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Notations and Abbreviations

Notations

Non-exhaustive list of the main variables and parameters.

The conditions for modelling SynRM are as follows:

Rs () Stator resistor,

Ls (H) Stator inductance,

Lm (H) Magnetising inductivity,

Is (H) Self-inductance of a stator phase,

Maximum value of the mutual inductance between the stator phase and the

Mo (H) rotor phase,
p (-) Number of pole pairs,
F (N.m.s/rd) Coefficient due to viscous friction
Tem (N.m) Electromagnetic torque
] (Kg.m?2)  Total moment of inertia,
Kp (-) Proportional component of the PI controller,
Ki (-) Integral component of the PI controller,

Axis reference points:

(d, q) Park reference frame axes (rotating at synchronisation speed)
Concordia/Clarke reference frame axes (Park reference frame fixed to
(@ B)
the stator),
O (rad) Angular position of the rotor in relation to the stator,
0, (rad) Angular position of the stator in relation to the axis (d),
0, (rad) Angular position of the rotor in relation to the axis (d).
Electrical values at the stator:
Vsa b, c (V) Three-phase stator voltages,
Vsd, g (V) Two-phase stator voltages in reference frame (d, q),
Vsa B (V) Two-phase stator voltages in reference frame («, ),

[Velsx: = [Vea» Vspr Vse]T (V) Vector of stator phase voltages a, b and c,

Vs (V) Modulus of the stator voltage vector,

Isa b c (A) Instantaneous three-phase stator currents

Isd, q (A) Two-phase stator currents in reference frame (d, q),
Isap (A) Two-phase stator currents in reference frame (a, 3),

12



[IJax1 = [isq isp isclt (A) Vector of the instantaneous currents of stator phases a, b and c,

Magnetic quantities in the stator:

Qsab,c (Wb) Instantaneous magnetic flux at the stator,
Qsap (Wb) Two-phase stator fluxes in reference frame (o, ),
psda (Wb) Two-phase stator fluxes in the rotating reference frame
(d, q).
(2], =[Pu> P - P I (Wb) Instantaneous flux vector for stator phases a, b and c,
o, (Wb)  Modulus of the stator flux vector.
Mechanical quantities:
wr (rad/s)  Electrical pulsation corresponding to the speed of rotation,
Ws (rad/s)  Electrical pulsation of stator magnitudes (rotating field),
f (Hz) f (Hz) Electrical frequency of stator magnitudes,

Ns (rpm) Rotating field speed,

Nr (rpm) Nominal mechanical speed of rotation.
Transformations:
s Laplace operator,

P (8)  Park transformation: Xsab,c— Xsdq etXrabc— Xrdg,

Cs2 Concordia/Clarke transformation :Xsa,bc = Xsa,p €tXrabc—= Xra,

SynRM control quantities:

Tem" (N.m) Electromagnetic torque setpoint,

» (rad/s) Estimated Rotor Speed,

}em (N.m) Estimated electromagnetic torque,

Kp, Ki (-) Proportional and integral components of the PI corrector,
Ts (s) Sampling period,

fr (Hz)  Carrier frequency,

fr (Hz)  Reference frequency,

) (deg) Phase shift between the stator and rotor flux vectors,
Wn (rad/s) Natural pulsation,

& (-) Damping Factor,

€ (-) Static error,

Sa, Sb, Sc (-) Switching states of the inverter switches,

Tr Resistant Couple.

Q SynRM Rotor Speed
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SynRM
IE1

IE2

IE3

IE4

IE5
FOC

DC
MPC
MRAS
IGBT
IGCT
MOSFET
PMSG
PWM
SVM
THD
CARMA
NTVS

Abbreviation

Synchronous reluctance machine
Standard Efficiency.
High-Efficiency.

Premium Efficiency

Super Premium Efficiency
Ultra-Premium Efficiency

Field Oriented Control.

Direct Current.

Model Predictive Control.

Model Reference Adaptive System.
Insulated Gate Bipolar Transistor.

Integrated Gate Commutated Thyristor.

Metal Oxide Semiconductor Field Effect Transistor.

Permanent Magnet Synchronous Generator.
Pulse Width Modulation.

Space Vector Modulation.

Total Harmonic Distortion.

Control Auto Regressive on Moving Average

Nonlinear Time-Varying Systems
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General Introduction

General Introduction:

The concept of an "ideal" electrical machine refers to a theoretical device that operates with perfect
efficiency and without any losses, limitations, or constraints. In practice, no electrical machine can
achieve this ideal state due to various factors such as resistance, hysteresis, eddy currents, and
other losses associated with energy conversion processes.

Induction machines are the world's most widely used machines in industrial applications, due to
their ability to be supplied directly from the mains without the need for an electronic power
converter, their robustness and their low cost. The development of vector control has given them
dynamic performance, particularly at medium and high speeds, their main handicap is certainly
their efficiency and the losses in the rotor, which are more difficult to evacuate. Consequently, the
replacement of standard-efficiency electric machines with higher-efficiency machines is assessed
on the basis of considerations that differ from actual operating conditions in the industry. The
United Stated Energy Policy Act of 1992, which initiated the standardisation of electric machines
according to their efficiency class (hereafter referred to as ‘efficiency class’), marked an important
step in improving the efficiency of electric machines, which involves the use of better magnetic
materials and more copper, which obviously has an impact on the cost of the machines [1]. Since
then, the categorisation of the efficiency class has improved, standardising the definitions of the
International Electrotechnical Commission (IEC) [2]: IE1, IE2, IE3, IE4, IES.

As aresult, in industrial applications requiring speed or torque control, other types of machine are
generally used instead of the IM, such as the permanent magnet synchronous machine (PMSM).
Synchronous machines with magnets are the best in terms of dynamic performance, efficiency and
low-speed behaviour. They are therefore reserved for demanding applications in robotics and
machine tools. However, they have two major drawbacks. The first is the difficulty of defluxing
them, which can reduce their speed range at high speeds and pose serious safety problems in the
event of power electronics failure. The second is the availability and price volatility of the rare
earths needed to manufacture high-performance magnets. These two disadvantages are overcome
in the case of a machine with a wound rotor, but the inertia of the rotor increases considerably and
its robustness decreases accordingly.

Nevertheless, the introduction of other traction machine drive topologies could provide a means
of optimising the operating parameters for a specific use case. One potentially promising solution
is the adoption of synchronous electric machines with no rotor active elements. This reduces
material costs, increases efficiency thanks to the absence of resistive losses in the rotor and
simplifies the manufacturing process. The most popular topologies are the switched reluctance

machine (SRM) and the synchronous reluctance machine (SynRM). The switched reluctance
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machine is growing in popularity today, but it has several drawbacks such as higher torque ripple,
acoustic noise and relatively low torque density [3]. Acoustic noise and torque ripple are factors
holding back the development of this type of electric machine. SynRM is subject to fewer of the
disadvantages inherent in SRM. They are economical and are well suited to very low or very high
speeds. SynRMs are a serious competitor to the induction machine in variable speed applications.
These machines have minimal or no Joule losses in the rotor and are more compact and more
efficient than asynchronous machines of the same power. They generally have a higher torque-to-
volume ratio compared to induction machines. This means that for a given physical size, a SynRM
can deliver higher torque output. This feature can be advantageous in applications where space is
limited, and high torque density is required. Their main disadvantage is their power factor, which
can lead to the static converter feeding them being oversized. Flux barrier machines minimise this
problem, but at a higher cost and with less robust rotors.

The first design of the synchronous reluctance machine (SynRM) indeed had some limitations,
including low efficiency and low torque. Additionally, the machine required cage windings for
self-starting when connected directly to the power grid. [4]

Low efficiency in early SynRM designs was primarily due to factors such as suboptimal magnetic
circuit design, inefficient rotor configurations, and less sophisticated control algorithms. These
issues resulted in higher power losses and reduced overall machine efficiency.

Low torque output was another challenge in the initial designs. Synchronous reluctance machines
rely on the principle of magnetic reluctance to generate torque. However, early designs struggled
to maximize the torque output due to suboptimal rotor shapes and insufficient utilization of
magnetic materials.

To address the self-starting issue, the initial SynRM designs incorporated cage windings. These
windings were added to the rotor of the machine, allowing it to generate the necessary starting
torque. The cage windings helped overcome the lack of initial magnetic field during startup and
facilitated the machine's ability to begin rotating when directly connected to the power grid.
Since the early designs, significant advancements have been made in SynRM technology. Modern
SynRM designs employ improved magnetic circuit configurations, optimized rotor geometries,
advanced materials, and enhanced control algorithms. These advancements have led to improved
efficiency, higher torque output, and reduced reliance on cage windings for self-starting.

The selection of machine type depends on the specific requirements of the application, such as
energy efficiency goals, control requirements, cost considerations, and the availability of suitable
technology in the market. Industrial users should evaluate the benefits and trade-offs of both

induction machines and SynRM machines to determine the most appropriate solution for their
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particular needs. Nevertheless, variable reluctance synchronous machines offer many advantages

and are often an excellent compromise.

The fact that the SynRM has been used in variable speed drive systems (VSD) is due to

technological developments, particularly in semiconductors, which have made it possible to build

high power converters capable of delivering high performance voltages or currents of adjustable

amplitude and frequency. [7]

Current scientific research has focused on the operation of regulated drives without mechanical

speed sensors, without altering their dynamic or static performance. Estimating the rotor speed of

a sensorless synchronous reluctance machine (SynRM) can be achieved using various methods:

1.

High-frequency injection: Injecting a high-frequency signal into the stator windings of the

SYNRM can induce a secondary voltage at the rotor [5], [6]. By analysing the response of

the induced voltage, the rotor speed can be estimated. High-frequency injection methods

can be based on techniques such as voltage model injection (VMI) or current model
injection (CMI).

Magnetic saturation analysis: SYNRM's magnetic saturation level can provide information

about the rotor position and speed. By analysing the machine's magnetic characteristics,

such as inductance or flux linkage, variations in saturation can be correlated with rotor
speed [7]. This method requires accurate measurements and a good understanding of the
machine's saturation behavior.

Model-based methods: These methods utilize mathematical models of the machine to

estimate the rotor speed. The machine model incorporates the electrical, magnetic, and

mechanical characteristics of the SynRM. By observing the machine's electrical quantities
such as voltage and current, the rotor speed can be estimated through model-based
algorithms such as :

» Extended Kalman filters (EKFs) which have shown excellent qualities as an optimal
recursive estimation algorithm for non-linear systems, and they are very appropriate
in the case of noisy measurements [8] ,[9], [10]. Unfortunately, implementation at
SynRM is not easy, and the main problem is the derivation of the Jacobian matrices,
which is critical when the magnetic model is based on piecewise linear interpolation
of look-up tables. Other estimation techniques like Unscented Kalman Filters (UKFs)
or particle filters may offer alternative solutions with different trade-offs.

» Sliding mode observers [11] are known for their robustness against various
disturbances and uncertainties, making them suitable for applications where the
machine may encounter varying loads, external disturbances, or parameter variations.

However, the presence of chattering, i.e. high-frequency oscillations of the control
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signal around the switching surface, can lead to higher current harmonics in the
machine windings, which can affect machine efficiency and cause additional losses.

* Back-EMF integration: The SYNRM generates a back-electromotive force (back-
EMF) due to the rotor movement [ 12]. By integrating the measured back-EMF voltage,
the rotor speed can be estimated. This method requires accurate voltage measurements
and may be affected by noise and signal distortion.

» Luenberger observers are simple and easy to implement, but they require accurate
knowledge of the system parameters and are sensitive to noise and disturbances. [13].

= Predictive control: is used to predict the future output based on historical information
about the process, as well as anticipated future input. The optimization of predictive
control is limited to a moving time interval and is carried on continuously on-line. PID
type controllers do not perform well when applied to systems with significant time
delays. Model predictive control overcomes the debilitating problems of delayed
feedback by using predicted future states of the output for control.

» The Adaptive Reference Model System ( MRAS ) based speed estimation method
[14],[15] is one of many promising techniques used for sensorless variable speed
drives, due to its practical implementation, robustness and low computational
complexity.

This thesis deals with the sensorless control of synchronous reluctance machine (SynRM). We
chose this research topic because, on the one hand, this machine is still little studied compared
with asynchronous machines and, on the other hand, at low speeds, the absence of a mechanical
sensor puts its reliability at a critical point.

Our contribution to this thesis is devoted to the study of a hybrid controller, composed of a
predictive model controller and an MRAS observer. The most widely used approach in the
observers mentioned above is a synchronous frame proportional-integral (PI) controller. It is
estimated that more than 95% of controllers used in industry are PID controllers, and most of them
are PI controllers [16]- [17]. The weakness of this control scheme is the employment of multiple
PI controllers in the outer and inner loops, which have numerous parameters to be set, compared
to these techniques, we propose an observer that estimates speed by replacing these conventional
PI controllers with a predictive control model that calculates the new speed estimate based on the
MRAS scheme using only stator current and voltage measurements.

Thesis Organization

The thesis is structured into four chapters, and all of them deal with a different topic.

Chapter 1 deals with the principle of operation, the modelling of synchronous reluctance machines

(SynRMs) and their representation in different frameworks, starting with the SynRM model in the
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Concordia framework, then in the modified Park framework, and then examining the machine
supply by a two-level voltage inverter.

Chapter 2 Examines vector control by orientation of the rotor flux on the SynRM, and also presents
the study of control, which is linked to stability in the Lyapunov sense, convergence and the nature
of the machine as a non-linear dynamic system.

Chapter 3 This chapter analyses predictive control, which is a combination of prediction of future
process behaviour and feedback control, applied to SynRM. The process model adopted in this
chapter is the CARMA structure, and the criteria for optimisation by minimising the cost function,
which differs from one method to another are analysed, and finally the control parameters are
defined for general predictive control.

Chapter 4 This chapter extends the previous chapters' knowledge of the synchronous reluctance
machine (SynRM). It discusses the model-referenced adaptive system (MRAS) observer based on
Popov’s criteria for hyperstability, then optimises a voltage vector that minimises the current error.
Two cascaded MRAS-MPC approaches are presented for two cost functions. The chapter
concludes with a comparative analysis between MRAS-PI and MRAS-MPC and concluding

remarks.
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Chapter 1: Modelling of synchronous Reluctance Machine and their power supplies

1.1 Introduction

Synchronous machines are used in many fields, as in machine applications or in generator
applications. The goals to have a synchronous machine model can be split into two groups: (1) to
achieve further insight in the complex electro-magnetic behaviour of the machine [ 18], and (2) for
simulation or control purposes [19], [20].

In this chapter, we examine the operating principle and modelling of the SynRM. This is followed
by its representation in different reference frameworks, starting with the model of the SynRM in
the Concordia framework and then in the modified Park framework. To study the dynamics and
behaviour of the SynRM under transient and stable conditions, the appropriate choice of reference
frame will be made according to the control or observation objectives. This chapter also presents
a modelling study of the inverter and its PWM control technique.

1.2 Working Principle of SynRM

SynRM operation is based on the principle of reluctance, which is a property of magnetic circuits.
The term "synchronous" refers to the machine's ability to operate at a speed directly proportional
to the frequency supplied, keeping its rotation synchronised with the frequency of the power
supply. The basic principle of a synchronous reluctance machine is that a magnetic object tends to
move from a region of low magnetic permeability to a region of high magnetic permeability. This

phenomenon is known as "reluctance".

A A A A T A A A A 4
Y d Y
71

N | s

LT

Objectb

Figure 1.1 Torque production mechanism.[63]

If a magnetic field (W) is applied to an object 'a' made of an anisotropic material, it creates a torque
if there is an angle between the d-axis and the magnetic field lines (6 # 0) Figure 1.1. Or if the
d-axis of object “a” is not aligned with the field.
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The reluctant torque will tend to rotate the material to reduce the angle and minimise the magnetic
energy. If this angle (&) is kept constant by a torque control or an applied resistive torque, the
electromagnetic energy is continuously converted into mechanical energy.
1.3. Influence of the Liy/L, factor on machine performance
The saliency rate, given by the following equation, is an important parameter for monitoring the
performance of a SynRM. ¢ = i—d .

q
To achieve a SynRM with high performance, the main goal is to obtain a high Ls value and a low
L, value, which results in maximum d-axis flux and minimum g-axis flux.

The graphic vector diagram is an essential means of displaying and understanding the operating
principles and characteristics of SynRM's performance.

The d-axis and g-axis rotor magnetic flux components are differentiated in the vector diagram, d-
axis corresponding to the high reluctance direction and g-axis representing the low reluctance
direction. Torque is produced by changing the reluctance between these axes.

The stator current vector in the vector diagram is broken down into its d-axis and g-axis
components, which are vital in determining the torque output and the machine's overall
performance.

The electromagnetic steady-state torque produced by this machine is expressed as follows:
T,=p(L,-L,)1,I, (1.1)
To boost the torque without changing the value of the current, the inductance of the direct axis

(Lq) must be increased in relation to the inductance of the quadrature axis (L,).

q Axis4
vV
—
AV 5 S I,
: Y !
E [ -s;‘% ---------- E -------- : ws
: (2] : :
! £ : : ‘
Vsa Isq Psa d Axis

Figure 1.2. SynRM steady-state vector diagram

In other hands, to increment the torque, the saliency ratio ({) must be augmented [21].
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The angle @, represents the position (Is) of the stator current vector relative to the d-axis. The

current vector in the stator is kept fixed in steady state.
q Axisy

O

I d Axis

Figure 1.3. Position of the stator current on the (d - q) axis.

The amplitude of the stator current is defined by the following equation:

I, :JI; +I§q (1.2)

Electromagnetic torque as a function of stator current Is and 0:

T,=p(L,-L,)I]sin20 (1.3)

The preceding relationships show that when the stator current is fixed at a specific value, the
maximum torque is reached at § = &/4, which corresponds to Iss = Iy, a mode of operation
associated with a particular control strategy. Fixing @ = /4 in equation (1.3) gives equation (1.4),

which reveals the saliency ratio ¢.
) 1
Te :pLdIs‘ l—z (14)

The SynRM is an AC machine designed to be supplied with three-phase sinusoidal currents in
steady state. The machine's power factor, expressed as the phase shift between the fundamental of
the current in the line and the respective phase-to-neutral voltage, can be defined. It also
corresponds to the ratio between the apparent power absorbed by the machine and the active
power. It is essential that this ratio is as close as possible to 1 in order to limit the electrical power
of the source feeding the machine. By ignoring losses in the machine model, we get a simple

expression for the power factor:

—1).sin@
cosQp = % (1.5)
(é‘ ) +tan’0
If a specific strategy of control is applied (requiring tanf = \/E ), the factor of power is
maximised and only depends on the ratio L% .
q

The expression of the power factor is then given by the expression [22, 23] :
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()
(cosqo )max = (( n 1)

(1.6)

In Figure (1.4) we can see how the power factor varies as a function of the saliency ratio Ld/Lgq.
The power factor becomes more important for saliency ratios greater than 8. Based on equations
(1.4) and (1.6), to achieve optimum machine performance, the structure of the rotor has to be

chosen to reach the maximum possible value of Ly and the highest possible L#/L, ratio [23].

PF cos(Pimax)
0 0102 03 0405 0.6 0.7 08 0.9
\

0 2 4 6 8 10 12 14 16 18 20
Saliency ratio (Ld/L )
a

Figure 1.4. Power Factor as a relation to the saliency ratio Ld/Lg
1.4 Simplifying hypotheses

The synchronous machine model is based on the following assumptions:

Assumption 1.1: Stator winding currents are assumed to set up a magnetomotive force (mmf)
sinusoidally distributed in space around the air gap. Therefore, the effect of space harmonics in
the field distribution is neglected.

Assumption 1.2. The currents induced in the magnetic circuit (eddy currents) are assumed to be
negligible, as are the phenomena of hysteresis and the skin effect.

Assumption 1.3. Saturation effects are neglected.

Assumption 1.4. The effect of temperature on resistance values is neglected.

Assumption 1.5 Notch and gap harmonics are not taken into account

1.5 Electrical equations of the machine in the abc reference frame

The electrical equations governing the operation of a synchronous machine in a fixed frame of

reference linked to the stator can be written as follows:
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d
[Vabc ] = [Rs [Iabc ] + d_t[qlabc ] (1 7)
L, Y v, R 0 O
[Iabc ] = lb ’ [Vabc ] vb 4 [qlabc ] Wb D [Rs ] = O Rs O
I, v, v, 0 0 R,

where:
w,, y,,and y,_ are the magnetic fluxes that link each stator winding.
v,, v,,and v, are the individual phase voltages across the stator windings.
i ,i,,and i, are the currents flowing in the stator windings.
R, is the equivalent resistance of each stator winding.

The total fluxes of the stator phases can be written in the stator reference frame in the following

matrix form:

[qlabc]:[L][Iabc] (1.8)

where [L] is the inductance matrix which depends on the angle @ defined in Figure 1.5:

L) Mm,(@) M,(0)
[L]=|M, (0) L,(0) M, (0)] . (1.9)
M, 0) M,0) L.(0)

Assuming the first space harmonic, the inductance shown in Figure 1.5 varies with the position

of the rotor can be expressed as follows [64]:

L,(0)= L, +L'+L"cos(20) M, (0)=M,,(6)=M +M”cos(26’—2?ﬂj
L (0)=L, +L'+L"os|20+2" N o
b( )_ ,+L"+L"cos +T Mﬂ(@):Mﬂ(@):M +M COS(ze‘l‘?J
2 ! !
LC(H):L,+L'+L"COS(2‘9_?EJ M, (0) = M,(0)=M +M cos(20)
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L)

0=

Figure 1.5. Variation in inductance as a function of rotor position

Where:
L,: leakage inductance
L' : Constant self-inductance term for one phase

L": Amplitude of the first harmonic of the natural inductance of a phase

M’:—%L’,M":L” . [61]

q

Stator

X
Stator

N
Rotor Axis
Stator Axis

(a) (b)
Figure.1.6. (a) Representation of the synchronous machine in the d-q and a-f reference frames (b) Schematic
diagram of a reluctance machine
1.6 Electrical equations of the machine in frame o

With a system of two-phase currents, produced by two coils offset by w2 in space, it can be created

a rotating field identical to that created by a three-phase system (a, b, c¢). There are two
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transformations: The Clarke transformation and the Concordia transformation. The Clarke
transformation preserves the amplitude of the quantities, but not the power or torque (they must
be multiplied by a coefficient of 2/3). On the other hand, Concordia, which is normalised, retains

the power but not the amplitudes. In the general case, this gives:

xa xa xa xa
X, :[032] X, 5 X, :[023] x, (1.10)
X, x, x, X,
Where:
.
2 2 1 0 1
20 3 B : NE)
[023]:§ 0 S T ) [‘332]—[‘323]1— 5 5 1
1o L3
_2 2 2 | __5 Y 1_
Equation 1.7 becomes:
d
[Vaﬁh]:[Rs][laﬁh}a[waﬁh] (1.11)
Where:
v, i, v,
[Vaﬂh}= Vel s [Iaﬂh]= iy | [Y’aﬂh}= Wy |
Vi i, Y
The flux matrix is:
[\Paﬁh:l = I:Laﬁh:II:IuBh:I (1.12)
Where:
L +§(L'+L” cos(26)) 3y sin(20) 0
) 2
[Laﬁh} = %L” sin(20) Ll+%(L'—L” cos(20)) 0
0 0 L,

The neutral of the machine being isolated, we have i» = 0 and we can write:

Vo |_p |t | 4| 1.13
v, |0y Tar |, (1.13)

1.7 Electrical equations of the machine in frame dq
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The park matrix is :

cos@  cos (0 - 2—”) cos (0 + 2—”]
3 3
[p]:Z —sin —sin (0—2—”j —sin (0 +2—”j (1.14)
3 3 3
1 1 1
2 2 2 |

Calculating the inverse of [P] is straightforward:

cosl —sin@ 1

[P]' = cos(ﬂ—%rj —sin(ﬂ—%rj 1 (1.15)

cos (0 +2—”j —sin (0 +2—”j 1
— 3 3 -

If we project all the quantities into the d-g reference frame linked to the rotor Figure 1.6 using

Park's transformation, we write, in the general case:

X, X,
x, |=[P]"| %, (1.16)
X, X,
Equation (1.1) then becomes:
-1 -1 —Id qldqh d|P N
[P Vi |=[RP] [Lugs |+[P] [dt L [dt] [V | (1.17)

Where [Xdqh] denotes any vector of quantities expressed in the reference frame linked to the

rotor.

Multiplying the two members of (1.17) by [P] gives:

d|\¥ d[p]’
[quhJ=[Rs][14qh]+—[d;qh]+p!2 [P] Ew] (¥ ] (1.18)
4 |0 -1 0
With [P]d[P] =1 0 0
do
0 0 O
We finally arrive at the following equations:
L, 0 0 d[1,] 0 -L, 0
Wir |=[R )X ]+| 0 L, O #+p9 L, 0 0|[1,,] (1.19)
0 0 L, 0 0 0
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With Ld:L,+%(L, w1

L =L,+§(L' L )
v 2

L,=L
Since the neutral of the machine is isolated, which naturally implies i, = 0, we can write:
v R -pQL_ ||i L 0 i
d|_ s p<L, .d L i .d (1.20)
v, PLL, R, [, 0 L, |dt|i,
p: Number of pole pairs

1.8 Vector equivalent circuit and main performance characteristics:
In the case where it is necessary to take into account the presence and influence of rotor currents.

In his thesis [24] and in his publications [25], J.D.Park uses the model illustrated in figure 1.7 to
model a solid rotor SynRM. This model is similar to that of a MAS where the slip is always equal
to unity.

Due to the sinusoidal distribution of the stator winding in a SynRM, the flux harmonics in the air
gap add only an extra term to the stator leakage inductance. As a result, the SynRM's behaviour
can be described using the standard equations for a wound-field synchronous machine, specifically
the Park equations. However, unlike conventional machines, the SynRM lacks an excitation (field)
winding, and the rotor does not have a cage. Additionally, the SynRM can be started synchronously
from a standstill using suitable inverter control [26].

Where;

L, : Total winding leakage inductance.

Y. : Air gap linkage flux.

w : Reference frame electrical angular speed.

R : Winding resistance.

R, : Stator iron losses resistance

R, : Rotor iron losses resistance

i,n : Magnetization current

e : Air gap electromotive voltage (internal voltage of stator winding).

e

Figure 1.7. SynRM equivalent vector circuit including rotor and stator iron losses
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1.9. Electromagnetic Torque

In synchronous reluctance machine the electromagnetic torque is produced by the interaction
between air gap flux and its corresponding magnetizing current.

P, . . . .
T, :Ezp(wd;q ~¥,i,)=p(L,~L,)i,i (1.21)
The mechanical speed of rotation can be deduced from Newton's fundamental law of motion:
Q
7 po-1 T (1.22)
dt
do
Where ; C=m , 0 =pQ
dt

1.10. Non-linear state model

In general, to present a state model, we need to define the state vector x, the input vector u and
the output vector y. The input vector consists of the stator voltages. The state vector is made up
of electrical quantities (currents) and mechanical quantities (speed and/or position). [27]

1.10.1. State model in rotating frame (d - q)

In the case of torque or angular speed control, the non-linear state model state model in the
rotating reference frame d-q is described by the system below:

) R pL I 7
] R P g Lo o
l, L, L, ! L, u
. d
i |- Ry Pliio ilo Lo |a (1.23)
. L ¢ L ‘
Q q q q Tr
3 o(L, - L o o -
L 51’( a~ .,). . F 7
i, i, ——Q| - |
LT J ]

In the case of controlling the rotor position @, this will be considered as a new state variable and
the new state model is therefore written:

- . - ]
- K+ P 1o,
L, L, L,

ta -R. pL,.

- —i -0 1 u,

il L 4 L N 0 1 0 B} (1.24)
"I 3 q q

Q |l T

2 elL) o o L%

0 i, ——Q J
- d d 0 0 0

- Q - B N

Figure.1.8 presents the SynRM model in synchronous reference frame with inputs stator voltages,

and load torque. The outputs are the rotor angular velocity.
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sl

1
R +LS

Figure 1.8. Block diagram of the SynRM system

1.11. Modelling the synchronous machine power supply

F+JS

g

Direct current to alternating current converters, more commonly known as inverters, depending

on the type of power source and the topology of the power circuit, are classified as voltage source

inverters (VSI) and current source inverters (CSI). The main purpose of these topologies is to

provide a three-phase voltage source, where the amplitude, phase and frequency of the voltages

can be controlled. The two-level voltage inverter is made up of three arms formed by electronic

switches chosen essentially according to the power and frequency of the system to be controlled,

each arm comprising two IGBT power electronic components equipped with diodes mounted in

anti-parallel. Figure 1.9 shows a power supply diagram for a SynRM with a voltage inverter.

Vdc

(001) (101)

Sector 5

Figure 1.9 Two level voltage source inverter
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Su S21 Sa1 Vector Voltage
0 0 0 V, =()
1 0 0 2
Vl = g Vdc

1 1 0 1 ) \/5

V2 = E Vdc +.] T Vdc
0 1 0

V,=- 1 Vi1 g Vie
0 1 1 2

V4 - g Vdc

0 0 1 1 ) \/g

VS_ EVdc-J?Vdc
1 0 1 1 ) \/5

V():EVdc'JTVdc
1 1 1 V=0

TABLE 1.1. SWITCHING STATES AND VOLTAGE VECTOR

The inverter has eight switching states as shown in Table 1.1 .The two switches in the same branch

cannot be activated at the same time, as this would short-circuit the input voltage. Therefore, the

nature of the two switches in the same leg is complementary.

S, +8,=1
S, +8,, =1
S31+S32 =1

(1.25)

The modulation signals are thus selected so meet some specifications, like harmonic elimination,

higher fundamental component and so on. The phase voltages can be obtained from the line

voltages as,

vab van - vbn
vbc = vbn - vcn
vca vcn - van

As we are dealing with balanced voltages v, +v,, +v,, =0 , we therefore have :

an 1 vab - vcn
vbn = 5 vbc - vab
vcn vca - vbc

The voltages between the phases can also be written in the following form:

(1.26)

(1.27)
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v v —v
ab ao bo (128)
vbc = vba - vco
vca vCO - vaa
Substituting 1.28 into 1.27 we get:
v, 2 -1 -1}|v, (1.29)
v, =% -1 2 -—1f|v, '
V., -1 -1 2|,
And note that,
_ | _
S11 - 5
o ! (130)
Vo | = Vae| S21— 5 .
v
co 1
I S31 - E_
Therefore,
V., 2 -1 1|l §, (131)
v, =% -1 2 -] s, '
V., -1 -1 21| S,

The three-phase tensions above can be controlled based on the rotation of the spatial vector, as
illustrated in Figure 1.10. One can deduce from this figure that the three phase tensions are
alternately represented by a rotating vector Vs. To do this, we use a fixed 2-D coordinate system,
in which the horizontal a-axis is aligned in the same direction as phase A, and 3 is the vertical axis

as usual [28]. Vs is now equivalent to the voltage vectors ¥V, and Vp

1 B axis

B phas

Y

C phase

Figure 1.10. Relationship between three-phase voltage and coordinates o 3
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It is obvious that the three-phase voltage is completely controlled by V', and Vp, these voltage

vectors are described by a set of formulae as below.

p 1
[ Va:' ) % 2 2 .
vV 3 bn
k 0 £ _£ V.
2 2
The matrix in the above equation is also expressed as:
Va = I/;m
(2 V)

v,
’ V3
V,= V. +V,

0 = arctan| —
Va

w=2xf,
1.12. Control strategy principle:

(1.32)

(1.33)

(1.34)

(1.35)

(1.36)

The control method involves reconstructing the reference voltage at the inverter's output based on

the sequence of the reference wave generation. Subsequently, the regenerated reference voltage,

generated through PWM (Pulse Width Modulation) technique, is compared to a high-frequency

sawtooth signal generated by the carrier generator. In the PWM control simulation depicted in

Figure 1.11 shows how the interaction between the reference signal and the carrier signal activates

the control algorithm, which then issues commands to open or close the IGBTs (Insulated Gate

Bipolar Transistors). This figure illustrates the PWM signals generated by the inverter to replicate

a voltage corresponding to the reference signal.
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FFT analysis

110 Fundamental (50Hz) THD= 3.54%

100 —

90 —

80 —

70 —
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Mag (% of Fundamental)
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Figure 1.13. THD of the source voltage Va
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Figure 1.14. Sectors
1.13 Simulation results:

To complete the theoretical study presented above, a numerical simulation is essential. The

algorithm is tested in the MATLAB environment. The SynRM parameters are shown in Table 1.2.

d-axis inductance La 0.1524 [H]
g-axis inductance Lq 0.0345 [H]
Number of poles p 2
Friction coefficient f 0.00015 [N.m]
Moment of inertia ] 0.00044 [Kg.m?]
Stator resistance Rs 8.1[Q]
d-time constant Ta=La/Rs 0.01881 [s]
g-time constant Tq=Lq./Rs 0.00426 [s]

TABLE 1.2. PARAMETERS OF THE MACHINE USED

1.13.1. SynRM is fed directly from the public network.

SynRM is supplied by purely sinusoidal and balanced sources, expressed as follows:
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v, =V sin(wt)

. 2
v, =V sin(wt— ?ﬁ)

v, =V sin(wt+ 2?7[)

The following figures show the evolution of SynRM's characteristics fed directly from a balanced
purely sinusoidal source, followed by the application of a mechanical load during the time interval
[ 1.5s,3s].

At start-up, at no load, Figure 1.15 illustrates the evolution of the SynRM's rotor speed, with
ripples damping off at 0.25 s heralding the onset of steady state and reaching a synchronous value
0f 314.16 rad/s.

Figure 1.16 shows the evolution of the electromagnetic torque. Initially, the torque of the SynRM
reaches the value of -8.6 N.m, then +5.5 N.m and exhibits oscillations which disappear after 0.1s
when it reaches 3.46 N.m, then it decreases in an almost linear fashion and stabilises at its
minimum value.

Figure 1.17 shows the evolution of the stator currents along the direct and quadrature axes in a
manner more or less analogous to the evolution of the speed, while slight oscillations can be seen,
which disappear after 0.1s.

By applying a load torque equal to 7;= 2N.m at time ¢ = 1.5s, it can be seen that after small
oscillations the speed returns to the synchronous speed of 314.16 rad/s , the current I, decreases
slightly from 7.92A4 to 7.83A4 , while the current I; increases and stabilises at 3.84A4.

The torque reaches a value of 3.5/N.m and then stabilises at 2. 02N.m (slightly higher than the load

torque), which explains the coupling between the direct axis and the quadratic axis.

600 - T
550 |- ]
500 |- 1
450 | ]

» 400 |

® 350 i

= A

= 300

@ 250 il

(X

w200 ]
150 |- ]
100 | ]

50| 1

0 1 1 1
0.5 1 1.5 2 2.5 3

Time (s)

|

Figure 1.15. Rotational speed with no load and then under load at t = 1.5s, the machine supplied by the electrical
network
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Figure 1.16. Electromagnetic torque response of the machine supplied by the electrical network
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Figure 1.17. Components of the stator currents along the d and q axes of the machine supplied by the electrical
network.

1.13.2. SynRM is supplied by an inverter
Figure 1.18,1.19,1.20, illustrate the progression of SynRM characteristics under the influence of

PWM in the form of an S-Function. The study includes the introduction of a load T/=2N.m within
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the time interval [4.5s, 9s]. The outcomes in this scenario closely resemble those achieved with a
purely sinusoidal power source. Nevertheless, a closer examination of the figures, particularly
those representing electromagnetic torque, stator currents, and currents in the two direct axes and
in quadrature, reveals that this power supply approach induces an elevation in ripples. This
increase is primarily attributed to the harmonics introduced by the inverters and PWM, exerting a

notable impact on the electromagnetic torque.

600

400

N
o
o

Speed(Rad's)

-200

o 1 2 3 a4 5 6 7 8 9
Time(s)

Figure 1.18. Rotation speed at no load and under load at t=4.5, the machine powered by the inverter.
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Figure 1.19. Electromagnetic torque response of the machine powered by the inverter
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Figure 1.20. Composants du courants statoriques selon les axes et la machine alimentée par 1'onduleur
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1.14. Conclusion

This chapter delves into the characteristics and functionality of the SynRM, highlighting the
significance of the Ld/Lq parameter in its design and optimization. A mathematical representation
of the SynRM in the stationary reference frame (a-f) has been developed, while its behaviour in
the synchronous reference frame (d-q) has also been analysed. This modelling is essential for
applying advanced control strategies such as vector control. These representations provide a
deeper insight into the electrical and magnetic properties of the machine and support the
implementation of rotor flux orientation and speed regulation techniques. Furthermore, the
inverter, a key element for supplying power to the SynRM, has been modelled. Simulation results,
both with and without the inverter, are presented to assess its influence on the control system,

particularly concerning machine performance.
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Chapter 2: Control of synchronous Reluctance Machine

2.1 Introduction

In this chapter, we will apply vector control by orientation of the rotor flux on the SynRM, and
since the study of this type of control is linked to stability, in the sense of Lyapunov, convergence
and the nature of the machine as a non-linear dynamic system, we need to devote part of the
initiative to defining some concepts and definitions on the theory of stabilisation of dynamic

systems.

2.2 Stability of dynamic systems

Consider the non-linear system described by:

2.1)

In which u(t) eR™ and y eR" x(f) eR™ are the input , the output measurement and the

state vectors respectively and ( f, g) eM" are continuous non-linear functions.

Stability is defined here in terms of the behaviour of a system's trajectories close to its equilibrium
points. Studying stability makes it possible to examine the evolution of the trajectory of a system
when the initial state is close to a point of equilibrium.

Stability theory in Lyapunov's sense means that the solution of the equation, when initialised near

an equilibrium point, remains close to that point [29] and applies to any differential equation,
Assuming that the nonlinear system 2.1 under the initial condition x(#,) = x,, has an equilibrium
point X then : if for each £>0, a >0 exists such that, for any initial condition x satisfying
|x,— X[ <6 , the system 2.1 solution x(#) satisfies |x(¢)—X|<& forallz>0.

This means that a point X will be a stable system equilibrium if, given a sufficiently small initial
deviation from X, the solution stays arbitrarily near X for any future time.

2.2.1. Equilibrium of the attractor

The given point X is an attractor equilibrium of the 2.7 system if for any € >0 ,a >0 exists

so that for any initial condition X satisfying |X0 - i| <0, the resulting 2.1 solution x(t) of the

0.

system 2. 1 will converge to X ast — o, i.e., lim‘x(t)— 37‘
t—o

This means that an attractor equilibrium is a stable equilibrium towards which the system's
solutions converge over time, whatever the initial conditions. It behaves as an ‘attractor’ for

neighbouring solutions, drawing them towards it over time. An attractor equilibrium is a more
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powerful concept of stability, since it implies not only that the solution stays arbitrarily close to
equilibrium over all future times, but also that the solution moves closer to equilibrium as time

passes.

2.2.2. Asymptotically stable equilibrium

The point X is taken to be an asymptotically stable equilibrium for the system 2.1 if is both
attractive and stable . If every initial state x, converges to the asymptotically stable equilibrium,
we speak of a basin of attraction. Asymptotic stability is a practically desirable property, however,
it does not specify the speed at which the trajectory x(t) converges towards equilibrium. To
remedy this, the exponential stability concept is presented.

2.2.3. Exponential stability

The given point X is an equilibrium point that is exponentially stable whenever there exist positive

real numbers ¢&,a,f, and 0 with the result that for every initial value x, that satisfies |x0 - 3_c| <0
, the system solution satisfies |x(¢)— X|<a|x,— X|e” forallz < ¢, with ¢, being a fixed time.
Clearly, exponential stability involves asymptotic stability, but the converse is not necessarily true.

In what follows, let's consider stability around the origin, i.e. when X =0

2.2.4. Lyapunov first method
The first Lyapunov method, known also as the so-called indirect method, evaluates the stability

of a system by investigating the system's linearization around the point of equilibrium X. This

involves assessing the eigenvalues 4, (A) of matrix Jacobian A at the equilibrium point , i.e

A= of x
ox
Lyapunov's indirect method is a method for finding the equilibrium point stability X=0 with

respect to a dynamical system. If every eigenvalue of the Jacobian matrix has a negative real part,

i.e. their real parts are less than zero Re(4, (A)) <0, so the equilibrium pointx =0 is regarded as

exponentially stable. If one or more eigenvalues has a positive real part Re(4, (A)) >0, then the

equilibrium point x =0 is considered unstable. If the indirect method is simple to implement, it is
only a partial analysis of stability and does not provide any indication of the size of the attraction
basins [29].

2.2.5. Lyapunov second method

Lyapunov's 2nd method, which is also called the direct method, implies the employment of a

positive definite function ( generally denoted V(x(t)) known as the Lyapunov function) to

evaluate the stability of an equilibrium point. The function should be positive within the attraction

basin and decrease throughout the trajectories of the system. [29, 30].
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2.2.5.1. Asymptotic stability and Local stability
To consider the system 2.1 as locally stable, a differentiable and continuous function V (x(t)),

and a vicinity, V, must exist such that :
vx eV,, V(x(t))>0.

av(x(t)) _ 8V(x(t))x
dt ox
If V(x(t)) >0 and V(x(t)) <0 , the function V(x(t)) is regarded as a Lyapunov function

vx eV,, V(x(t))= (¢)<0.

in the strict sense and the origin is regarded as asymptotically stable.

2.2.5.2. Exponential stability

The origin for the system 2.1 is an exponentially stable equilibrium point provided there exists a

continuous and differentiable function V(x(t)) , constants a, #,y >0; r >0 and there exists a

neighbourhood V, such that

Vx eallx|<V(x(t))<pllxI.
vx eV, V(x(t))<—y V(x(t)).

2.3 Principle of non-linear system control:

We now seek to solve a tracking problem for nonlinear multivariable systems described by the
system 2.1.

The main problem in controlling this type of system is to find a reference system for the state and
output so that this system is a steady state, and this is only achieved under certain conditions
determined by the nature of the system and the algorithm used to form the tracking error dynamics
(i.e. to ensure stability conditions for the error system), so we define reference state systems as

follows:
’E(’):f(i_‘(t)o‘:‘(t)) 2.2)
y(e)=g(x(¢)u(¢))

Where , X(t) € R, u(t) € R and y(t) € R denote respectively the reference state, the reference

input and the reference output of the system (2.1), Then the problem becomes as follows :
lime, (£)=0
Where

e,(t)=y(t)-y(7) 2.3)
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2.4. Rotor flux control for variable reluctance synchronous machines

Many industrial applications require delicate control of torque, speed and/or position. Scalar
control, with its limited performance, cannot meet these needs. SynRM control requires both
torque and flux control. However, the electromagnetic torque formula is complex and does not
resemble that of a DC machine, where the natural decoupling between flux and torque control
facilitates control. Vector control, which was only introduced in the early 1970s [31-33], which
requires Park transform calculations, evaluation of trigonometric functions, integration and

regulation, taking advantage of technological advances in power electronics.

2.4.1 Principle of Flux Oriented Control

The controller topology shown in Figure 2.4 is based on the flux-oriented control strategy in order
to achieve the same decoupling between flux and torque that naturally exists in separately excited
DC machines [34]. In this control strategy, the angular velocity of the reference rotor is compared
with the feedback signal and the result (error) drives a PI controller to determine the quadrature
component of the stator current reference to control the electromagnetic torque, while the direct
component of the stator current reference is charged with controlling the magnetic state of the
SynRM. The voltage commands in the reference frame (d-q) are generated by the PI regulator of

the stator current control loop [35]. These will be studied in this section.

2.4.2 Control equation with oriented rotor flux

The principle of SynRM vector control using rotor flux orientation is to align the rotor
flux along the d axis. The reference for current iy is held at zero. The reference for the current i, is
determined using a Proportional Integral PI speed controller. This controller has the advantage of
not introducing a zero in the closed-loop transfer function, while guaranteeing zero static error. In
this control, we used non-linear decoupling to close the Park current control loop using

Proportional-Integral PI controllers [62].

2.4.3 Dynamic input-output decoupling
Using the Laplace transform, we obtain the expressions for the direct and quadrature components

of the stator reference voltages.

‘ (2.4)

Vi=(R,+L;s)i,—o,Lji
v, =(R +Lys), +o,L,,

Where s represents Laplace operator.

46



Chapter 2 Control of synchronous Reluctance Machine

Analysis of these equations shows the existence of coupled terms which induce a strong interaction
between the two axes. The above equations lead to two first-order linear systems with constant

coefficients:

V,=vi" oyl = [ Ri,+L, %id:l ~o, L,
(2.5)

; d
_ 4, lin dec __ o Radi] 0
v, =v, +v, —{Rs1q+Lq dtl" +w, L,

; d ; d
lin __ . o lin __ . .
I/d _Rsld +LdEld s I/q _Rslq+Lquq

dec _ . dec _ .
V" =-o,.Li,, v, =o,L,

dec

We choose two new inputs v, and v;’“ added to the decoupling terms with opposite signs. After

presenting the coupling terms in the stator equations, we will investigate in the following section
the regulation of direct and quadrature currents. However, the disadvantage of this solution is the
use of the components of the measured currents, which can be disturbed by the harmonic content
of the phase currents and measurement noise. To solve this problem, we have used the reference
currents to compensate for the coupling terms.

2.5. Park current regulation study

The method of controlling the orientation of the rotor flux makes it possible to control the actual
magnitudes of the currents along the direct axis and in quadrature. By comparing these values

with the reference values, we obtain the reference voltages needed to control the power inverter.

The direct and quadrature currents are controlled by a PI regulator whose gains are Kp, , Kp,

)

Ki, | Ki,.q . To determine the parameters of the PI controller, we used the method of placing the

poles of the transfer function in a closed loop. The block diagram of the iz current control loop

using a PI controller is shown in the figure 2.1 below:

: 1 '
. v
ldref K"ld : /RS 1 ldmes
K 1 + 1 >

= Pia T - 1+155]| |

A : :

current regulator TF : :

: 1

- ! 1

Wy Lg.ig| } @y Lg. g :

. 1

Decoupling == ====""" SynRi clectrical ~ """

equation

Figure 2.1. Direct axis current control loop.
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The open-loop transfer function of the current along the d axis is:

1
Ki, |1 L,
H, (s)=Kp,,| s+—%|——2X4 2.6
dop( ) pld[ KpidJ Ss_’_& )
d
L
Where 7, = Ed , by offsetting the dominant pole, the equivalence condition is set as follows:
Ki, R
By _ X (2.7)
Kp, L,

The transfer function in the closed-loop, after calculation and development, is:

1
H, (s)= 2.8
dcl( ) Tids+1 ( )
With
Ty = L
Kp,

where 7, = 0.001 s is the current loop response time, the same controllers coefficient values are

adopted for the two current loops. We can calculate the controller parameters from equation 2.8,

by simple identification, then we get:

L
Kp;, =—
T.
“ 2 (2.9)
Ki,, = Kp,, —

L

d

Similarly, equations (2.5) (2.6) (2.7) can be used to construct the following block diagram:

1 1 f
I} m 1 / . .
lqref + Kliq ! Rs : lqme{
2 Piq s - 1+ 1,5 : g
A : :
current regulator TF : :
! 1
1
.. Lg.igl "o, Ly i4
: e oo o oo o ol !
Decoupling SynRM electrical
equation

Figure 2.2. Quadrature axis current control loop.

Knowing that regulator is has the same form as iy, and by offsetting the dominant pole
Ki,
2y R the transfer function becomes:
Kp, L,
1
H,(s)= (2.10)

7,5+1
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L
With T, = q
Kpiq

We can calculate the controller parameters from Equation (2.10), by simple identification, then we

L
Kp,, = —
T,
get: R (2.11)
Kiiq = Kpiq ?:

2.5.1 Speed Regulation
In order to achieve good performance for both the track (response compared to the reference) and
to the speed control (response compared to the disturbance), we consider the functional diagram

of the speed control loop shown schematically in Figure 2.3 [36].

Qj Ki!) 1 Qr
2 o Ko f+J.S >
A
Figure 2.3. Speed regulation loop
According to the block diagram of the speed regulation, we have:
1
Q(s)= T, -T, 2.12
(S) JS + f ( e l) ( )
The transfer function of the closed-loop, after calculation, is expressed by:
1
H,(s)= (2.13)

K+
J P fs+
Kingg King.Q

1

The transfer function (2.13) can be identified to a second-order system in the form:

1
G(s)= [ 2¢ (2.14)
725 +7S+1
wn wﬂ
This implies the identities:
J _ 1
KoK o wi
(2.15)
Kpo+s _2¢
Kingg w,
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If we choose ¢ =1 we will get a relationship between @, and the wanted speed response time
7, , which allows us to freely set the system dynamic. This relation is written as: 7,m, =4.75 .
(From the second-order system charts (presented in the annex)), where 7,, represents the system

speed response time.

Having properly selected the damping coefficient ¢ =1 and response time 7, =0.1s and next
o, , we can calculate the controller parameters from Equation (2.14), by simple identification,

then we get:

K,,=2J)o,- f
_J . (2.16)

e

K

iQ

2.5.2. Production of electric current iy

¥ . . . . o 1 * .
The reference current i, is obtained according to the relation i, = L_¢'d through the relation 2.17
d

which defines the defluxion block.
b, si2<Q
¢rd = i%;gm Si ~Q>Qn (217)

Where ¢, and £ are the nominal rotor flux and the nominal speed respectively.

2.5.3. Production of electric current i;

The i; reference current is obtained from the electromagnetic torque produced by the speed

regulator as follows

i -1€ (2.18)

Where K, =
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2.6. Simulation results

This section presents the simulation results of vector control applied to a voltage-fed SynRM.
Equation 1.24 were used to model the machine. Figure 2.6 shows the simulation results for the
speed control. It can be seen that the controlled speed follows its reference with a tracking error of
5 rad/s. As shown in Figure 2.7, the largest value reached by the error is when the torque is
applied. It can also be seen that at points where there is a change in the nature of the motion, the
error is small. Figure 2.8 shows the evolution of the electromagnetic torque, where it embodies
the principle of fundamental motion, we note the proportionality between the electromagnetic
torque and the stator current iy, as shown in Figure 2.9 with a little ripple in the torque and stator
currents, the response of the two components of the stator current clearly shows the decoupling
introduced by the vector control of the machine from the electromagnetic torque, which depends

only on the #; component.

AC Source Transformer  Rectifier Regulator Inverter

J_ DC Voltage ;
> -

—

Figure 2.4. Block diagram of vector control with an inverter
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Figure 2.5. Benchmark command trajectory: (a) Reference speed, (b) Load torque PI" controlled rotation speed.
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The results of the vector control were evaluated by means of a no-load start-up simulation,
followed by a series of cyclic variations in the load torque applied to the variable reluctance
synchronous machine (SynRM). These tests were designed to evaluate the performance of the
control system in a variety of machine operating scenarios.

The simulation starts with a reference speed applied over a defined period, and then load torque
changes are introduced at specific times. The results of the simulation show that the PI controller
works well, but it is not perfectly resistant to load variations, resulting in a slight drop in speed.
In addition, the response of electromagnetic torque and stator flux is analysed to assess the
decoupling between these quantities and their behaviour in response to load variations. These
results confirm the effectiveness of vector control in maintaining stable performance despite
changes in operating conditions.

This chapter presents the simulation results of vector control applied to the Synchronous Variable
Reluctance Machine (SynRM). The simulations are carried out on a SyrRM machine connected
directly to the mains and controlled by a direct vector control (DVC) by orientation of the stator
flux, with the specific SynRM parameters specified in Table 1.2.

A no-load start-up simulation is carried out to assess the robustness of the control. A
reference speed of 100 rad/s is maintained for a period of time, followed by a change in load torque
applied at instants (0.2s,1.5s,2.7s,3.5s). The results show that the PI controller is resistant to load
variations and torque overshoot when load is applied.

In addition, the simulations illustrate the decoupling between the electromagnetic torque
and the stator flux. These results confirm the effectiveness of the vector control applied to the

SynRM and its ability to maintain stable performance despite load variations.
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2.7. Conclusion

In this Chapter, we presented the modelling and identification of a Synchronous Reluctance
Machine and the study of its vector control using the Park Transform. The machine was controlled
through a PWM mechanism, and the modelling of the SynRM facilitated the implementation of
vector control, achieving dynamic behaviour comparable to that of a continuously operating
machine.

MATLAB simulations demonstrated this strategy, particularly at low speeds, for managing speed
and electromagnetic torque.

Various strategies can be employed to enhance the machine's operational performance, providing
robust dynamics depending on the desired objectives. In the third chapter, we outline the
implementation of predictive control with mechanical sensors by testing the robustness of the

machine.
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Chapter 3: General Predictive Control

3.1. Introduction

With the rapid advancements in digital computing, it's now nearly impossible to find an area of
human activity unaffected by this technology. Computers have enabled the integration of complex
and sophisticated techniques into control processes, facilitating the development of efficient
strategies that are both cost-effective and practical—something previously unattainable with
earlier devices and mechanisms. Techniques such as nonlinear control, multivariable control,
robust control, and predictive control are prime examples. Predictive control, in particular, arose
from a genuine need in the industrial sector for control systems that could surpass the performance
of traditional controllers like PID, all while addressing increasingly stringent operational and
production constraints [37].

As an advanced control method in automation, predictive control is designed to manage complex
industrial systems. Its core principle involves using a dynamic model of the process within the
controller in real-time to forecast future system behaviour. Unlike other control techniques,
predictive control must be computed online, optimizing system performance based on inputs and
outputs (such as state, torque, etc.) to predict future behaviour over a set time frame known as the
prediction horizon. The optimization process produces a control vector, with the first value of the
optimal sequence applied to the system, after which the process is repeated with updated data in
the next time interval.

Predictive control is particularly effective for managing systems with multiple inputs and outputs
where a simple PID controller falls short. It is especially useful in scenarios involving significant

delays, inverse responses, and numerous disturbances.

3.2 Principle of model predictive control

Predictive control is the repeated resolution at each time step of an optimal control problem: "how
to go from the current state to an objective in an optimal way while satisfying constraints". To
achieve this, the state of the system must be known at each iteration using a numerical solver [38].
The block diagram for generalised predictive control is shown in figure 3.1, where we observe the
commands u(k) to be applied to the system to obtain rallying around the setpoint w(k). The
numerical model is obtained by a discretisation (z-transform) of the continuous transfer function

of the model, which makes it possible to calculate the predicted output over a finite horizon.
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: u(t y(t y(k)
' w(k)—>{Calculator——>{DA: Process > AD >
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E u(k) > Model y (|k) .
' Digital E

Figure 3.1. Block diagram for generalised predictive control.

3.3. General predictive control strategy
If the process output is to coincide with a set point or reference trajectory in the future, it is

necessary:

- Predict the future output of the process over a defined time horizon using the numerical

model of the system. We denote the predicted outputs by y(t+k | t), k=0..n and the

prediction horizon by N. These outputs depend on the output and input values of the
process to be controlled, which are known up to time #.

( k|t) indicates the value of the variable at the instant t+k calculated at the instant t

- Calculate the sequence of control signals, denoted by u(t + k| t), k=0..n—1, minimising
a performance criterion in order to lead the process output to a reference output. We denote
by w(t+k|t),k=0..n, usually the performance criterion to be minimised is a

compromise between a quadratic function of the errors between y(t+k]t) and

w(t +k | t) a control effort cost. Furthermore, the minimisation of such a function may be
subject to constraints on the state and, more generally, on the control.

- The control signal u(t+k | t) is sent to the process while the other control signals are

ignored. At time #+1 the real output y(t +k | t) is acquired and the process starts again at

the first [39-42].figure3.1
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Figure 3.2. Block diagram of the basic structure of MPC algorithms.

Figure 3.3 illustrates this methodology and its implementation uses the basic structure shown

in Figure 3.2. The two fundamental loops to note in this figure are the model and the optimiser.

The model must be able to capture the dynamics of the process, predict future outputs

accurately and be easy to implement, with the optimiser providing the control actions. In the

presence of constraints, the solution is obtained using iterative algorithms, which obviously

take longer to compute [43].

Reference
trajectory v,

Output‘yE/

& B
<« >

Past

Control Horizon

A

Prediction

A

Figure 3.3. Principle of model predictive control.

3.4 Model formulation

The philosophy of Generalised Predictive Control is based on four main ideas which reproduce

the basic decision-making mechanisms of human behaviour: creation of an anticipatory effect by

exploiting the trajectory to be followed in the future, definition of a numerical prediction model,

minimisation of a quadratic criterion with a finite horizon, and the principle of the receding

horizon. We then consider the following points:
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The process model can be represented in various ways (by transfer function, by state variables,

impulse response, etc...), but the structure adopted here is the CARMA form:
A(z_l)y(t)=z"’B(z_1)u(t—1)+e(t) 3.1)

Where u(t) and y(¢) are the control input and measured output variable respectively and e(¢)

is a variable average signal. d is the number of samples contained in the delay.
A and B are polynomials in terms of the back-offset operator (z ') such that :

A(z’1 ) =l+az ' +az " +..+a,z"™ (3.2)

B(z')=b,+bz ' +bz +. +a,z " (3.3)
Where

n,: Represents the degree of the polynomial A.
np: Represents the degree of the polynomial B.

The model described by equation 3.1 represents the CARMA (Control Auto Regressive on
Moving Average) model; several self-tuning theories are based on this model.

However, it seems to be unsuitable for some industrial applications in which the disturbances are
non-stationary.

Practically two main types of disturbances are considered:

- Random step disturbance in random time which occurs in the case of a change in the
material, or the quality of the material.
- Brown's disturbance, which occurs in the case of an energy imbalance.

For these two types of disturbance, the appropriate model is:

e(r)=c(z")*1) (3.4)

With

C(zil) =l+ez ' +e,z 0+ a, g (3.5)
C (z") : 1s a stable polynomial of order n..

¢ (t) : is an uncorrelated random sequence representing white noise with mean zero.

A=1-7" (3.6)

Where 4 is a differentiation operator.
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Combining equation (3.1) with (3.5) gives:

A(zl)y(t)zB(zl)zdu(t—1)+C(zl)¥ 3.7)

This represents the CARMA model. The use of this model (with the introduction of an integrator

in the control system) provides two essential advantages:

- Improved quality of identification of the process model parameters to be controlled.
- The effect of eliminating the influence of unwanted disturbance oscillations (free offset).

3.5 Predictor development

For simplicity during development ¢(z™") is chosen to be equal to 1 ,we obtain the model [19]:

A(z")y(6)=B(z" )z ‘u(t-1)+ # AE(z7")’ (3.8)

To derive the j-step-ahead predictor, consider the identity

1=E_,.(z’l)Izl(z’l)+z’-’F(z’l) (3.9

With

A(z")=4A(z™") (3.10)

E.(z") : is a polynomial of order (j -1)

j
F (z’l) : 1s a polynomial of order n,
Multiplying equation (3.8) by the term AE(z™1)Z gives :
A(z")E, (27" )y(t+J)=E;(zHB@E Y Au(t+j—d 1)+ E;(z e(t+j) (3.11)
Using the Diophantine identity (3.9) we obtain:
(1-2'F;z " p(t+j)=E(z e(t+j)B(z") Au(t+j—d—-1)+E,(z " )e(t+)) (3.12)
This gives the output equation y(7+1)

y(t+j)=F;(z)y(t)+E;(z Bz )du(t+j—d -1)+E;(z e(t + ) (3.13)
As E j(zfl) is of degree (j-1), the product Ej(zfl)e(t) is zero, which proves the robustness of the

algorithm whose noise components are all zero in the future, which makes this type of editor

optimal and robust, hence the predictive model is as follows [44]:
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P(t+jlt)=G,(z" ) du(t+j-d-1)+ f,(t+ ) (3.14)

With:
Au(t+j-d-1)=u(t+j-d-1)-u(t+j-d-2) for 1<j<N, (3.15)
6,(:)=E,(=")8(=") 6.16)
fi(t+j)=F,(z")y(r) for j=1.N, (3.17)
Fi(2)=fro+ fra '+ [ ™ (3.18)
Ej(z')=¢;o+e,z' +.xe; 7 (3.19)

Long-horizon prediction is therefore achieved by recursive calculation of the polynomial

Gj(z") and the function f;(z+ j).
To calculate G, (zfl) = EI.(zf1 )H B(z’l) and f;, (t+j) = Fj+1(z"])y(t)

we proceed from the recursion of the Diophantine equation used previously.

3.6. Solving Diophantine equations

Equations £,,,(z"') and F},, (¢+1) can be obtained from equation E;(z') and F;(z ') and so

on [41].
(1=E;,z")A(z ")+ F,, (27) (3.20)

Subtracting (3.9) from (3.20) gives:
(E(a")=E, ) A(z)+27 (a7 Fu(s)-Fy (7)) =0 (3.21)

Given that the polynomials A(z") and z~' are prime, we can write

E,(z")-E & ")=rz" (3.22)

Replacing in expression (3.21) gives:
7 (T () -Fy(a7)+ A (2 )) -0 (3.23)
Fpi()=2(F()-nA(c")) (3-24)
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Where; F., (z“) = frno+ Frn@ ot frima? ™ (3.25)
A (z’l ) —aq,+az vag i+ ra,, " (3.26)
With a,=1
o, =0;—a;,
a,.,=-a, Withi=0,,..n,

After identification in (3.23), we obtain the following recurrent relations:
r].z_' =fio (3.27)
Jini = i —ah; (3.28)

with i=0,1,..,n,.

f-j-%—l,ml = _ana+1rj
These relations determine the polynomial F; (z—l) and from (3.22) we get

E, (z")=E;(z")+rz" (3.29)

J
The calculation iterations are initialized assuming that for j=1 , E,=1. We consider a number of

predictions for which j varies from a minimum value to a maximum value, which introduces the

notion of the receding prediction horizon which will be limited by /N, as indicated above and
which represents the maximum limit of the prediction horizon or N, < j< N, ,and N, must be
greater than or equal to the process delay time, to ensure that the output is affected by the first
control sequence u(t) , with the assumption that the controls are performed in an open loop where
the noise components are ignored when calculating the predictions ji(t+l). For simplicity, we
take V,=1and N,=N

Equation (3.14) gives:
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f’(t+d+1|t):Gd+1Au(t)+Fd+1y(t)
y(t+d+1]t)=G, ,Au(t+1)+F,,y(¢)

Ft+d+111) =G, yAu(t+N-1)+F, ,y(t)

The resulting predictive model is expressed in vector form as follows

With

Y=GAu+ f

Y =[5(t+1)p(t+2).. p(t+ N,
Au=[Au(t) Au(t+1).. Au(t+N,-1)]"

F=[f(t+1)f(t+2).. f(t+N,)]

The matrix G is lower triangular Nx/NV

8o 0
8o
G =
| 8y 8y - - - - 80

Gijzgj for j=0,1,..Li

G;=0 for j>i

3.7. Optimisation criteria

(3.30)

(3.31)

Once the predictions have been made, we need to find the future control sequence to be applied to

the system to achieve the desired setpoint by following the reference trajectory. To do this, we

minimise a cost function that differs from method to method, but generally contains the squared

errors between the reference trajectory and the predictions over the prediction horizon, as well as

the variation in control [45].

This cost function is as follows:
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J(N,NLN,) = DTt +jlt)=w(t+j)] +Zﬂ JAu(t+j-1)F (3.32)
With
Au(t+j)=0 for j>=N,
j)(t +Jl t) : Predicted output at (¢ + ).
w(t +j ) : Reference setpoint or trajectory at time (¢ +j).
Au(t +j+ 1) : Control increment at time (¢ +j - ).
l( J ) : Control signal weighting coefficient.
N, : Minimum prediction horizon.
N, : Maximum prediction horizon.

N, : Control prediction horizon.

The analytical minimisation of this function provides the sequence of future commands, only the
first of which will actually be applied to the system. The procedure is iterated again at the next
sampling period using the sliding horizon principle.
The expression of the criterion calls for several remarks:
- If we actually have the setpoint values in the future, we use all this information between
horizons NV, and NV, to make the predicted output converge towards this setpoint.

- The incremental aspect of the system can be found by considering Au in the criterion

- The coefficient A is used to give more or less weight to the control in relation to the output,
in order to ensure convergence when the initial system presents a risk of instability [42].

The criterion previously introduced in analytical form (3.32) can also be written in matrix form

as:
=(Gu+ f-w)" (Gu+f—w)+luTu (3.33)
With
=[w(t+1) w(t+2).. w(t+N)I

The optimal solution is then obtained by deriving (3.33) with respect to the vector of control

increments:

J=LﬁTGT+(f—w)TJL (Ga+(f—w) | +2d"a (3.34)
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szﬂ[ GTGHJ} a+i’G"(f—w)+(f-w) Ga+(f-w) (f-w) (3.35)
g—{=2[GTG+iI) a+2G" (f-w) (3.36)
u

Let this be the optimal solution:
Au,,, =(G'G+A)'G"(f-w) (3.37)

Thus only G and f'are needed to determine the vector of optimal control increments to be applied,

including Au,, (t) which represents the first element of the vector which will be confirmed to be

applied to the input of the controlled process;

Auopt(t)=K1(w—f) (3.38)

Where K, represents the first row of the dynamic control matrix K
K =(G'G+il)"'G" (3.39)

The predicted future control sequence will be:

0(t)=u(t-1)+K, (w-f) (3.40)

3.8. Control parameters for the GPC
e Minimum output horizon
If the dead time d of the process is known exactly, /V; takes this value. But when d is unknown or

variable, /Ny takes the value 1.

e Maximum output horizon

A higher value of NV: is suggested corresponding to the rise time of the process

e The control horizon
This is an important design and tuning parameter, a variable of NV, =1 gives generally acceptable

control for simple and stable open loop processes.

Increasing NV, makes the control and corresponding output more active until a step is reached where

any further increase in NV, has no influence [46].
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For an unstable system, good control is achieved when /N, is at least equal to the number of

unstable poles. For high performance, a higher value of NV, is desirable.

Inverter
SVPWM R
% % ] i
;. iqre"r 0 !_’ PI—>(d > — —H} ~-—>{SynRM
— GPC :@_A afl— — | o>
[ I y . 1
. i
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(Dr d
—>|Predictori¢T{ — [¢
dt
(k)

Figure 3.4. Block diagram of SynRM control via GPC.

The use of Nu < N2 is more significant, making it possible to reduce the size of the matrix (

G" G + AI') which will be of size N, x N, instead of Ny x Ny which leads to minimising the power
required for the prediction and order computation procedure.

e Weighting factor

Dumur's findings show that it makes sense to choose this factor in the vicinity of 4,,, =#r (GT G )

G being the matrix formed by the coefficients of the index response.

3.9. Simulation results
Figure 3.4 shows the block diagram for speed control of the SynRM by a GPC type controller,

and the currents by PI type controllers.

To illustrate the performance of the Predictive Control applied to adjusting the speed of the

SynRM, a no-load start-up was simulated with the 2 N.m load applied at #=0.4s, then the machine
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was subjected to a change of speed setpoint from 100 rad/s to -100 rad/s. We tested the robustness

and the influence of the weighting factor on the SynRM quantities.

The simulation results obtained with the following setting parameters:

Ny=1; N,=10 ; N,=3; 2=08 . T, =30us

T, is the sampling period

Speed (rad/s)
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Figure 3.5. Simulation results for a no-load start-up with a speed setpoint of 100 rad/s
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Figure 3.6. Simulation results for a start-up under load at t=0.4s for a speed of 100 rad/s
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Figure 3.8. Simulation results for variations in inertia J

70



Chapter 3 General Predictive Control
150
100 | . i
= === Reference Speed
50 . T F— m— Speed without variation of R
i = Speed with +100% of R,
N | ——— Speed with -50% of R
§ 1 —— Speed with +50% of R,
= 0
°
[
3
n
-50
-100
-150
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)
4
E
£ ,
) 0
3
o
5 :
L i
4 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)
2
<
= 0 Vo=
<
S ]
S 2 |
Q i
© i
i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.9
Time (s)
8
—_ 4
<
Z o0
c
o
3 4
o
-8 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)

Figure 3.9. Simulation results for variations in R resistance

71



Chapter 3 General Predictive Control

3.10. Simulation results and interpretation

Figure 3.5 shows the characteristics at no-load start-up of the SynRM for a reference speed of 100
rad/s. It can be seen that the speed profile follows its setpoint well without overshooting, with a
very short response time. On start-up, the electromagnetic torque is equal to the maximum of the
machine's capacity 3 N.m, after which it stabilises at virtually zero in steady state. It can also be
seen that the stator current iy is zero and the stator current i, is the image of the electromagnetic

torque, indicating the decoupling introduced by the SynRM vector control.

Figure 3.6 shows the application of the load torque 7, =2 N.m at t=0.4s, this load causes a slight

loss of speed which is quickly restored, the electromagnetic torque compensates for the load

torque.

Figure 3.7 shows the inversion of the speed set point from 100 rad/s to -100 rad/s, in response to
this change the electromagnetic torque takes on the value (-3 N.m) then rises to the value of the

resistive torque 2 N.m and the speed still follows its reference.

Figure 3.8 shows the variation in inertia, and it can be seen that this variation does not affect the

robustness of the control.

Figure 3.9 shows the influence of the variation in stator resistance. It can be seen that the speed

dynamics is slightly delayed, but the disturbance rejection remains effective.

3.11. Conclusion

In this chapter we have studied predictive control, which is a combination of prediction of future
process behaviour and feedback control, applied to SynRM.

The simulation results obtained show that the PC performs very satisfactorily with both setpoint
variation and disturbance variation. Various tests were carried out, and the simulation results show
that the PC is robust to parametric variations.

From the results obtained, we can see that the PC provides remarkable performance, particularly
with regard to the tracking of the position at its imposed set point and the rejection of the
disturbance in relation to the PI regulator studied in the previous chapter. The PC is also robust to
variations in electrical parameters. These parameters therefore have a decisive influence on the

system's behaviour. But it is not always easy to find optimum values for these parameter.
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Chapter 4: Sensorless Control of SynRM
Using Model Reference Adaptive System
with Predictive Control
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Chapter 4: Sensorless Control of SynRM Using Model Reference Adaptive
System with Predictive Control
4.1. Introduction

The utilization of position or speed sensors in synchronous reluctance machine drives, including
tachometer-based speed sensors, optical incremental sensors, or electromechanical resolvers,
presents numerous practical challenges. These encompass hardware complexity, difficulties in
adapting to hostile environments, heightened costs, diminished reliability due to cable and sensor
issues, challenges in mechanically attaching sensors to the electric machine, increased machine
length, and susceptibility to electromagnetic noise interference. To address these issues, various
sensorless control schemes have been devised for variable speed SynRM drives. Sensorless drives
obviate the need for traditional speed or position monitoring devices, instead relying on monitored
voltages, currents, and mathematical models to infer speed and/or position signals [47]. Among
these schemes, Model Reference Adaptive System MRAS is favoured for its simplicity in
operation. Also the Model Predictive Control MPC emerges as a promising alternative to PI
controllers in speed loops, offering advantages such as order reduction, disturbance rejection,
robustness, and straightforward implementation via power converters. MPC operates within a
Variable Structure System (VSS), employing a switching logic with high-frequency discontinuous
control actions based on system state, disturbances, and reference inputs.

This chapter presents the flexible sensor of an integrated MRAS-MPC as an advanced solution for
sensorless control in two approaches. Using this framework, a simulation model for a sensorless
FOC synchronous reluctance machine drive is developed and validated using detailed simulation

results. Its performance is compared with that of the PI controller.

4.2. Model Reference Adaptive System

4.2.1. MRAS Overview

The model reference approach leverages two distinct machine models: a reference model and an
adjustable model, both tasked with estimating the same state variable. By comparing the outputs
of these models, the estimation error serves as a basis for adapting the speed. This difference
between the estimated vectors drives a PI controller. The controller's output fine-tunes the
adjustable model, subsequently affecting rotor speed. However, PI controllers can experience
performance degradation due to continuous fluctuations in machine parameters, operating
conditions, and nonlinearities introduced by the inverter [47].

4.2.2. MRAS Design

The adaptation algorithm in the Model Reference Adaptive System MRAS ensures system stability
and strives to achieve convergence of the estimated speed to the desired value, while maintaining

favourable dynamic performance. The MRAS observer's adaptive scheme can be designed using
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Popov’s criteria, which is associated with the hyperstability of a class of feedback systems.
Generally, a model reference adaptive speed observer can be described as an equivalent nonlinear
feedback system, comprising a time-invariant linear feedforward subsystem and a time-varying
nonlinear feedback subsystem. In Figure 4.1, the input to the linear time-invariant system, denoted

as u, consists of the stator voltage and currents, while the output y is the speed-tuning signal.

The output of the nonlinear time-varying system is @, with u = - .

The algorithm for rotor speed estimation, or adaptation mechanism, is selected based on Popov's
theory of hyperstability. This theory requires the transfer function of the linear time-invariant
system to have a strictly real positive matrix, while the non-linear time-varying feedback system
meets Popov's integral inequality. Figure 4.1 illustrates the standard non-linear time-varying
feedback system, which is considered asymptotically stable if it meets two conditions:

- The error must converge asymptotically.

- The transfer function of the time-invariant linear feed-forward block must be strictly real positive.

- The non-linear time-varying block must satisfy Popov's integral inequality:
n=[ "y wdt>-7 (4.1)
Where A’ : Finite positive constant

o : Output vector of the feedback block

y : Input vector

Linear Time Vv
Invariant

v

Non-Linear
Time
Varying

A

Figure 4.1. Standard Non-Linear Time varying feedback system

4.2.3. MRAS Based Speed Estimation

The stator current-based MRAS is used for SynRM speed estimation. The SynRM itself is used as
the reference model and the g-axis and d-axis equations of the stator current model are used as the
adjustable model. An essential concern in MRAS is the conception of adaptive laws. The
Lyapunov stability and the Popov hyper stability theory have been used as the default design
methods to obtain a secure stable adaptive system.The SynRM dynamic model can be further

adjusted from the model state equation 1.18 and the adjustable SynRM model can be written:
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R A 1
A -—— Or A — 0
d|ie| | L, i | | L { vds} (4.2)
2 3 R ||~ 1
dt 1 qs - (Dr - l qs 0 - VqS
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lsd <
: Reference
lsqg| Mmodel
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—
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lsd
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Figure 4.2. Structure of MRAS Based Speed Observer

The following state error equations are obtained by subtracting (1.18) which applies to the

adjustable model from the reference model equations:

Rs
_L w, :
e e i
)by P Aod(w,-6,) * (4.3)
de| e, R || e, i
_w —

r

A ~ 0 _1
Where : €, =1l =l , €, =1, —1,, Jz{

Equation (4.3) can be represented as;

[e] =[A][e]-[«] (44)

Where ; [@]=(o—®)| .*| is the feedback block.

On the forward block, figure 4.3-a, the term [w] is the input and [ew] is the output.
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Linear system

Pl Adaptation
Mechanism

Non-Linear system
(a)
G(s) —»| PI

(b)

Figure 4.3. MRAS simplified structure diagram

With the simplified boundary condition [e(oo)} T =0 for any initialisation [48],[49], the

asymptotic behaviour of the adaptation mechanism is realised. Therefore, the system is hyperstable

when the transfer matrix of the direct path is written as follows:
G(S)=(SI-4)" (4.5)

can be verified which is strictly positive real.In the nonlinear feedback block, the input and
output satisfy the Popov criterion [49]:

[ [e] [w]ar= (4.6)

0

With

[e] [@]dt = (e.d,, —e,is, (o, ~&,) 4.7)
Where p is positive real constant.

Shauder [49] suggests that the Popov criterion is respected by the adaptation law. It is expressed
by the equation:

b, :[az(m J’ al(e)dt} 4.8)

Substituting [e] and [w] values, equation 4.7 becomes:
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J {[ €y ‘eqfds} { (-2, (e))—J:)@l (e)dt} } de>—y? (4.9)

This inequality can be solved using the following well-known relation:

f'k(j(t)f(t)dtz—%kf(o)z,k>o (4.10)
0
With this expression, Popov's inequality can be demonstrated by the functions below:
0, =k (€is, —eudyy ) = ki (ipluy — ity (4.11)
0y =k, (€is, — ity ) = K, (ipfuy — ity (4.12)
With
e=id, —i,i, (4.13)

The estimated rotor speed is used to generate an adaptation design for the MRAS speed observers.
We can obtain the adaptive law of the observer by reorganized the MRAS structure diagram in

Figure 4.3.The state expression is represented as follow :

e=Ae+ Bu (414)
y=B"e

From Figure 4.3.a, it can be seen that the adaptation mechanism is related to the state error , the
transfer function of forward channel can be deduced according to the state space expression

equation 4.5 , y(s) as G(s),

u(s)
(H%J (P0+i%)

G(s): 2
s2+2Rss+[R‘J + o’
L L

So, its simplified structure diagram can be represented as two blocks of G(s) and PI in series
where @, is the output and e, is the input as in Figure 4.3-b and because the value of

(4.15)

(i RS & o ) =1 for maximum torque per Ampere control strategy. This can get the transfer function

of system, G, (s) :

k s+lzs (s+2z)

.(s)= 2
s3+2Rss2+L(RsJ +w,2Js
L L

(4.16)

Where k=K, andz=ﬁ
k

p
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This can therefore be employed to tune the PI controller parameters with the method
of root locus analysis as simplified as the structure diagram in Figure 4.4, making

the system reach the intended result. The design of K, and & is introduced to

achieve MRAS stability, tracking errors, and more robust operation Adaptive PI
controller design criteria is achieved with the use of the root locus method by taking

the transfer function of the plant and setting the time domain constraint Figure 4.4

Root Locus Editor for LoopTransfer_C
T T

300 o T T T
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) :
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[=] 1]
(o]
g .
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200 |- 0.976

6,945 - . 089" 0,81 3 [
300 . | 1 - 1 - 1 -1 2 ; z =i
500 800 700 500 500 400 300 200 100 0 100

Real Axis

Figure 4.4. Root locus of closed loop adaptive control system

The constraint taken into account in this design is the percentage overshoot, the settling time and
the rise time which are respectively less than 2.09%, 0.0582 seconds and 0.00503 seconds.
Therefore, z is taken of 7165 and from the root locus diagram of G(s) in Figure 4.4 and Figure 4.5
the maximum possible gain of k should be obtained from the specifications of settling time,
maximum overshoot and rise times of the specification. In this case Ki= 47258 then the value of
K, should become 286.41.

As shown in Figure 4.5, the stator current-based MRAS speed observer's closed-loop transfer
function has all its poles in the left half of the s-plane and therefore, the system has been stable in

the operating point.
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Step Response
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Figure 4.5. Root locus of closed loop Step Response

Figure 4.6 shows the SynRM block diagram based on the FOC (Field Oriented Control) scheme
employed in this work
The principal idea by which the FOC is implemented is the employment of a suitable coordinate

system that permits decoupled control of the electrical torque 7, and the rotor flux magnitude |4, |

This is realized through aligning the coordinate system to the rotor flux [50],[51].

The machine model is first transformed into d-g components through the a-f to d-g transformation.
This transformation requires the rotor speed angle which is estimated as shown in the block of
MRAS speed observer [51].

In addition, the MRAS scheme operates as a feedback sensor similar to the shaft position/speed
sensor. It can calculate the angular speed of the rotor and generate the angular position of the rotor
integrating the angular speed [52]. The estimated machine speed is differentiating with the desired

speed. Then it is sent to PI controller. Its purpose is to generate torque reference based on the

speed differences, where i (ref ) is the reference current derived from the torque control loop
and ids(ref ) is derived from the rotor flux control loop. The components i, and i, are in
comparison with the references ids(ref ) and iqs(ref ) The current controller outputs are
v, (ref) and v (ref'), furthermore applied to an inverse Park transformation and used to produce

v, (ref) and v, (ref) based on the position of the rotor speed, which are stator vector voltage
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components in the stationary orthogonal reference frame. They represent the inputs to the space

vector PWM.

eq Park™
Trans
T, i Vi1 V. V.
y I O Pl, ) 9 ) 4-q/ 2 Space
®r (0] A V. Vid ref Vg ref | Vector
sdl <>
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Figure 4.6. Sensorless vector control of SynRM based MRAS Speed Observer

This block's outputs are the signals that control the three-phase inverter's power circuit, which
turns electrical energy from direct current (DC) into alternating current (AC) [53], [54]. In this
case, the voltage that keeps the current error to a minimum is set to 110 volts and the appropriate
switching status signals are produced at #=0. Ims.

The PWM signals which is finally fed into a controlled inverter to provide required three phase
voltage to power the machine under different operating conditions.

The use of Clarke transformation is to convert the 3-Phase stator currents measured into a two

phase. This projection's outputs are denoted by i, and i, , when the Park's transformation rotates
a— B axis to d —q currents (i, and i) with the reference frequency.

4.3. Predictive Speed Control

One of the main advantages of the MPC is the ability to control several different variables using a
single cost function. This makes it possible to implement predictive speed control while
maintaining stator currents at given conditions. It is desirable to consider limiting the amplitude of
the currents and optimising the torque in relation to the amperes.

This application of MPC introduces some difficulties, such as the non-linear model of the system,

the large differences between the dynamics of the speed (mechanical dynamics) and the dynamics
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of the stator currents (electrical dynamics), and the quantification noise in the speed measurement
[55].
4.3.1. Machine model discretisation
The resolution of the optimisation problem is a control vector with the first input of the optimal
sequence being sent to the system. The problem is once again solved over the next time interval
using the updated system data.
For a sampling time 7y and using the Euler approximation [56] of the stator current derivatives,
the predictive machine of model 1.24 will be discretised, this means that:
di _i(k+1)-i(k)
dr T

s

where T corresponds to the sampling period, and i +7) and i) are the (k+1) th and (k)th measured

4.17)

stator currents, respectively.

To predict the current at sampling time k+1 with the measured position, speed and

currents at sampling time k, a discrete model of the machine is needed. Equation 4.18 is a
rearranging of Equation 2.4, where the derivative of the current has been isolated on the left side

of the equal sign.

d.d P 1 R . t Lq .
ldi - g, ld(t)+w(Lz ") (4.18)
di (t 1 R t)L, |

The derivative can also be expressed with Newton's difference quotient as shown in Equation
4.19 if the time steps are approaching zero. In this case the time step Az will be the sampling
time of the controller. If the sampling time is small, this will be a valid approximation for the

derivative.

df (1) . f(t+Ar)—f(1) (4.19)
dt At—§ At

A Taylor series like Equation 4.20 can also be applied instead of Equation 4.19. If only a

first order Taylor series is used; it gives the same result as with Equation 4.19

Fe+Ar)= £(0)+ At f(t)+%At2 £le).. (4.20)

Equation 4.18 or the first order Taylor expansion from Equation 4.19 is substituting the

current derivative which gives Equation 4.21

82



Chapter 4 Sensorless Control of SynRM using Mras with Mpc Control

LU0 )R 00 o
iq (t+AAtz_iq (t) =LLq”q (t)_LA;iq (t)_%zlddid (t)

If At is equal to a fixed sampling period Ts which is small enough to neglect the changes of

angular velocity @ (k) , then the otherwise non-linear back-EMF terms, can be considered

as constants [57]. This means that Equation 4.20 can be discretised as shown in Equation 4.22.

id(k+1):LLZud(k)+[l—RT;]id(k)+w(kL—dL"Tsiq(k)

(4.22)

. T, RT, . K)L,T.
i (1) =T (k) 0 BTy (1) 2T
q q q

Here in Equation 4.22 the predicted i,,” (k + 1) current is presented in matrix form.

|_RT,  o(R)LT L
i, (k+1)| L, L, i, (k)| | L u, (k) 4.23
i, (k)| | _o®)LT  RT (LK) | o T | (k) =
__ L, ) L, ] L L"—
pi R R AR
C(k)=0
i, (k+1)= A(k)i," (k)+Bu," (k) (4.24)

Now a general discretisation of the machine model is obtained. This can be applied to a model
predictive controller.

These equations are used to calculate the stator current predictions for the eight different switching
states, denoted by V0 - V7, and their associated voltage vectors in the stationary reference frame
af using a DC voltage Vy., with the six inverter switches named Sa ... S¢ produced by the well-
known three-phase inverter with two voltage sources which is connected to the SynRM. After that,
the Park transformation is introduced to transform the stator voltages into the dg rotation frame as

in [58].
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4.3.2. Cost function and weighting factor selection

Model Predictive Control uses the system model in order to predict the future behaviour of the
controlled variables. In order to obtain the desired actuation, the controller uses the model
information in a cost function. The choosing of this cost function is the main effort once an
accurate model is obtained. The control structure of model predictive control is shown in Figure
4.7.

The current is measured at sampling time & and the predictive current controller calculates the

seven possible current vectors at sampling instant k+1, i,,” (k + 1) , corresponding to the six active

and the zero vector voltage using Equation 4.23 from the machine discrete model. These current
vectors are evaluated by a cost function, that will find the optimum voltage vector that minimises
the current error. The simplest cost function for this purpose could be the one presented in equation
4.25.

OUf (80| > 1, OF |17 | >

g=(if (k+1)) +(& —ir (k+1)) + (4.25)

0if i [< i, and |i? | < i,

ax

|: q a,
_>O_> >

\ 4

| Cost S,
T . R
»| Predictive | &, (k+1) Function Sc
» control " B Inve_rter
idq (k) dq
abc
d 0
dt

Figure 4.7. Predictive control structure.

where the first term represents the minimization of the reactive power, allowing the torque by
ampere optimization, the second term is defined for tracking the torque-producing current, and the

last term is a nonlinear function for limiting the amplitude of the stator currents. i, is the value

of the maximum allowed stator current magnitude. In this way, if a given voltage vector generates
predicted currents with a magnitude higher than i, then the cost function will be g= 0, and,
in consequence, this voltage vector will not be selected. On the other hand, if the predicted stator

currents are below the limits, the cost function will be composed of the first two terms only and

the voltage vector that minimizes the current error will be selected.
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4.4. Control Scheme

Two approaches are proposed to improve SynRM control:

1-First approach is to estimate the rotor speed by the MRAS observer and then submit this

estimate to the Model predictive control.

2- Second approach consists of replacing the conventional PI current controller rotor speed with
that based on model predictive control MPC using the adaptive model reference observer MRAS

upstream.

4.4.1. First approach

In order to feed the predictive control model and reach the optimal speed, it is necessary to subject
it to the model reference adaptive system, which employs the state observer model with current
error feedback and the rotor current model as two models for current estimation. Thus, to extract
the estimated speed, the difference between the outputs of the state observer model and the rotor
current model is used to obtain a zero error.

Vector control provides good performance in transient condition in addition to steady state
condition [59], [60].

Figure.4.8. shows the field-oriented control of a SynRM utilizing predictive control and MRAS
current control. In addition, a PI controller is employed for controlling the speed and generating

the reference for the torque output current i, provided by the MRAS speed observer. A predictive

current controller is employed to follow this current. In the predictive circuit diagram, the discrete-
time model of the machine is used to forecast the components of the stator current for each of the
seven different voltage vectors produced by the inverter. The voltage vector that keeps a cost
function to a minimum is chosen and implemented for a full sampling interval.

The aim of the system of current control is to keep the error between the reference and the
measured currents values to a minimum. This objective, in the case of SynRM speed control, can
be defined as

a cost function equation 4.24 that meets certain requirements such as monitoring the reference

speed, torque by ampere optimization and limiting the current intensity.
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Figure 4.8. Foc of a SynRM using predictive and MRAS current control

4.4.1.1. Simulation Results

Results using the first approach scheme are shown in Figure 4.9, in this figure a speed reference

step change is performed at time the beginning, then a speed reversal at time = 0.15 s. It can be

seen from these results that all the objectives of the control are achieved during the tests. Fast

tracking of the torque-producing current iy, is achieved while the iss current is near zero. During

transients the magnitude of the currents is limited and both components are decoupled.
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Figure 4.9. SynRM Mras-Mpc behaviour, rotor speed and stator currents
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The behaviour of this approach for a speed reversal is shown in Figure 4.9. During this transient

the maximum allowed ™ current is applied, which is effectively limited by the last term of the

cost function equation 4.24. The '« current component is near zero even during the transients.

4.4.2. Second approach

The remarkable efficiency and price/performance ratio that PID controllers enjoy is still difficult
to match. However, this type of controller does not cover all needs and their performance suffers
in a certain field of applications such as non-linear, instability, non-stationary, and pure high delay.
These limitations have favoured the emergence of predictive control based on digital models.
These digital controllers are more capable of algorithmic processing, integrating calculation and

logic, than purely analogue controllers.

Following the same principle as the first approach, the stator current and speed are estimated using
the MRAS technique, then fed into the MPC block, but with the PI regulator replaced by this MPC
block in order to calculate the reference voltage vector RVV.

This new approach which takes into account all the mechanical and electrical variables in a control

law via a new cost function allows to obtain the signals switched to the power converter.

4.4.2.1. Setting MPC block

The MPC block is an interactive tool for designing MPC controller. It is implemented as part of
the Model Predictive Control Toolkit. An MPC problem is formulated as a quadratic programming
QP problem that attempts to minimize a quadratic cost function. MPC computations become more
complex as the number of states, constraints, order length and prediction horizons increase. To
reduce the complexity and computational time of the MPC in order to run it faster, we apply model
order reduction techniques that are used to discard states that do not contribute to the dynamics of
the system and use a shorter control and prediction horizon.

All MPC does online is finding the region in which the current state lies and evaluate the linear
function to create the current control action. Reducing the iterative optimisation process to the
evaluation of the linear function greatly simplifies the runtime calculations. To ensure that a
solution is found within the sampling time and that there is even some extra time left for other
tasks that need to be executed on the computer. To address this, we determine a maximum value
for the number of optimisation iterations.

MPC uses a plant model to make predictions and an optimizer to find the optimal control action,
we can specify MPC design parameters for the prediction and control horizons, and then we see
how the system behaviour changes for a larger prediction horizon, then we will play with the

control horizon
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by increasing it to 3 to get better control, after setting all these parameters we can fine tune our
controller using the slider, we will drag it to the right for more aggressive control and once the
response looks good, we export the controller which updates the MPC controller block and runs

the simulation.
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Figure 4.10. The proposed MRAS-MPC controller

1
2

Figure 4.10. shows the proposed MRAS-MPC for SynRM; the PI speed controller to generate the
torque producing reference current iz to be injected with the currents is and iy which are subject
to predictive control is replaced by the bloc MPC, the currents estimated by the MRAS technique
are used in the prediction model to improve the robustness of the proposed method. These current
vectors are evaluated by a cost function, that will find the optimum voltage vector that minimises
the current error.

The vector voltage can be calculated using equation 2.4

A i (k+1)—i, (k)| . 5
Vds,rEf(k):Rslds(k)+Lds d’f( T) d( ) _wr(k)L 1l (k)

N

(4.25)

5 i (k+1)—i (k)| . :
Ve (k)= R, (k)+L, s T) (k) +@, (k) Ly, (k)

The expression of the cost function can be defined as follows:

0if iy (K +1)? +i, (K +1)" < i

(4.26)
if iy (k+ 1) +ip (K +1)* >,

g:

g ey (K +1) =iy (K + 1)\ +

iy (1) =i (K+ 1)\ n

4.4.2.2. Simulation results and discussion

The parameters of the cost function (rate weight of manipulated variable =0.1) and the horizons

(prediction horizon =3, control horizon =1) are determined such that the Hessian matrix of the PQ
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is positively defined. The following table 4.1 lists the controller's minimum MPC parameter along

prediction horizon for each manipulated variable (MV) and output variable (OV).

MYV (Reference Torque) Weights Rate OV (Speed) Weights
0.00742736 13.4637

TABLE 4.1. PENALTY WEIGHTS ON MANIPULATED VARIABLE(MV) RATES AND OUTPUT VARIABLES(OV)

In what follows, for SynRM machine featuring a two-level inverter for which the parameters and
ratings are given in Table 1.2 steady-state performance of the MRAS-MPC is compared with that
of the standard MRAS-PI. The comparison is made in terms of speed response time, disturbance
rejection, torque ripple and stator current.

Looking at Figures 4.12 and 4.14 it can be assumed that the proposed MRAS-MPC has similar
performance to that of a conventional MRAS-PI controller. In order to clear up possible
misunderstandings, the performance of a MRAS-MPC controller was tested under similar
conditions.

The advantages of this new approach are its superior disturbance rejection capability (97. 5%),
Figures 4.13.c and 4.16 , perfect speed ripple reduction, except for a slight response due to
adjusting the state estimation in the MPC toolbox to a slower mode in order to keep the ripple low,
also excellent ripple reduction regarding torque Figure 4.13.a, perfect load torque reaction
compared to the PI controller, and the stator current components behave correctly with perfect
ripple reduction as shown in Figure 4.13.b, and to illustrate the performance of this new controller,
a summary Table 4.2. is provided below to justify the proposed controller, in addition a speed

error is performed as shown in Figure 4.15.

Controllers Speed Torque Stator
currents
PI controller Slow tracking with disturbance rejection capability (94 %)  increased picks and more =~ More
ripples picks
New Good tracking with superior disturbance rejection Decreased picks and Decrease
controller capability (97. 5%) and perfect speed ripple reduction Less ripples d picks

TABLE 4.2. COMPARISON RESULTS BETWEEN THE DIFFERENT CONTROLLERS
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4.5.Conclusion

The predictive control associated with MRAS technique was implemented as a new approach with
simulation at a constant speed of 100 rad/s, and an inverter switching of 13.56 MHz, the disturbance
rejection capability is greatly improved and the perfect reduction of speed, torque and stator current ripple,
an instantaneous reaction of electromagnetic torque to changes in speed and load torque which keeps the
system in the right function with respect to that of PI controller.

- The new controller can produce the appropriate voltage to reach the reference speed.

- The simulation results highlighted the performance improvements introduced by this approach.

SynRM's sensorless accuracy estimation performs poorly when the speed is close to zero and the machine
parameters need to be studied in more detail, due to voltage measurement noise and integrator drift,
although significant progress has been made recently in these areas. Further research is underway in the
next study to implement low-pass filters (LPFs) at the input of the MRAS block to reduce torque ripple and

pure voltage integration so that they can be implemented in the real world.
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General Conclusion

In this thesis, we addressed the problem of sensorless control of the SynRM. Our objective was to
propose a non-linear control law without mechanical sensors (using a Speed Observer).

The sensorless control law we have proposed is a vector control based on ‘PI’ controllers and
‘MPC’ type controllers combined with an MRAS for regulation.

In this context , Model Reference Adaptive System (MRAS) is favoured for its simplicity in
operation. Model Predictive Control (MPC) emerges as a promising alternative to PI controllers
in speed loops, offering advantages such as order reduction, disturbance rejection, robustness, and
straightforward implementation via power converters. MPC operates within a Variable Structure
System (VSS), employing a switching logic with high-frequency discontinuous control actions
based on system state, disturbances, and reference inputs.

Mras — Mpc controller is the proposed and newest strategy, it combines all the cascaded structure
in one control law to obtain the switching vector by minimizing the predefined cost function. Its
advantages are very fast dynamic response without overshooting, while its disadvantages are the
variable switching frequency and high current/torque ripples. FOC is the most popular control with
cascaded PI controllers (current and speed), its advantages are constant switching frequency and
low torque ripples, while its weakness is the slow dynamic response.

The mathematical model of the system is presented first, followed by the analysis of Lyapunov
stability, which has been detailed specifically in the Mras observer. This is followed by the design
methodology of the proposed observer with a Mras - Mpc cascade on the one hand, and the
replacement of the PI controller by the Mpc controller on the other, while retaining the Mras - Mpc
cascade approach.

Simulation verification tests have been carried out on industrial trajectories and the results
obtained demonstrate the effectiveness and robustness of the proposed observer.

To further improve the performance and robustness of the proposed observer, future research will
involve the generalisation of the proposed algorithm to make it suitable for dealing with large
uncertainties in induction machine parameters under critical working conditions due to heating,
saturation and other physical effects. In addition, further developments of the proposed algorithm
would also make it suitable for applications where an adaptive strategy is required to overcome
the observational uncertainty of the system.

With all these good results presented by the observer, there are still some points to be rectified in
future work, since we noted in the first chapter that the machine model is created after taking into

account simplifying assumptions and since private research into the modelling of synchronous
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machines is interested in minimising these assumptions, it is necessary to join in and try to train
the observer within the framework of the new models, which are more complex than their
predecessors to some extent, future work will also focus on the diagnostic aspect and on studying
the performance of the observer under other machine operating conditions, such as fault
conditions, and we are also proposing it for synchronous machines or other systems because the
scope for its use is wider than others.

Further research is underway in the next study to implement low-pass filters (LPFs) at the input of
the MRAS block to reduce torque ripple and pure voltage integration so that they can be

implemented in the real world.
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Block diagram of vector control figure 2.4:
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Control study:
For different damping coefficients £ we can find a relationship between ( & and 7@, ). The

following table shows this relationship:

S 7@,
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0.5 5.3
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1 4.75
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Appendix

Abstract

This thesis focuses on variable speed synchronous machine drives, highlighting their
advantages such as robustness and high reliability. Previous research has explored
variable speed control of these drives, particularly for applications such as rail traction
and marine propulsion.

Many problems require the estimation of the state of a system using an observer.
However, modelling and synthesising the observer becomes a difficult task for non-linear
systems.

Synchronous Variable Reluctance Machines (SynRMs) have advantages, but their
control can be complex due to model non-linearity and parameter fluctuations.

The research presented in this thesis focuses on the state estimation of non-linear
systems represented by an Mras-Mpc controller which is proposed as the newest
strategy, it combines all cascade structures into one control law to obtain the switching
vector by minimising the predefined cost function.

After an introduction to predictive control (MPC) and the optimisation criterion, the Mras
is presented in detail while developing its stability in order to propose two approaches
with two different cost functions combining the two observers into a single one to
consolidate the quantities to be estimated. The first approach consists of feeding the input
quantities of the predictive control model with the output quantities of the model's
reference adaptive system, in order to achieve the optimum speed.

In the second approach, we propose a controller that estimates the speed by replacing
traditional Pl controllers with a predictive control model that calculates a new speed
estimate based on the MRAS scheme using only stator current and voltage
measurements and then optimises the vector voltage that minimises the current error.
Key words: Sensorless Control, Synchronous reluctance machine, Model Reference
Adaptive System, model predictive control, Direct Vector Control, Pulse Width

Modulation, predictive, Lyapunov stability.
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