

One experimental test is addressed to see in real time the performance of the strategy.
The proposed strategy is implemented taking into account the profiles defined in Figure
1.7. Moreover, as previously mentioned, a sensor (encoder) has been used to measure the

real angular position in the experiments. From this information, a Kalman-filter is applied
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Simulation result with adaptive gains
T T T l—ﬂ,.r._r
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Figure 4.20 — Simulation test: Speed tracking and tracking error

co

Simulation result with adaptive gains
: ; !

0 2 4 6 8 10 12 14 16
Time (s)

Figure 4.21 — Simulation test: Behaviour of the currents—iq,

to calculate the rotor speed. Therefore, it is possible to know if the proposed observer does
a correct estimation of the speed and angular position. Similarly, it possible to know if the
controller does a correct reference tracking. The adaptive laws have been implemented by

considering the parameters given in Table 4.4 and are shown in Figure 4.22.

Table 4.4 — Parameters for the sensorless control-2 in experimental test
AHOSMO-2 ASTWCs-2

702 k02 1922 ’7092 kCQ2 1923 7cid2 kCid2
0.001 3 180 | 0.0001 | 35 || 20 | 0.0005 | 30

Then, in Figure 4.23, it possible to see the convergence of the estimated speed towards
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Figure 4.22 — Experimental test: Behaviour of adaptive gains for the observer and con-

trollers

the real speed with good performance. In Figure 4.24, the estimation of the angular

_s;zr'euf
100 =y
40
o
0 /f | 1 | | | .
0 2 = 6 8 10 12 14 16
9 I I I |—Speed estimation error
:
©
o Hlllmmw WWM ’_—-ddmw”wj
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0 2 4 6 8 10 12 14 16

Time (s)

Figure 4.23 — Experimental test: Speed estimation and estimation error

position and its angular error are plotted and a small error is obtained. It is possible to

see a good performance over wide speed range, i.e., high, medium and low speed. However,

the error increases when the speed is very close to zero. On the other hand, in Figure 4.25,

the acceleration has been estimated in order to compensate the estimation error of angular

position and speed.
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rad
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Figure 4.24 — Experimental test: Angular position estimation and angular position esti-
mation error
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Figure 4.25 — Experimental test: Estimation of acceleration

The estimates of the observer are interconnected in the controllers to control the speed
and the current of the IPMSM. In Figure 4.26, the tracking of the speed and the tracking
error are showed. The tracking error shows that the performance of the proposed strategy
is good and the tracking is ensured with good accuracy even close to zero.

Moreover, the tracking of the current iy and the behaviour of the current i, are showed

in Figure 4.27. The current iy tracks a reference equal to 0, and the current ¢, has a
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Figure 4.26 — Experimental test: Speed tracking and tracking error

behaviour according to the load torque and the speed.
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Figure 4.27 — Experimental test: Behaviour of the currents—ig,

As can be seen the proposed strategy only requires the angular position estimation
error ey, to estimate angular position, speed and acceleration using an observer based on
a parameter free virtual system. From this information, the sensorless scheme is possible.
The proposed strategy has been validated experimentally, with good effectiveness at low,

medium and high speed in closed loop.
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4.5. Conclusion

On the other hand, it is possible to see in simulation that the tracking errors and
estimation errors show the effect of adding white noise. It is clear that the chattering
has been attenuated. However, the effects of white noise are present in the signals. On
the other hand, during the experimental test, these errors are more important compared
to those obtained in the simulation. It is well-known that in the experiments the effect
caused by external disturbances (inverter effect) and the noise appears in the measured
signals. However, the proposed strategy works well and attenuate the effects of chattering,

uncertain parameters and unmodeled dynamics.

4.5 Conclusion

In this chapter, experimental and simulation tests were introduced to show the perfor-
mance of the proposed sensorless control. The experimental tests have been carried out
in Laboratoire des Sciences du Numérique de Nantes (LS2N) of the Ecole Centrale De
Nantes, France. The extraction of the angular position estimation error has been success-
fully achieved from the measurable currents i,3 and the observers have been implemented
obtaining good results. Then, angular position, speed and acceleration have been esti-
mated. These estimates have been interconnected with the controller in closed-loop to
control the electrical machine. In this way, the sensorless control applied in the experi-
mental setup has shown a good performance under a wide speed range, even very close
to zero.

An stability analysis under the action of the observer estimates has been introduced.

This analysis is simpler due to that the separation principle holds.
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CONCLUSION

In this work a new alternative for sensorless control of the IPMSM was proposed. The

main contributions of this work were the following:

— A strategy to extract the angular error ey, was proposed, and based on a virtual
system without parameters of the IPMSM, two Adaptive High-Order Sliding Mode
Observers (AHOSMOs) have been designed to estimate angular position, speed and
acceleration over a wide speed range, and overcome the issues caused by parametric
uncertainties. The angular position estimation error is independent of all machine
parameters and high frequency signal injection characteristics. Therefore, this im-

proved the feasibility of design, which reduces the cost of the implementation.

— Two Adaptive Super-Twisting Controllers (ASTWCs) were designed to track a de-
sired speed reference and a desired d-axis current reference. These controllers were

interconnected with the AHOSMOs achieving a sensorless control strategy.

— The gains for both, control and observer, were reparameterized in terms of a single
parameter to reduce the tuning time. The main advantage of this strategy is that
adaptive laws are easy to implement, which avoids overestimation of gains that in-

creases chattering, reduces time to adjust gains, and reduces damage to the system.

— The closed-loop stability analysis under the action of the observer has been im-

proved because the separation principle holds.

This work has been presented as follows:

In the first place, a state of the art of electrical machines and their main characteristics,
as well as their applications, where control is required, was presented. After this, the
two main classifications of sensorless control methods were presented, as well as their
advantages and disadvantages. Then, the organization of the thesis was addressed. In
addition, a list of publications in indexed journals and conferences has been presented.

In chapter one, a summary of the different types of PMSM was presented, as well as
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a brief introduction to the IPMSM. Considering that the dynamic model of the IPMSM
is necessary for the design of control strategies, the modeling of the IPMSM was carried
out. In addition, the problem statement of this work is presented in order to justify why
the thesis project is carried out as well as the objectives to follow. On the other hand,
in order to test the performance of the different proposals of this thesis, the benchmark
used in simulation and experimental tests is provided, as well as the description of the

hardware of the experimental setup.

In chapter two, a new method to extract the angular position estimation error ey, in
PMSM was introduced. The information of ey, was extracted by considering the currents
iap Without machine model information. The extraction of ey, has been used to design
observers based on a virtual system without machine parameters in order to overcome
the issues caused by parametric uncertainties. Then, two adaptive observers have been
designed. Both adaptive observers have been proposed with reparameterized gains, i.e.,
the gains depend on a single parameter. Based on this reparametrization, an adaptive law
was designed for each observer. The designed observers have been applied considering the
extraction of the angular error to estimate the angular position, speed and acceleration.

Simulation results and a comparative study were introduced.

In chapter three, two adaptive controls based on super twisting were proposed. Both
adaptive controllers have the reparameterized gains in terms of a single parameter such as
the proposed adaptive observers in chapter two. This has allowed designing an adaptive
law for each control in order to improve its performance, avoiding large gains and saving
tuning time. Simulation results were presented to show the performance of this strategies.

Moreover, considering some results of the literature, a comparative study was introduced.

In chapter four, two scheme of sensorless control were introduced. The interconnection
among the proposed observers and controllers is carried out to show the performance
of the system under the action of observer estimates. Then, two sensorless controllers
were applied to the IPMSM. Simulation and experimental results have been illustrated
showing a good performance and effectiveness for a wide speed range, showing that the
extraction of ey, has been made successfully. Therefore, thanks to the virtual system
without parameters of the IPMSM, greater precision has been achieved in the estimates.
It is worth mentioning that thanks to the robustness of the sliding modes, good results

have been obtained in the tracking of references despite uncertainties and disturbance.

In this work, a new alternative to sensorless control has been introduced. Therefore,

based on the presented alternative, it is possible to show that to extract the angular error
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of the electrical motor, it is not always necessary to use dynamic equations of the motor,
allowing to design observers without the use of a dynamic model of the machine.

Some perspectives are given below:

For the design of observers in the sensorless control of electrical motor, it is necessary
to know the initial condition of the motor rotor, which is an open problem that requires
further study to improve the performance of the proposed schemes. In addition, when the
electrical machine is stopped and it is desired to know the angular position for the control
application, it is necessary to inject high frequency signals to excite the system, which
generates noise in the signals and the need to use filters. For this reason, it is necessary
to investigate more about the elimination of filters and high frequency injection to avoid
phase shifts in the obtained signal as well as acoustic noise, so that the speed control at

zero speed can be less complex.
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APPENDIX A

REPARAMETERIZED GAINS

A.1 Reparameterized gains for the proposed observers

Consider the following algebraic Lyapunov equation in order to compute the observer
gains

P,+ AP, +P,A,—CI'C,=0 (A1)

where P, is a symmetric positive-definite matrix,

1 -1 1
P=|-1 2 -3 (A.3)
1 -3 6
Now, consider the following LTI system
x=AXx
(A4)
y = Cox

where x € 33 is a state vector and y € R the output. Then, an observer for the system
(A.4) is given by

X =A%+ K,y - §) (A5)



where K, is the gain. Then, the estimation error is given by e = x — X and its dynamics

can be expressed by

é= (A, — K,Cy)e (A.6)
Then, the gain K, has the following values
Kol

3
K, = Kp| = Po_lc(;r = |3 (A7)
K3 1

A.1.1 Adaptive observer: Proposal 1

In this section, the gains of the proposed observer will be determined and computed
in terms of a single parameter.

Consider the following class of nonlinear system given by

T1 = o
T2 = (A8)
i3 = p(t)

Yy==1

where x1, 25 and z3 are the states, p(t) is bounded function whose bound is unknown,
and y € R the output of the system.

Now, a sliding mode observers for the system (A.8) is given by

Iy = &g+ f(l,1|el|§sign(el)

Ty = &g+ f(2,1|61|%sign(61) (A.9)

&3 = Kssign(e:) .
Y=

where 1, Z9, and I3 are the estimated states, ¢ is the estimated output and f(m, kzl
and f(&l are the gains.
Now, an analysis of convergence for the observer will be introduced. Then, defining the

following estimation errors e; = x; — Z;, for i = 1,2, 3; the dynamics are given by
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) ~ 2

é1 = eg — Ky 1le1|3sign(ey)

) ~ 1.

éy = e3 — Ky 1lei|3sign(ey) (A.10)
és = p(t) — f(&lsign(el)

and taking into account the dynamics of the estimation errors, the following change of

variable is established as follows

€1 €2 €3

G = 2(0)’ G = I2(0)’ G = 2(0) (A.11)

where L,(t) > 0 is the single adaptive parameter. The dynamical system in terms of the

new variables is given by

. Ky -y B L,(t)

¢ = _L§(t) C1|3sign(Ci) + & —2G o)

é2 = - K;’l ’Cl’%SiQn(Cl) + (35— 20 ﬁo(ﬂ (A-12)
L3 (t) ol?)

L Ky p(t) Lo(t

R TR PO R

Moreover, in order to simplify the state space representation, the following new change of

variable is introduced

53 — 3<3|C1|% (Al?))

& =laPsign(G), &= 2L3(1)

Ly(t)’

and the dynamical system can be expressed by using the new variables as follows

2L | K AL
&1 = 3|C1|% _ Lg;(t)fl—l-& 3Lo(t)£1
. 2L,() | 3K 3L,(t)
_ 2holl) | Sha, . A.14
& 3lGils | 2L03(t)§1+§3 Lo(t) © (A1)

14L,(t)

S 3L, (1)

(=36 +&)| —

_2Lo(t) | 3 Ksa,  (3V ]GSR &
gt | Lé(t>5l+<2> i) oGl &

The resulting system (A.14) can be expressed in the following compact form
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52 Qo [(Ao - G~OCO> 5 + (I)o] - NogL (t) (A15)
where o, = 3|[Z(|?, = [gl & 53} and
Ry ]
L5 (1) ;1 0 0
e i L e P
2L (1) 14 i 13p LS8 . 51,1 i
3., ~371 0 0 3 (2) L3(t) 2|¢ |3 ( Lg(t)& 52)
2 e, (A.16)

Then, from (A.6), it is obtained that G, = P, 'CT. Then, setting G, equal to (A.7), it
follows that

K 1,1
5
L3 (t) 3
3K
= | =13 (A.17)
2L5 (t) 1
Oy
2 T3
Therefore, the gains for the observer are computed and reparameterized in terms of L,(t)
as follows A
. 5 _ 10 .
Kt =3Li(t)  Koy=2Li (1) Ky, = (9) L3(t) (A.18)
such that, the compact system (A.15) can be rewritten as
: _ Lo(t)
_ _ p-1,T _ 0
§=a,|(4, - P'CIC,) €+, Nt T2 (A.19)

A.1.2 Adaptive observer: Proposal 2

In this section, a second observer is designed for a class of nonlinear system given by
(A.8). The gains of the proposed observer will be determined and computed in terms of

a single parameter.
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Consider the following sliding mode observer for the system (A.8),

. ~ 2
L1, = To + Kiple, |3 sign(er,)

N ~ 1
T, = T3+ Kapler,|3sign(es,) (A.20)
T3, = f(g,gsign(eb)

<
Il
>
—
V]

where 21,, 29, and 23, are the estimated states, g is the output of the system and Kl,% f(gg
and [?3,2 are the gains of the observer. Now, an analysis of convergence for the observer
will be introduced. Then, defining the following estimation errors.
Consider the following estimation errors e;, = x; — &;,, for ¢ = 1, 2, 3; and their dynamics
as follows . ,
é1, = ey, — K sley,|3sign(ey,)
o, = €3, — K’zg\eb]%sign(elz) (A.21)
é3, = p(t) — Kz sign(ey,)
Taking into account the dynamics of the estimation errors, the following change of variable

is established as follows

’612‘%8ign(€12> €2, _ 3632’612‘%

0 “2=n@n T o (A.22)

612 =

where L,,(t) is the single adaptive parameter. The dynamical system in terms of the new

variables is given by

. 2L,(t) [ Kig Loy (1)

512 - 3|612|% i LOQ(t)flz +£22] LOQ( )512

. 2L,,(t) [ 3Ky 2L, (1)
§. = 3les, |5 __2L32(1t)€12 +§321  Lo,(t) s

. 2Ly,(1) | (3>2 Ko (3> \elzlsp &,
2 = 1 - \5 2 5 K 2 + L02 2
&3 Senlt | 5 §1 5 10 2|€1 ‘3 [ 1,261 ()52}

3Ly, (1)
Loy (t)

532
(A.23)

and can be written in a compact form as follows
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502 = aoz [(Ao - GOQCO) 502 + q)og} - DOQSOQIL@EE; (A24)

2LO2 <t1)7 02 — [512 522 532}71 and

3|612|§

where a,, =

fﬁ,z
L02 (t) 0
3K2,2 0

2L3,(t) (3>2 1,2 p(1) LS
<3>2 K 2) L) 2dey,|d
2) L3 (t)

[_f(l,2€12 =+ L02 (t)£22}

(A.25)
Then, from (A.6), it is obtained that G,, = P;'CT. Then, setting G, equal to (A.7), it
follows that

RLQ
Lo(0)
3K,
2L2 (t)
(B L
2 I3,

3
= |3 (A.26)
1

Therefore, the gains for the observer (A.20) are computed and reparameterized in terms
of L,,(t) as follows

N N ~ 2\?
Ki2=3Lo,(t)  Kop=2L2(t) Ksp= <3> L3 (t) (A.27)
such that, the compact system (A.24) can be rewritten as
: B Lo, (t
502 = o, [(AO o Po ICECO) 502 + (I)02} - D02§02L28 <A28>
02

A.2 Reparameterized gains for the proposed controllers

Consider the following algebraic Lyapunov equation in order to compute the control
gains

P4+ ATP, 4+ PA - CTC, =0 (A.29)
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where P, is a symmetric positive-definite matrix,

0 1
A, = {0 o Ce= 1 0. (A.30)
Then the solution of P. for A.29 is given by
1 -1
P.= : (A.31)
-1 2

Similarly, as the previous section A.1, consider the following LTI system

X, = AX,
(A.32)
Y= chc

where x. € R? is a state vector and y. € ® the output. Then, an observer for the system
(A.32) is given by
;(c = Acﬁc + Kc Ye — S’c
( ) (A.33)
S/c = CC}A(C
where K. are the gains. Then, the estimation error is given by e. = x. — X, and its

dynamics can be expressed by
e = (A. — K.C.)e. = (A. — P, 1CTC)e, (A.34)

Then, the gain K, has the following values

K.
K, = [ !
K(22

=P tcr = H (A.35)

A.2.1 Adaptive control: Proposal 1

In this section, the gains of the proposed controller (3.6) will be determined and
computed in terms of a single parameter.

Consider the following system

Tl = — ~61|T1|1/23ign(T1) + TQ,
YsTw : g . y (A.36)
Ty = —Keosign(T1) + d(t)
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with d(t) = 6(t). Now, consider the following change of coordinates

S Ty
ST B #10) (A.37)

where L.(t) is the single adaptive parameter. The dynamical system in terms of the new

variables is given by

= — Ko z|2sign(z) + 22 — 221 Le(t)
STt ) (A38)
. ~CQ . d(t) QZQLC(t) '
2= ) gy T L

Moreover, in order to simplify the state space representation, the following new change of

variable is introduced
1, z
£1 = |z|2sign(z1) £y = cht) (A.39)

and the dynamical system can be expressed by using the new variables as follows

Lo | Kﬂ&+£4_£igw

FoomE | L2 ()
L(t) | 2K 2|21 [2d(t) L(t) (4.40)

L,z.[j _ c 4 i c2 £ + 212 . 3£ c

2T o | Li) Tt L) L)

System (A.40) can be expressed in compact form as follows

£=a, (A~ GC.) £+ - N,Eigg (A.41)

with a, = C(t)l , L= [£1 £2}T and
|21]2
Kcl
IO 10 0
Gc = . , Nc = , (I)c = 2|21’§ . <A42)
2K 0 3 70 (d(t))
L3(t) ‘

Then, from (A.34), it is obtained that G, = P;*CT. Then, setting G equal to (A.35), it

150



follows that

(A.43)

Therefore, the gains for the controller (3.6) are computed and reparameterized in terms
of L.(t) as follows

. . IA
Kg=2L%t) Kgo= 62@ (A.44)
Finally, the compact system (A.41) can be expressed as follows
: L.(t
£=a.[(A—P7'CIC.) £+ 0] - N.L (t) (A.45)

A.2.2 Adaptive control: Proposal 2

In this section, the gains of the proposed controller (3.54) will be determined and

computed in terms of a single parameter.

Consider the following system as follows

. o 1 .
21, = — K 3|21, |28tgn(21,) + 2
2sTWS; - ‘12 N o }12' grla) + 2 (A.46)
&y = —Kasign(z,) +d(t)
with d(t) = (t). Now, introducing the following change of variable
£ — ’212‘%82‘gn<212> — 222 (A 47)
v a0 A0 |

where L., (t) is the single adaptive parameter. Then the dynamics of the system, in terms

of these new variables, are given by

Le, (t)

22

: Le,(t K. o
£, = ®) [_L 3 £, + £22] — L5

_ Le()

er (1) L

2K,

2|Z12 |%
. (A.48)

(t)
2|z, 2d(1) Le, (1)

_2£22‘327
2

2z, | L4077 LE(0) er (1)
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System (A.48) can be expressed in compact form as follows

£02 = O, |:(Ac - GC2CC) £C2 + ®C2:| - DCQ"E

Ley (1)
. (A.49)
Le, (1)
Le,(t T
with Oy = ( >l’ £02 = ["512 £22:|
2|'212‘2
LKC(:;) 1 0 !
G = 2?(04 D, = [O 2 e, = 2\212!%
L2, (t)

~—
—
¥
—~
~
N
=

(A.50)
L3 (t
Then, from (A.34), it is obtained that G = P, 'CT. Then, setting G, equal to (A.35),
it follows that

Kc3

Le, ()| _ |2
5[] o
L2, (1)

Therefore, the gains for the controller (3.54) are computed and reparameterized in
terms of L., (t) as follows

K =2L.,(t)

- L2 (t
Ky = 022( ) (A.52)
Finally, the system (A.49) can be expressed as follows
- Le,(t)
Loy = e, |(Ac — PTICTCL) £oy + @py| — Doy £0y 2 (A.53)
( ) £t 0] - D2, 20
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CENTRALE
NANTES

Stratégies de commande des machines synchrones a aimants permanents sans capteurs

mécaniques par modes glissants

Mots clés : MSAP, Contrdle sans capteur, Observateurs adaptatifs, Controleurs adaptatifs, Mode glissant

Résumé : Cette thése propose deux commandes
adaptatives sans capteur basées sur l'approche en
mode glissant pour les moteurs synchrones a
aimants permanents internes (MSAP). Les stratégies
proposées sont composées d'un observateur
adaptatif en mode glissant d'ordre élevé (OAMGOE)
en boucle fermée avec un contrble adaptatif basé sur
la super torsion, ou les gains de contrble et
d'observateur de la stratégie proposée sont
paramétrés en termes d'un seul paramétre. Ensuite,
le principal avantage de cette stratégie est que les
lois adaptables sont faciles a mettre en ceuvre,
évitant les surestimations des gains qui augmentent
le broutage, réduisant le temps de réglage des gains
et réduisant les dommages des actionneurs. En
outre, une stratégie d'extraction d'erreur d'estimation
de position angulaire est proposée.

Ensuite, sur la base de ces informations et en
utilisant un systéeme virtuel sans parameétre,
OAMGOE est congu pour estimer la position
angulaire et la vitesse dans une large plage de
vitesse, ou les variables estimées fournies par cet
observateur sont obtenues avec une plus grande
précision, malgré les variations des paramétres,
atteignant une plus grande robustesse. Ces états
estimés sont utilisés dans la commande robuste
proposée pour suivre une référence de vitesse
souhaitée et une référence de courant d'axe d
souhaitée. Une analyse de stabilité du systéme en
boucle fermée est présentée, en utilisant une
approche de Lyapunov. De plus, la stratégie
proposée est validée tout au long du montage
expérimental et de simulation afin de montrer son
efficacité.

Control strategies for permanent magnet synchronous machines without mechanical sensors by

sliding modes

Keywords : IPMSM, Sensorless control, Adaptive observers, Adaptive controllers, Sliding mode

Abstract This thesis proposes two adaptive
sensorless controls based on sliding mode approach
for interior permanent magnet synchronous motor
(IPMSM). The proposed strategies are composed of
an Adaptive High-Order Sliding Mode Observer
(AHOSMO) in closed-loop with an Adaptive Super-
Twisting Control (ASTWC), where the control and
observer gains of the proposed strategy are
reparameterized in terms of a single parameter.
Then, the main advantage of this strategy is the
adaptable laws are easy to implement, avoiding
overestimates of gains that increases of chattering,
reducing the time to tune the gains, and reducing the
damage of the actuators. Furthermore, a strategy for
angular position estimation error extraction is propo-

sed. Then, from this information and using a
parameter-free virtual system, AHOSMO is
designed for estimating the angular position and
speed in a wide speed range, where the estimated
variables provided by this observer are obtained
with greater precision, despite the variations of the
parameters, achieving greater robustness. These
estimated states are used in the proposed robust
control to track a desired reference of speed and
direct-axis current. A stability analysis of the closed-
loop system is presented, using a Lyapunov
approach. In addition, the proposed strategy is
validated throughout experimental and simulation
set-up in order to show its effectiveness.
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