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Abstract:

This study focuses on the investigation of neural control by direct torque
control of a permanent magnet synchronous motor powered by a photovolta-
ic generator . The motor was modeled and its characteristics were identified,
followed by an exploration of direct torque control and its effectiveness. The
next step involved understanding the power source for the motor, which is
the photovoltaic generator, including its characteristics and the impact of te-
mperature and illumination on the system. Finally, we provided an overview

of the last component of the control system, which is neural control.

Keywords:
Permanent Magnet Synchronous Motor (PMSM), Direct Torque Control
(DTC), Photovoltaic (PV), Artificial neural networks (ANN)



Résumé:

Cette étude porte sur I'¢tude du contrdle neuronal par contrdle direct du
couple d'un moteur synchrone a aimants permanents alimenté par un généra-
teur photovoltaique. Le moteur a été modélisé et ses caractéristiques ont été
identifiées, suivi d'une exploration du contréle direct du couple et de son eff-
icacité. L'etape suivante consistait a comprendre la source d'alimentation du
moteur, qui est le générateur photovoltaique, y compris ses caractéristiques
et I'impact de la température et de I'éclairage sur le systeme. Enfin, nous av-
ons donné un apercu du dernier composant du systeme de contréle, qui est le

contrble neuronal.

Mots clés :
Moteur Synchrone a Aimants Permanents ( MSAP), Controle Direct de
Couple (DTC), Photovoltaique (PV), Réseaux de neurones artificiels (RNA).



Acronyms

Abridged Words

PMSM : Permanent Magnet Synchronous Motor.
EMF : Electromotive force.

AF : Increase flux.

AC' : increase the torque.

DF' : Decrease flux.

DC' : Decrease the torque.

E.M.F : Electromotive force.

IGBT : Insulated-gate bipolar transistor.
DTC : Direct torque control.

FOC : Field-of-control.

IPM :Internal permanent magnet.
PW M : Pulse-width modulation.

PV : Photovoltaic

MPPT : Maximum power point tracking.

L3P : Lumped, 1 Mechanism model with 3 Parameters

Model Parameters

Vs : stator voltage vector
15 . stator current vector
¢s : stator flux vector

R, : Resistance of a stator phase



0 : electrical angle between the a axis and the d axis
w, : rotational speed of the rotating field

), : mechanical rotational speed of the rotor

p : number of pole pairs

Cem : the electromagnetic torque

C, : resistive torque

fr + the friction coefficient

J : is the moment of inertia

a, b, c . Variables expressed in the three-phase fixed benchmark
d.q : Variables expressed in the fixed frame (d,q) rotating at synchronous speed
a.(3 : Variables expressed in the two-phase fixed frame («,f)
b : is the stator flux vector

$s : is the rotor flux vector brought back to the stator

0 : is the angle between the stator and rotor flux vectors

C? : The torque setpoint

I,;, : photonic current

14 : diode current 1

14 : diode current 2

Vi = KT,./q : representing the thermodynamic potential

T, : is the absolute temperature

q : electron charge constant,

Iy, : Current flows through the shunt resistor

E : illumination

T : temperature in

Ipho © photo-current generated by the diode

E, : Gap energy of the semiconductor
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General Introduction

1. Problem Formulation

Today, permanent magnet synchronous motors (PMSM) are highly recommended in the indus-
trial sector. This is due to their simplicity, reliability, and compactness compared to DC motors.
As a result, their construction is more straightforward as they do not require mechanical switches.
This simplicity contributes to their longer lifespan and eliminates the need for regular maintenance.
Another advantage is their suitability for use in explosive environments since they do not produce
sparks. Additionally, PMS motors offer significant power output relative to their mass, unlike DC

machines that require multiple power sources and have lower power density. [4]

In this Dissertation , the focus is on defining the problem statement and setting the objectives
of the study. The aim is to investigate the feasibility and effectiveness of utilizing neural control
algorithms in the DTC scheme for a PMSM powered by a photovoltaic (PV) generator. The chal-
lenges and limitations associated with conventional control methods will be addressed, highlighting

the potential benefits of neural control approaches.
2. Dissertation Outline

The dissertation will follow a structured framework to achieve the research objectives. The

outline will cover the following key aspects:

The first chapter: The mathematical modeling of the PMSM system and the DC-AC converter

will be studied, and at the end of the chapter, a simulation of the motor.

The second chapter: we will know the direct control of torque and then present a general di-
agram of the stages of this control, after that we will learn about the stages of direct control of
torque in detail and all the mathematical equations that are effective in this control.finally, the

results of the motor with direct torque control are simulated.
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The third chapter:, The chapter will present the photovoltaic systems, which we consider as the

source of power for the engine.

In the last chapter we will discuss the role of neural networks in motor control, specifically in
direct torque control.and we will learn about the natural effects on them. We will also present the
integration of the above topics, including the solar energy system as the energy source and the

control of neural networks in direct torque control of the motor.

Conclusion and Future Work: The thesis will conclude with a summary of the findings, key
contributions, and recommendations for further research in the field of neural control for PMSMs

powered by photovoltaic systems.




Chapter I

Generality and modelling of PMSM




CHAPTER I. GENERALITY AND MODELLING OF PMSM

1.1 Introduction

A synchronous motor, as the name suggests, runs under steady-state conditions at a fixed
speed called the synchronous speed. The synchronous speed, depends only upon the frequency
of the applied voltage and the number of poles in the machine. In other words, the speed of a
synchronous motor is independent of the load as long as the load is within the capability of the
motor. If the load torque exceeds the maximum torque that can be developed by the motor, the
motor simply comes to rest and the average torque developed by it is zero. For this reason, a
synchronous motor is not inherently self-starting. Therefore, it must be brought up almost to its

synchronous speed by some auxiliary means before it can be synchronized to the supply .[16]

Permanent Magnet Synchronous Motors (PMSM) are widely used in high-performance drives
such as industrial robots, automotive hybrid drive trains and machine tools thanks to their advan-
tages as: high efficiency, high power density, high torque/inertia ratio, and free maintenance. In
the recent years, the magnetic and thermal capabilities of the Permanent Magnet (PM) have been

considerably increased by employing the high-coercive permanent magnet material.[I1]

A synchronous motor can be either a single-phase or a polyphase motor. Only three-phase
synchronous motors are discussed in this chapter, but the development is valid for any polyphase

synchronous motor[16].

I.2 Permanent magnet Synchronous motor(PMSM)

Researchers have made numerous attempts to produce synchronous motors with magnets. How-
ever, it was only after the introduction of materials with a strong coercive field and fairly high
remnant induction that they were able to successfully materialize. In permanent magnet syn-
chronous machines, the magnets are located on the rotating part while the stator consists of a
sinusoidally distributed three-phase winding. The operation of these machines is based on the
principle of the magnetic field rotating in synchronism with the rotor, hence the name permanent
magnet synchronous machines (PMSM). In most applications, an inverter is required to provide a

power supply with variable voltage and frequency.[§].

1.3 Structure of PMSM

The synchronous motor is composed of two parts, a moving part or rotor and a fixed part or

stator that carries windings. The space between these two elements is known as the air gap.
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Figure I.1: Structure of permanent magnet synchronous motor. [1]

1.3.1 The Stator

The stator of a synchronous motor is similar to that of an asynchronous motor, as it has a
three-phase winding formed by identical windings displaced from each other by 120. The windings
can be either star-coupled (which cancels the unipolar current component) or triangular-shaped,
distributed in notches and carried in a laminated magnetic circuit. This winding constitutes the
armature of the machine, as it is where electromotive forces are induced by the rotating field
created by the rotor. [17]

1.3.2 The Rotor

A rotor in a permanent magnet synchronous motor (PMSM) is a rotating component that
contains permanent magnets, The magnetic field produced by the permanent magnets interacts
with the stator’s magnetic field, which is created by the stator windings, to produce torque that
drives the motor’s rotation. In PMSM, the rotor rotates synchronously with the rotating magnetic

field generated by the stator, which is why they are called ”synchronous” motors.[17]

1.4 Starting PMSM

A synchronous motor won'’t start by itself because it requires a rotating magnetic field to be
present in order to synchronize its own magnetic field and start rotating at a constant speed.
Unlike an induction motor, which can start on its own due to the rotating magnetic field created

by the AC power supply.
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there are three basic approaches that be used to safely start a synchronous motor:

I.4.1 Variable frequency drive

To start a synchronous motor, the stator magnetic fields must rotate at a low enough speed for
the rotor to lock in, and then the speed can be gradually increased to operating speed. However,
the problem is where to get the variable electrical frequency from, as regular power systems are
regulated at 50 or 60 Hz. Solid-state motor controllers can convert a constant input frequency
to any desired output frequency, making it possible to control the electrical frequency applied
to the motor. With a variable-frequency drive unit included in the motor-control circuit, the
synchronous motor can be started by adjusting the frequency to a low value and then increasing
it to the desired operating frequency. The voltage in any variable-frequency drive or variable-

frequency starter circuit must vary roughly linearly with the applied frequency[3][2].

Synchronous Motor Starting by Reducing Electrical Frequency

50/60Hz Supply

i
e
n—

Wariable Frequency Inverter !

Synchronous Motor

www.TheEngineeringKnowledge.com

Figure 1.2: variable frequency inverter

1.4.2 External mover

To start a synchronous motor, an external starting motor can be attached to bring it up to
full speed, then it can be paralleled with its power system as a generator and the starting motor
can be detached. This procedure is common in motor-generator sets and the starting motor only
needs to overcome the motor’s inertia. It’s possible to use brushless excitation systems mounted
on the shafts of synchronous motors as starting motors. For some synchronous motors, an external
starting motor or using the exciter may be the only option due to the power system’s inability to

handle the starting currents needed for other approaches.[2][3]




CHAPTER I. GENERALITY AND MODELLING OF PMSM

Figure 1.3: External mover|[2]

I.4.3 Amortisseur Windings

Starting a synchronous motor with the help of amortisseur windings refers to a method
of starting a synchronous motor by using a secondary set of windings that are embedded in the

motor’s rotor. These windings are also known as damper or squirrel cage windings.

When a synchronous motor is started, the stator winding is energized to create a magnetic
field. However, the rotor of the motor does not rotate synchronously with the magnetic field, as it

is not yet energized. This can cause the motor to stall or jerk.

To prevent this, the amortisseur windings are used. These windings create a magnetic field
that is slightly out of phase with the magnetic field of the stator winding. As a result, the rotor

starts to rotate, and the motor gradually synchronizes with the stator magnetic field.[3]
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Figure 1.4: Amortisseur Windings. [3]

Once the motor reaches synchronous speed, the amortisseur windings are no longer needed and
become inactive. The motor continues to operate at synchronous speed by locking in with the

rotating magnetic field of the stator winding|[3].

Overall, using amortisseur windings to start a synchronous motor provides a reliable and effi-

cient way to bring the motor up to speed without the risk of stalling or damage.

I.5 Advantages and disadvantages of PMSM

I.5.1 advantages

e High efficiency: PMSM have a high efficiency compared to other types of electric motors, This
makes them ideal for applications where energy efficiency is important, such as electric ve-

hicles, industrial equipment, and home appliances.

e High power density: PMSM have a high power density, which means they can produce a lot
of power in a small size. This makes them ideal for applications where space is limited, such

as in electric vehicles and drones.

e High torque density: PMSM have a high torque density, which means they can produce a
lot of torque in a small size. This makes them ideal for applications where high torque is

required, such as in robotics and industrial equipment.
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Low maintenance: PMSM have a simple design with fewer moving parts, which means they
require less maintenance compared to other types of electric motors. This results in reduced

downtime and lower maintenance costs.

Precise control: PMSM can be easily controlled using modern electronics, which allows for
precise control of speed and torque. This makes them ideal for applications where precise

control is required, such as in robotics and machine tools.

Durability: PMSM have a long life span due to their simple design and the use of permanent
magnets, which are not subject to wear and tear. This results in a lower total cost of

ownership over the life of the motor.

Overall, the benefits of PMSM make them an attractive choice for a wide range of applica-

tions, including electric vehicles, industrial equipment, robotics, and home appliances[18][S].

I.5.2 disadvantages

1.6

Cost: PMSMs can be more expensive than other types of electric motors, due to the cost of
the permanent magnets used in their construction. However, the cost has been decreasing

as the technology has improved.

Temperature sensitivity: PMSM can be sensitive to temperature changes, especially at high
temperatures. This can lead to a decrease in performance or even damage to the motor.

Proper cooling and thermal management systems are required to ensure reliable operation.

Control complexity: While PMSM are easily controlled using modern electronics, the con-
trol systems can be complex and require advanced knowledge and expertise to design and

implement. This can be a challenge for some manufacturers and end-users.

Limited availability: Permanent magnets used in PMSM are made from rare-earth materi-
als, which can be expensive and have limited availability. This can be a concern in some

industries, especially as demand for PMSM increases.

Overall, the disadvantages of PMSM are relatively minor compared to their many advantages,

and advancements in technology are continuously addressing these issues|§].

Modelling of PMSM

The study of any physical system requires modelling, it allows us to simulate the behavior

of this system in the face of different operating conditions and thus understand the mechanisms

governing its operation, the modelling of the PMSM is the subject of many studies on medium

10



CHAPTER I. GENERALITY AND MODELLING OF PMSM

and high power. The form of a mathematical model of an PMSM largely facilitates its study. [4][S]

The physical phenomena inherent in the functioning of the system can be partially or com-
pletely taken into account in a model. They result in several levels of modelling linked to associated
simplifying hypotheses. These simplifications come from the properties of alternative current ma-

chines. For this purpose, the following assumptions are adopted:[4][]]

e The magnetic circuit of the machine and not saturated

e Sinusoidal distribution of the E.M.F

e The effect of the temperature on the resistors is negligible

e hysteresis and eddy currents are negligible

e The skin effect that increases resistances and reduces inductances is negligible
e the air gap is of uniform thickness

e The notch effect is not taken into account

1.7 Equations of the model of PMSM

The figure (1.5) gives the representation of stator windings and the flux of rotor magnets for a

three -phase synchronous motor with permanent magnets

Sraror

Figure I.5: Schematic representation of the windings of the PMSM[4]

The mathematical model of the PMSM is similar to that of the classic synchronous machine,
within the framework of the simplifying hypotheses announced previously and for a symmetrical

machine, the electrical, magnetic and mechanical equations are written as follows:

11
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1.7.1 Electric equations

Vi()] = Rylis(t)] + 20 (L1)
with:

Vi(t)] = [Va(t)Vi(t)Ve(¢)]" : stator voltage vector;

[is(t)] = [ia(t)in(t)ic(¢)]" : stator current vector;

[65] = [Bain]" : stator flux vector;

R,: Resistance of a stator phase.
or:

_ . dpa(t
V(1) = Raig(t) + %20

t

Vi(t) = Ryip(t) + 2220 (12)

dt
— ) d¢c(t)
Ve(t) = Ryic(t) + =5~

1.7.2 Magnetic equations

[0s()] = [Ls][is(D)] + [ (¢)] (L.3)
with:
La Mab Mac
[Ls] = | My, Ly, M| : stator inductance matrix.
Mac Mbc Lc
or.
Ga(t) = Laia(t) + Mayiy(t) + Magic(t) + Grm cos(6)
qbb(t) = Lbib(t) + Mabia(t) + Mbcic(t) + ¢rm COS(Q - 2%) (I4)
Ge(t) = Leic(t) + Macic(t) + Mipcip(t) + dpm cos(6 — 4%)
or

[¢-(t)] is the vector of the fluxes generated by the magnets in the rotor phases such that:

12
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we

Orm is the peak value of the flux created by the magnets

have :
0= [ow,(t)dt

wy(t) = p2(t)

with :

0 : electrical angle between the a axis and the d axis;
w, : rotational speed of the rotating field;
(), : mechanical rotational speed of the rotor;

p : number of pole pairs;

1.7.3 Mechanical equations

1.8

JEW — ¢, — O — £,9.(1)

Cem : is the electromagnetic torque.
C, : is resistive torque.
fr + is the friction coefficient.

J : is the moment of inertia.

furthermore the electromagnetic torque is expressed by :

. d([Ls][is d[¢r
Com = [ig(8)]H [ AElia@]) 4 1 dferto)

Transformation of three-phase to two-phase

(L5)

(1.8)

The Park transformation consists of a three-phase to two-phase transformation, followed

by a rotation. It enables the conversion from the reference a,b,c frame to the «, 8 frame, and then

to the d,q frame. The «, § frame remains fixed relative to the a,b,c frame, while the d,q frame is

13
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movable. It forms an angle, known as the Park transformation angle or Park angle, with the fixed

a, B reference.

1.8.1 Clarke’s transform

The transition from a three-phase system (a,b,c) to a Clarke two-phase system («,3) write:

Xq
X.| ,[1 -
=12 X 1.10
vl d | x 110

2 Xc

|
S
N[ —=

The inverse passage is write:

X, 1 0
9 3 X,
Xy|l=2 |- ¥ (I.11)
3 2 2 X
X _1 _V3 A
¢ 2 2

The choice of the non normed passage matrix (Clarke) is practical in order where one deals with
quantities d,q. This allows, for example, to directly assess the modulus of the current absorbed

by the motor.

1.8.2 Park’s basic transformation

The Park transformation makes it quite easy to deal with all the transient regimes of the
poly-phase electric machine. The principle consists of replacing the quantities (current, voltage
and flux) with real indices a, b, ¢ by quantities with indices d, q, o (direct, in quadrature and
homopolar) using the matrix of Park [P(0)].

g |

L o cl

'_..-"”'

¥

o |

Figure 1.6: Equivalent diagram of the motor in the reference (d, q)[5].

14



CHAPTER I. GENERALITY AND MODELLING OF PMSM

Xy X,
x,| = [PO)] | X, (112)
X, X,

) cos(f)  cos(0 —2)  cos(f — %)
[P(0)] = 3|~ sin(f) —sin(0 — ) —sin(d — 4F) (1.13)

Whereas when we want to obtain Xy, X, Xo:

Xq Xy
X, = (PO | X, (L.14)
Xe Xo
And its inverse has the expression:
cos(6) — sin(6) 1
[P(0)] " = |cos(6 — %) —sin(d —Z) 1 (L.15)
cos(f — &) —sin(@— ) 1

[P(6)] : Park’s direct passage matrix

The motor is supposed to be symmetrical and connected in star, it therefore absorbs a balanced

system of currents (i, + i + i. = 0).

1.8.3 Park transformation application on PMSM

Choosing a Park frame (d,q) related to the rotor and applying the transformation (I1.12) to the

system of electrical equations (I.1), we obtain:
[Vago (£)] = [P)(0) [Vave(t)] = Rs[P(0)][iabe(t)] + [P(6)] G [dase(t)] (1.16)
then, basing on (1.12) and (I.1) we get :
Vigo()] = RslLaqo(t)] + [PONPO)] " 5 [Daqo (1)] + PO (5 [P(0)] ) [bago(1)] (1.17)

After simplification, one can deduce Park’s equations in vector form as :

15
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[Vag()] = Rillag(t)]+ 55 [ag (1) +wr 95, (2)] (1.18)

or :

Vi

[qu] = v

. . Id _ de * ] _¢q
) [qu] - [[q] ) [gbdq] qu] ) [¢dq] [¢d,]

furthermore the transformation (I1.10) applied to the magnetic equations (1.3) gives :
Ld o) [1d .
O] _ +1? (1.19)
oq 0 Lqg| |Iq 0

The electromagnetic torque is produced by the interaction between the poles formed by the ro-

tor magnets and the poles generated by the FMMs in the air gap generated by the stator currents.
This torque developed by emf permanent magnet synchronous motor. sinusoidal and without

damper can be expressed in Park’s frame by:
Cem = %p[(Ld—Lq)]qungbrm]q] (1.20)
In the case where the motor has smooth poles (La La), this equation is simplified as follows:

Cem = 3pdrmiq (I1.21)

1.9 Modeling of the three-phase MLI voltage inverter

A voltage inverter is a static converter that provides DC-AC conversion. It is typically powered
by a DC voltage source. The maximum power transmitted is determined by the specific charac-
teristics of the receiver, in this case, the permanent magnet synchronous motor. There are several
voltage inverter structures, each adapted to a specific application or specification. In our study,
we focus on a classic MLL three-phase voltage inverter. It consists of three arms that use two
switches, which are bidirectional in current and controlled for priming and blocking. The switches
can be made using MOS transistors, IGBT, or GTO, depending on the desired power control
and switching frequency. These switches are associated with antiparallel diodes to achieve current
reversibility.[[19]].

16
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1.10 Equation of the three-phase voltage inverter

We consider that the stator of the synchronous machine is star-connected. The inverter output
voltages (Vao, Vio, Veo), are referenced with respect to a midpoint of a fictitious input 0 divider
bridge. The neutral of the machine is not connected to the midpoint 0 of the inverter. therefore
the sum of the currents of the stator phases is zero. In this case, the measurement of two phase

currents is sufficient. Figure (1.7) illustrates the structure of this three-phase inverter. [20][6]

N

Ly S —
A

| b

L | SN )
-
4

) Uan Use Iy

= : | =

I
X
> |

BT

Figure I.7: diagram of a three-phase voltage inverter supplying the stator of the motor.[6]

|

We have K; and K; (with i = 1,2,3): are the switches of the inverter and C; is the control
signals of the arms K of the inverter; with.

define a state function E;’ of its switches such that:
Ci=1 if K, is closed K; s open.

C; =0 if K; is open K; 15 closed.

The following figure (Fig.I.8) makes the link between the different switching sequences, the
voltage vectors and the state of the switches forming the inverter.
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VIi1om V2(110) V3(010) V4011
| | ° | © | | “—V_H
Y YN . \[ N : I bl
V3(001) V6101 V7(111) VO(000)

; | ; | Tﬂ T T
Y b B 2 m

Figure 1.8: State of switches for each voltage vector.[7]

b

we also have :

Va(t) = Van(t) = Vao(t) + Von(t)

Vo(t) = Vin(t) = Vio(t) + Voul(t) (1.23)
Ve(t) = Ven(t) = Veo(t) + Von(t)
with :
Va(t) = Vi(t) = Ve(t) = 0 (L.24)
What gives :

Va(t) 2 —1 —1] [Vi(t) 2 -1 —1] [E

Vit)|=3 |1 2 —1| [Ve®)|=%|-1 2 -1| |E (1.25)
V. (1) —1 -1 2] [V, -1 -1 2| |FE;

So, it suffices to know the states of the switches (E;, Es, E3) delivered by the control block to

calculate the output voltages of the inverter.
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I.11 Simulation of the PMSM and interpretation of the

results

I.11.1 simulink model

S

=~

=
Cer

i
. numis)
denls]

Wisi

Figure 1.9: PMSM block scheme.
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1.11.2 Simulation results
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Figure [.10: Reselts of simulation

Discussion of results:

From Figure [I.10], it can be observed that during off-load startup, the motor speed precisely
tracks its reference, achieving it rapidly. Additionally, the electromagnetic torque initiates at 10
N.m and eventually stabilizes at zero. It is noteworthy that the I; component commences at 60 A

and settles at 20 A, while the Iq current mirrors the torque behavior.
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Figure [.11: Reselts of simulation

Discussion of results:

To analyze the impact of load on PMSM behavior, a torque load is applied to the motor along

with a three-phase power supply.

it is observed that an increase in load causes the speed to decrease, but the speed quickly

returns to stability within seconds. Regarding the electric torque and the two currents I, and Iy,

they have a positive effect, which is to increase each of them to a specific value and then return

them to their initial stability within a few seconds.
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1.12 Conclusion

in this chapter, we have become familiar with the permanent magnet synchronous motor, its
essential components, operating methods, and working principle. Additionally, we have explored
its mathematical model related to the transformer. The derived model is obtained by converting
from three phases to two phases in two reference frames, one of which is fixed while the other ro-
tates at the rotor speed.Lastly, we have conducted simulations of the motor under both unloaded

and loaded conditions.

As the synchronous motor with permanent magnets always requires an association with a static
converter during its operation, control of the converter is crucial in practice. The upcoming chapter

will introduce one of these techniques, namely direct torque control.
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Chapter 11

Control of a PMSM by the DTC

II.1 Introduction

The Direct Torque Control (DTC) method was introduced in 1985 by Takahashi and Depen-
brock for the purpose of torque control in high power servo motors. DTC is a control technique
that takes advantage of the ability to independently regulate torque and flux in AC machines,

achieved through a voltage inverter without the need for current regulation via a feedback loop.

In the subsequent discussion, our focus will be on the direct control of torque and flux. We
will commence by introducing and implementing a control structure for the PMSM using DTC.
Subsequently, we will present simulation results of the PMSM controlled by DTC and powered by
a voltage inverter. These results will include scenarios both with and without a speed adjustment

loop, implemented by a PI corrector. [21][22].

II.2 The Direct Torque Control (DTC)

The goal of the DTC is to directly control stator flux and linkage torque rather than to con-
trol stator current. This was achieved by directly controlling the power switches using hysteresis

comparators and selecting voltage vectors from a predetermined switching table.

Depenbrock also proposed a similar control method in 1987, which he called Direct Autonomous
Control (DSC). The term ”direct torque control” (DTC) was later coined by Takahashi and Ohmori
in a later paper. DTC gained popularity, and Tiitenen discussed its first industrial application.
Since then, many papers have been published on various aspects of DTC for asynchronous motors,

and there has been interest in applying DTC to permanent magnet synchronous motors.

The implementation of DTC in permanent magnet synchronous motors (PMSM) is discussed
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by L. Zhong. In 1998, a DTC scheme was proposed to drive a wide speed range for an internal
PMSM drive, which offers advantages over today’s traditional field-of-control (FOC) drives. DTC
control schemes have been proposed subsequently for internal permanent magnet (IPM) motors

with approximately constant switching frequency.

In 2002, a completely sensorless DTC control of the IPM motor was proposed, which used a
new speed estimator based on the stator flux correlation vector and torque angle. To reduce torque
ripples, Sun proposed a fuzzy logic algorithm to improve the selection of voltage vectors. Today,
DTC has become an accepted control method along with field control (FOC)[23].

II.3 General principles of DTC

DTC is a vector control method used to control the torque and therefore the speed of the motor
bycontrolling the switching sequence of the inverter transistors. Figure II.1 shows the DTC for a
PMSM block diagram. It can be seen that once one has the estimated and reference instantaneous
values of electromagnetic torque and stator flux, we proceed to calculate the error between them,
these errors are used as inputs for the hysteresis controllers, which aim to maintain the torque
and flux errors within upper and lower limits allowed, so that when evaluating within these limits
an output level is obtained to know the status of the variable. The output levels achieved in this
stage of the control are input signals to the block that is responsible for finding the right vector to
get rid of the speed error. This procedure is made for each sampling instant to drive the PMSM
to the desired speed value[L1].
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Figure II.1: Structural diagram of a DTC command applied to the PMSM.

In the DTC, the motor torque control is achieved with two hysteresis controllers, one for stator

flux magnitude error and the other for the torque magnitude error. The selection of one switching

vector per sampling time depends on the sign of these two controllers without inspections of the

magnitude of the errors produced in the transient and dynamic situations per sampling time and

level of the applied stator voltage[11].

II.4 Advantages and disadvantages of PMSM

I1.4.1 Advantages

e Not to require calculations in the rotor reference frame (d,q).

DTC does not require any current regulator, coordinate transformation and PWM signals

generator (as a consequence timers are not required).

In spite of its simplicity, DTC allows a good torque control in steady-state and transient

operating conditions to be obtained.

The dynamic response is very fast.[10][24]
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I1.4.2 disadvantages

difficulty to control torque and flux at very low speed.

high current and torque ripple.

variable switching frequency behavior.

high noise level at low speed.

lack of direct current control.[T0][24]

II.5 Direct control strategy of flux and torque

I1.5.1 Stator flux vector control

We set a constant reference af linked to the stator of the machine. The stator flux can be

obtained by the following equation|25][g]:
Vo= Rs+% = ¢, = ¢+ [o (Vs — R,I5)dt (IL1)
Where: ¢4 is the flux vector at time t = 0

In this study we will consider the term R,I, negligible in front of the voltage vector V, which

is verified when the rotational speed is high enough. From the previous equation, we find :
A¢, = V,T, (I1.2)

We see that over the time interval [0, T.], the extremity of the vector ¢, moves on a straight

line whose direction is given by V., figure (I1-2).
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Figure I1.2: Evolution of the end of ¢_; for negligible RSIZ}.HSH.

By implementing a suitable series of the vector V; within consecutive time intervals of T, we
can effectively steer the end of the vector ¢, along the intended path. This allows us to maintain
a consistent modulus of the ¢, flux through automated means. To achieve this, it is necessary to
trace an almost circular trajectory at the end of ¢, provided that the duration 7, is significantly

shorter than the stator flux rotation period T[§].

Note

In the case of PMSM, the stator flux continues to change even when the zero voltage vector
is applied because the permanent magnets rotate with the rotor, Consequently the application of
zero voltage vectors is to be avoided to control the stator flux. In other words, the stator flux must

always be in motion relative to the rotor flux.[9

11.5.2 Electromagnetic torque control

The electromagnetic torque is proportional to the vector product between the vectors of the

stator and rotor fluxes in the following way.|[26][9)]
Ce = K(9s x 6,) = Kl|¢s][| ¢, ]| sin(d) (IL.3)
where : K = £

Lq

with :
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e ¢, : is the stator flux vector.

e ¢, : is the rotor flux vector brou

ght back to the stator.

e ¢ : is the angle between the stator and rotor flux vectors.

The torque therefore depends on the amplitude of the two vectors ¢, and gf_); and their relative
position, If one manages to perfectly control the flow ¢, (from V;) in modulus and in position, we

can therefore control the amplitude of ¢, and the electromagnetic torque in a decoupled way.

I1.6 Selection of Voltage Vectors

The choice of the stator voltage vector V, depends on the desired variation for the stator flux

modulus ¢, the direction of rotation of ¢,, and the desired change for the torque.

By placing the one oneself in the stator frame af3, one can delimit the space of ¢4 by dividing

it into six zones called sectors, which are determined from the flux components along the axes «a

and 3. The axis « is chosen to coincide with the axis of the phase (a) of the three-phase winding

(a, b, ¢) see figure(I1.3)[7][27].

V3(DF.AC) Va(AF.AC)
F 3
b V(110
vi010 —— | (110)
() 7
V{DFDC)  VAF.DC)

V(011

V1(100)

2

Vs(001)

___,_,_/-“"‘/ Tur'jilﬂl:l

Figure I1.3: distribution of the complex plane into six angular sectors[7]
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e AF : Increase flux
e AC : increase the torque
e DF : Decrease flux
e DC : Decrease the torque

When flux ¢, is in zone i (i=1,......6), flux and torque control can be provided by selecting one

of the following eight voltage vectors.

o If V. is selected, then ¢ increases and C,,, increases

If V,_; is selected, then ¢, increases and C.,, decreases

If V.o is selected, then gb_s decreases and C',,, increases

If V_, is selected, then ¢, decreases and C,,, decreases

If V; or Vx are selected, then the rotation of the ¢, flux is stopped, hence a decrease in torque

while the flux modulus ¢, remains unchanged.

The efficiency of the voltage vectors applied also depends on the position of the stator flux

vector in region i.

At the beginning of zone i, the vectors V;,; and V;_, are perpendicular to the flux vector, As a
result their contribution to the flux is negligible, Consequently the torque change happens rapidly,
and the amplitude of the flux remains relatively unchanged Additionally, at the same position the
angles between V;_; and V;,; and the flux vector are 150° and 30° respectively, Consequently their
contribution to the torque is very low. (Fig I1.3)

The flux variations after the application of these two voltage vectors are significant and the

torque changes are very small[7][27].
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Figure I1.4: Different effects of the tension vectors at the beginning and at the end of the zone[7]

I1.7 Flux and Torque Estimation

I1.7.1 Stator flux estimation

The estimation of the flux can be made from measurements of the stator quantities of the

current and the voltage of the machine.

From the equation (II.1), we obtain the components «, 3 related to the stator of the vector ¢,.

~ - _

sa — ‘/sa - RsIsa dt
¢A fi< ’ . ) (11.4)
$sp = Jo (Vg — Rslp)dt

The Vi, and Vg voltages are determined from the commands (7,,7},7.) from the measurement

of the U, voltage and by applying the Concordia transform:

Via = /20T, = §(T, + 1))

(IL6)
Vis = \/gUC(Tb +T))

Similarly, the currents I, and I, are obtained from the measurement of the real currents I,
Iy and Iy, (I + Ig + Is. = 0) and by application of Concordia’s transformation:[10][2§]
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js - sa+jls,3 (II7>

[soz = %ISCM
(IL8)

Isﬁ - %(Isb - Isc)

The stator flux model is written :

bs =\ boa + o (IL9)

The zone Ni in which the vector ¢, is located is determined from the components ¢;a and ¢;ﬁ.

The angle 6 between the frame (o, 3) is the vectorgy is equal to:

0= Arctg@ (I1.10)

I1.7.2 Electromagnetic torque estimation

The electromagnetic torque can be estimated from flux estimation and current measurement

using the expression of torque as a function of flux and stator current given by the equation:

CAem = P[¢;alsﬁ_¢;ﬁlsa] (1111)

11.8 Elaboration of the command vector

I1.8.1 The flux elaboration

The objective of this correction is to preserve the amplitude of the stator flux in a band and

thus to maintain the end of the latter in a circular ring as shown in the figure (II-5).

The output of the corrector must indicate the direction of evolution of the module of the flux.
The two thresholds of the comparator are chosen according to the ripple tolerated by the stator
flux. [29][30]

We can then write :
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;

St
St
Si
St

\

K4 = 0 Meaning that the flux must be reduced.

K4 =1 Meaning that the flux must be increased.

This two-level hysteresis regulator is ideal for good dynamic performance.

Agps > €4

0 < Ag, < ey
0<Ag, <gy
Ay < —€4

and

dAds
dt

dAds
o <0

>0

rotation

(a) Selection of voltages Vi to control flux

(

\

So
So
So
So

Ky=1
Ky=0
Ky=1
Ky=0

Figure IL.5: the flux corrector[9]

11.8.2 The torque elaboration

The function of the torque corrector is to maintain the torque within the limits:

|O: - é€| S 60@

With :

C7 . The torque setpoint.

(IL.12)

(b) Two-level hysteresis comparator for flux control

(I1.13)
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However, a difference with flux control is that the torque can be positive or negative depending

on the direction of rotation of the machine. Two solutions can be considered:[22][6]
e a three-level hysteresis corrector

e a two-level hysteresis corrector.

The two-level corrector

This corrector is identical to the one used for the control of the ¢, module. It only allows
torque control in one direction of rotation. Thus only the Vj,41 and Vs vectors can be selected to
change the flux. Therefore, the decrease in torque is only achieved by the selection of null vectors.
With this corrector, to reverse the direction of rotation of the machine, it is necessary to cross two

phases of the machine. However, this corrector is easier to implement.

The three-level hysteresis corrector

The three-level hysteresis corrector (-1, 0, 1) makes it possible to control the motor in both
directions of rotation, either for a positive or negative torque. This corrector is modeled by the
algorithm (I1.11), such that (Ccpl) represents the output state of the comparator and ¢, the limit
of the hysteresis band (see figure 11.6):[22][6]

Cepl

Figure I1.6: Torque control from a three-level hysteresis corrector. [10]

( (

Si AC, < eg, Cepl =1
4
St 0<AC, <egg, %>0 Cepl =0
Si 0<AC, <eg, deCe < Cepl =1
. And So (I1.14)
Si AC, < —¢¢, % >0 Cepl = —1
St —eo, <AC, <0 \%<O Cepl =0
\Si —¢ec, <AC, <0 Cepl = -1
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By introducing the difference AC,, between the reference electromagnetic torque C! and that
estimated C. in a three-level hysteresis comparator, this generates the value (Ccpl=1) to increase
torque, (Cepl=-1) to reduce it and (Ccpl= 0) to keep it constant in a band ¢, around its reference.
This choice to increase the number of levels is proposed in order to minimize the average switching
frequency of the switches, because the torque dynamic is generally faster than the flux dynamic.
In addition, this corrector allows a rapid decrease in the torque, in fact , to decrease the value of
this one, in more of the null vectors (stopping of the rotation of ¢, ), for example one can apply
the vectors Vj_; or Vi, , if one chooses a direction of positive rotation (trigonometric direction).
In this case, the flux ¢, will catch up all the more quickly with the flux ¢, that the latter is not
satisfied only with ”"waiting for it: case of the applications of zero vectors” but ” goes to meet it:

inversion of the direction of rotation of ¢, .[10, 6, 27]

I1.9 Elaboration of the switching table

The truth table is developed based on the errors of the flux and the torque A¢, and AC,, and
according to the position of the stator flux vector (N=1,..,6). The division of the complex plane
into six angular sectors according to the figure (II-3) makes it possible to determine, for each given
sector, the control sequence of the switches of the inverter which corresponds to the different states
of the control quantities A¢, and AC, following the logic of flux and torque behavior with respect

to the application of a stator voltage vector.[6), [7]

The table (II.1) summarizes the combined action of each configuration on the stator flux and

the electromagnetic torque

| || INCREASE | DECREASE |
¢S ‘/;717 ‘/;7 ‘/;:+1 ‘/;+2 ‘/i+37 ‘/;72
Oe ‘/iJrla ‘/iJrZ ‘/2717 ‘/;72

Table I1.1: Switch table

The tables below generally summarize the active voltage sequences to be applied to increase

or decrease the stator flux modulus and the electromagnetic torque depending on the sector.

Finally, the comparison of the control tables of the module of the stator flux and the elec-
tromagnetic torque allows the final synthesis of a single control table, but it can be broken down

into two other tables, the first with zero voltage vectors and the second with vectors active voltage:
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| | N=1 | N=2 | N=3 | N=4 | N=5 [ N=6 |
Os T || Ve, Vi, Vo | Vi, Vo, V3 | Vo, Vs, Vi | V3, Vi, Vs | Vi, Vs, Ve | Vs, Ve, V
s 4 || Vs, Vi, Vs | Vi, Vs, Vo | Vs, Vs, Vi | Vs, Vi, Vo | VA, Vo, Vs | VA, V5, V)
Table I1.2: Flux control table
| | N=1 | N=2 | N=3 [ N=4 | N=5 | N=6 |
Ce || Vo, Vi | Vi, Vo | Vo, V5 | V5, Vi | Vi, Vs | Vs, Ve
Cel || Vs, Vi | Vi, Vs | V5, Vs | Vo, Vi [ Vi, Vo, | Va, V3
Table I1.3: Torque control table
Flux toque | N=1 | N=2 | N=3 | N=4 | N=5 | N=6 | Corrector
Cepl=1 Vs Vi Vs Vi Vi Vs Level 2
Ky =0 || Cepl=0 Vo Vs Vo Vz Vo Va Level 2
Cepl=-1| Vj Vi Vi Vs Vs Vi Level 3
Cepl=1 Vs Vs Vi Vs Vs Vi Level 2
Ky =1 | Ccpl=0 Vz Vo Vz Vo Vz Vo Level 2
Cepl=-1| Vg Vi Vs Vs Vi Vs Level 3

Table I1.4: Control strategy with three-level hysteresis comparator with zero voltage vectors

By selecting one of the zero vectors, the rotation of the stator flux is stopped and also causes
a decrease in torque, we choose V) or V7 so as to minimize the number of switching times of the

same switch of the inverter

Flux Toque | N=1 | N=2 | N=3 | N=4 | N=5 | N=6 | Corrector
Cepl=1 | V3 Vi Vs Ve Vi Va Level 2
K4y =0 || Cepl=0 | Vs Ve Vi Vs Vs Level 2
Cepl=-1| V; Vs Vi Vs Vs Vi Level 3
Cepl=1 Vs Vs V, Vs Ve Vi Level 2
K4y =1 | Ccpl=0 Vi Vs Vs Vi Vs Vi Level 2
Cepl=-1| Vg Vi Va 74 Vi Vs Level 3

Table I1.5: Control strategy with three-level hysteresis comparator with non-zero voltage vectors.

II.10 General structure of the DTC applied to the PMSM

Figure (II-7) shows the general structure of the direct torque control of a permanent magnet

synchronous machine fed by a voltage inverter. At each sampling period T,, the stator flux and the
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electromagnetic torque are estimated from the measurement of the stator currents and knowledge
of the imposed voltage vector. The speed of rotation is measured by the sensor, compared with

a reference, the error of this comparison passes through a PI type regulator to build the torque
reference.

Speed Hysterisis Switching
Controller Controllers
ATY
S\ “ Encoder
'—%—*3 Inverter — PMSM mmirim
Vabe ; v v
o » . labc
P 1 ————

i
.-
1 Torque & Flux ]‘_: abc/af

[ G cstimator 1, Flux |
L .......T._..&..' ______

| abc/af :-
1 I

0n [
dt

r 3

Figure I1.7: Diagram of the general structure of the direct torque control of the PMSM.[11]

I1.11  Simulation results

Using matlab simulation software, to illustrate the behavior of a DTC control architecture
applied to an PMSM model powered by a three phase voltage inverter, in the presence of a speed
tuning loop by a PI corrector.

Figures (I-8.1.9) represent the simulation results obtained from conventional DTC control with

no load, and then input load torque Cr = 5 Nm at t = 0.1 s. there The motor runs at 100 rad/sec.
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Figure I1.8: Results of simulation
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(a) Evolution of stator flux (¢as, ¢gs)

Figure I1.9: Results of simulation

Results interpretation

In this simulation case, we observe that the torque precisely tracks the setpoint value of the
load with minimal impact on the speed, which quickly returns to its reference. This demonstrates
that the DTC exhibits high dynamic performance without overshooting during startup.

Additionally, we notice that the flux remains unaffected by the load change.

Speed change test
To further evaluate the control’s robustness regarding variations in the speed reference, a change

in the speed setpoint from 100 rad/s to 120 rad/s is introduced at t = 0.25s, following a start-up

under load. These results are depicted in the following figures:
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Figure 11.10: Reselts of simulation
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Figure 11.11: Reselts of simulation
Results interpretation

We observe that the system responds positively to this test. The speed tracks the new refer-
ence without any static error.The electromagnetic torque stabilizes near the load value and then
increases after 0.25s, corresponding to the application of the speed reference variation. It eventu-

ally stabilizes at 5 N.m.

Another test to evaluate the control’s robustness in relation to variations in the reference speed
involved a change in the speed set point from 100 rad/sec to -100 rad/sec. In other words, we
tested a rotation in the opposite direction under the same load. The corresponding results are

depicted in the following figures.
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Figure I1.13: Reselts of simulation
Results interpretation

In this test, it is observed that the system effectively responds to the given scenario. It suc-
cessfully tracks the new reference speed without any steady-state error. The electromagnetic
torque stabilizes close to the load value, initially starting from a negative value of -15 Nm, which

is in accordance with the applied velocity reference and load. FEventually, it settles at 5 Nm.
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11.12 Conclusion

In this chapter, we have presented the structure of Direct Torque Control (DTC), which
proves to be an efficient and straightforward method for driving a Permanent Synchronous Mo-

tor (PMSM). It provides a compelling solution to the control challenges and dynamics encountered.

We examined a DTC control structure powered by a voltage inverter and simulated the be-
havior of the PMSM with the inclusion of a PI corrector. It can be concluded that this control

strategy demonstrates robustness against variations in machine parameters.

In summary, DTC exhibits commendable performance in terms of both dynamic and static

torque and flux. Consequently, it offers a promising solution to address the issue of robustness.
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The photovoltaic generator
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I1I1I.1 Introduction

photovoltaic generator, also known as a solar generator, converts sunlight into electrical energy
using photovoltaic cells. It is a clean and renewable energy solution that doesn’t emit greenhouse
gases. The generator consists of interconnected solar cells that absorb photons and generate an
electric current through the photovoltaic effect. The generated electricity can be used immediately

or stored for later use.

Photovoltaic generators are used in various applications, from residential rooftop systems to
large-scale solar farms. They are environmentally friendly and help reduce reliance on fossil fu-
els. The efficiency and power output of the generator depend on factors like sunlight intensity,
temperature, and shading. Proper design and maintenance are crucial for optimal performance.
With advancing technology, photovoltaic generators are becoming more efficient and cost-effective,

making solar energy an increasingly viable option for electricity generation.

II1.2 Photovoltaic array systems and applications

Photovoltaic (PV) systems can be grouped into stand-alone systems and grid connected sys-
tems. In stand-alone systems the solar energy yield is matched to the energy demand. Since the
solar energy yield often does not coincide in time with the energy demand from the connected
loads, additional storage systems (batteries) are generally used. If the PV system is supported by
an additional power source for example, a wind or diesel generator - this is known as a photovoltaic

hybrid system. In grid-connected systems the public electricity grid functions as an energy store.

Small individual power supplies for homes, known as solar home systems, provide power for
lights, radio, television, refrigerators, or pumps. Increasingly, villages are obtaining their own

power supplies with an alternating current circuit and outputs in the two-digit kilowatt range. [31]

III.3 Classification of photovoltaic systems

In general, PV systems are classified into two groups: Stand-alone (off-grid) PV systems and

grid-connected systems.
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I11.3.1 Stand alone systems

Stand-alone systems are typically implemented in rural and remote areas. They are usually
supported by storage systems (e.g. batteries) in order to satisfy the load at times when the solar

illuminance is not sufficient for the PV to cover all the need.

This type is particularly suitable for remote areas where basic energy needs are limited. Stand-
alone systems mainly consist of a PV generator, a battery bank for storage and a set of static
DC-DC and DC-AC converters. (See figure I11.1).[32]

DC DC

AC charging

DC AC

Y Y

storage(battery) DC charging

Figure I11.1: Autonomous systems scheme.

I11.3.2 Grid connected systems

Grid-connected systems are photovoltaic systems that are connected to distribution nodes and
supply electricity to it. The connection is made via an inverter which converts direct current into
alternating current and also ensures synchronization with the network in voltage and frequency.
These systems can be connected directly to the public network or to the home network (Smart

home). In general, there is no energy storage introduced on the grid side (See figure 111.2).[32]

DC DC
consumer

A 4

consumer

Y

DC AC

Figure I11.2: Grid-connected PV system scheme.
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II1.4 PV generator

A photovoltaic generator(PVG), also known as a solar generator, is a device that converts
sunlight directly into electrical energy using photovoltaic (PV) cells. PV cells are made of semi-
conductor materials, typically silicon, which can absorb photons (particles of light) and generate

an electric current as a result of the photovoltaic effect.

The "PV” cell is approximately 150 cm2 and produces 2.3 Watt-peak Wp at around 0.5 Volt.
This low power is generally insufficient for the majority of domestic or industrial PV applications.
To provide the outdoor receiver with adequate voltage and power, several PV cells must be con-
nected together in series to form what is called "a module.” The modules can be assembled in

series and/or in parallel to form panels, which are then interconnected to create a PV field.[13, 33]

Typically, 12V PV modules are used, consisting of 36 cells. A square meter of solar panels can
generate up to 150W . The amount of energy a module can supply depends on its surface area,
temperature, and solar radiation. The voltage supplied by a module depends on the number of
cells connected in series. For small power modules, the voltage is usually between 12V and 15V
. The operating voltage can then reach 24V or more, depending on the power supply system con-
figuration. Assembling modules in series and/or parallel enables adjustment of different voltages
and powers. The characteristic of a PV cell is similar to that of a photo-diode but in generative

agreement [13]

II1.5 PVG-load connection

I11.5.1 Direct connection

The direct connection of the photovoltaic solar panel to a load is the most economical and widely
used operating principle. The operating point of the photovoltaic generator (PVG) depends on the
impedance of the connected load, determined by the intersection between the I-V characteristic
of the PVG and the I-V characteristic of the load. To prevent the flow of negative current to the
PVG, an anti-return diode must be installed, as shown in the figure(II1.3).[31], 12]
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Anti-return diode

> =
PVG | load DC

Figure I11.3: PVG-Load direct connection

However, this configuration does not provide any means of limiting or adjusting the load voltage.
Consequently, the transfer of the maximum available power from the PVG to the load is not

guaranteed, as illustrated in the figure(IIL.4).

lsc — Current (A)
— Power (W)

Source of voltage

=
— - m
< =z
T | @
@ =
= O o
o 4
/ Source of current
J ‘\p‘q
. '\PE

Voltage (V)

Figure I11.4: Operating points of a PVG according to the load in direct connection.[12]

As depicted in the figure, there are three types of loads that can be directly connected to a
PVG:

e A load of the DC voltage source type
e A load of the direct current source type
e A purely resistive load

At operating points A, B, and C, the power supplied by the generator is P4, Pg, and P,
respectively, all of which are lower than the maximum power Py 4x. The power difference is there-

fore lost and dissipated as heat in the generator. Additionally, some loads require an alternating
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voltage source, whereas the PVG only provides direct current. Hence, direct connection is not
possible in such cases. Consequently, the use of direct connection is limited due to the associated

production losses and its applicability to devices operating solely on direct current.[31], [12]

I11.5.2 Connection via an adaptation stage

PV generators their power production is influenced by factors such as illumination, temperature,
and system aging. In direct connection mode, the actual power transferred to the load can differ
significantly from the generator’s potential power, depending on the load’s characteristics.

To consistently achieve maximum power transfer, an adaptation stage is employed between the
PV generator and the load. This stage, depicted in Figure (II1.5), acts as an interface and utilizes
control measures to ensure the transfer of the generator’s maximum power to the load, regardless

of weather conditions.

| |
- adaptation _}2_
Vi1 V2
PVG stage load

Figure II1.5: Connecting a GPV to a load through an adaptation stage.

I11.6 Modeling of a photovoltaic cell

To develop an equivalent model of a photovoltaic cell, it is necessary to make a judicious choice
of the electrical circuits which constitute it and to understand the physical configuration and the
electrical characteristics of the elements of the cell. For this, several mathematical models are
developed to represent the nonlinear behavior of semiconductor junctions. In the following we
present two models of a photovoltaic cell, namely the two-diode model and the one-diode model.

Both are based on Shockley’s well-known diode equation.[31], [34]

The characteristics of a photovoltaic cell will be described as follows:

e The short-circuit current (/sc) which supplies each cell is:

Lee(cell) = §¢ (I11.1)

e The open circuit voltage (V'co) that supplies each cell is:
Veolcell) = Yee (I11.2)

(e}
N,
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The maximum current of each cell is:

Lp(cell) =

Imp
Np

The maximum voltage of each cell is:

Vinp(cell) = VNLS”
The maximum power of each cell is:
Pp(cell) = VNisp

The series resistance of each cell is:
NP

Ry(cell) = § Ry

The shunt resistance of each cell is:

Rgp(cell) =

Np
NsRgp,

I111.6.1 Two-diode model

(111.3)

(I11.4)

(111.5)

(I11.6)

(111.7)

The figure (I11.6) represents the equivalent circuit of a solar cell, made by the parallel con-

nection of two diodes with saturation currents I;; and Iy and diode factors n; and ns, a current

source producing the short-circuit current of the cell which depends on the solar illumination. The

series resistance Rs takes into account the resistivity of the material and the semiconductor-metal

contact. It’s value can be determined by the inverse of the slope of the I(V) characteristic for the

open circuit voltage V,,. The parallel resistance Ry, reflects the presence of a leakage current in
the junction. |13 [34]

/
\/

Iny Ip:

\Vi

| Diode I

Iph

Diode 2

[.s‘h l
Rs h

Figure I11.6: Equivalent diagram of the two-exponential model.

The characteristic equation is deduced in a direct way from Kirchhoft’s law.

1

p

v — dph — Id1[d2 - Ish

(111.8)
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e [, : photonic current.
e [; : diode current 1.

e [ : diode current 2.

Since the diode is a non-linear element, it’s I-V characteristic is given by the relation.

V.
Iy = L1 (e —1) (I11.9)
\%
Ly = Lp(em% —1) (I11.10)
I, = Vel (IIL11)

with :
e V, = KT,./q : representing the thermodynamic potential.

e T, is the absolute temperature.

q: electron charge constant, (1.602.1071°C).

K: Boltzmann constant 1.38.1072% j/k.

I,,: Current flows through the shunt resistor.

The electric current produced by the cell is then given by the following expression :

Vpv+Ipv.-Rs Vpv+Ipv-Rs

o =Tpn—La(e” o —1)—Ig(e” Verz  —1)—tetlolt (I11.12)

The photon current related to the illumination, to the temperature and to the photon current

measured at the reference conditions is given by :
Ln = Ipno g [1 4 (T = Tp) (5.1074)] (I11.13)
with :
e E: illumination (E, = 1000WW/m?).

e T temperature in °K (7 =298 K).

e [,n0: photo-current generated by the diode at T5=298K. (25°C).
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Diode saturation currents :

Egq
[sl = KQTSG_ mTK (IIIl4)
3 _ _Ega
o= KoT3e mitR (IIL.15)
with :

e I, = Gap energy of the semiconductor.
® Kl = 12A/cm2K3

® KQ = 29A/cm2K5/2

I11.6.2 Omne-diode model

The operation of a photovoltaic module is described by the ”standard” one-diode model estab-
lished by Shocky for a single PV cell. It is generalized to a PV module by considering it as a set
of identical cells connected in series or in parallel. A simpler description is obtained from the one-
exponential model. This model has one less diode compared to the two-exponential model, which

implies that this model has one less exponential in the current-voltage characteristic equation.

A photovoltaic cell can be described in a simple way as an ideal current source which produces
a current I, (equation (III.13) proportional to the incident light power, in parallel with a diode
which corresponds to the P-N transition area It is also known as L3P (Lumped, 1 Mechanism model
with 3 Parameters.The equivalent electric diagram of the PV cell for this model is represented by
the figure (I11.7).[13] 34]

I pv

—

iId

Ipn C) X_ | -

Figure I11.7: Equivalent diagram of the model with an L3P exponential

In the case of monocrystalline silicon solar cells, the hypothesis of an ideal cell is considered.

The ideality factor is then considered equal to unity.
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The characteristic equation is deduced in a direct way from Kirchhoft’s law:
Ly = Ipn—14 (I1.16)

The diode being a nonlinear element, its -V characteristic is given by the relation (II1.17)

Va

Iy =I(e% —1) (I11.17)

The current drawn is equivalent to :

V,

Ly = Ly—1I,(e% —1) (11L.18)

The diode saturation current is assumed to vary with temperature according to the expression
(IV.19):

q-Egap 1 1

Iy = Iy op(75=)3e ™K Tores T (II1.19)

Tcref

II1.7 Converters

The DC-DC converter plays a crucial role in optimizing the power output of the PVG (pre-
sumably referring to a photovoltaic system) by employing the MPPT extraction algorithm. This
algorithm determines the ideal voltage for the PVG to achieve maximum power. Consequently, a

duty cycle D is calculated to regulate the DC-DC converter.

When it comes to electronic devices in new technologies, they need to fulfill specific criteria such
as high quality, reliability, compact size, lightweight, and affordability. Linear power regulators,

which utilize current or voltage dividers, can deliver a high-quality output voltage.

On the other hand, switching controllers known as DC-DC converters employ semiconductor-
based electronic switches like thyristors, power transistors, or IGBT due to their low power
loss during switching.These converters offer high energy conversion efficiency and can operate
at high frequencies. Increasing the operating frequencies enhances the dynamic properties of DC-
DC converters, enabling them to respond quickly to rapid changes in the load current or input
voltage. [13, [32]
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Figure II1.8: Symbol of a DC-DC chopper.[13]

Figure (IIL.8) shows the DC-DC converter that links the DC voltage source to the load. It is
considered as a transformer with continuous electrical quantities. The performance of the DC-DC
converter allows it to regulate the DC output voltage.

well as load and line variations and reduce DC output voltage harmonics below the tolerated
level. There are several types of DC-DC choppers on the market, in this chapter we will review

the following converters:

I11.7.1 Step-Down Converter (Buck)

Figure II1.9: Electric circuit of the step-down chopper

The key components of a buck chopper are the inductor (L), diode (D), capacitor (C), and
switch (s).
The capacitor is charged by the switch (S) which maintains the voltage across its terminals

until the opening of (S) which discharges its energy through the diode on the load for a period of
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operation (T).

Operating cycle

I

Ic

Ton Toff

Figure II1.10: Characteristic of the voltage and currents in the transistor and the inductance of a
Buck converter

The mathematical equation characterizing the inductance current is:

dIL _ Vou—Usc (I11.20)

The voltage at the load terminal is:

Viw = VaetVi (IT1.21)
with :
L (I11.22)

During 7,, , the switch (S) is in the saturation state, then the inductor (L) is charging and the
current in (I, ) is increasing. During T,ss , the inductor releases the energy to the load and the

current (1) deprived. The mathematical equation characterizing the inductance current is:

I —Ud,
=" (IIL.23)
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The voltage at the load terminal is:

V, = —Ud, (I11.24)

I11.7.2 elevator chopper (Boost)

The booster chopper is used firstly to adopt the voltage level and secondly to operate the
photovoltaic generator at the point of maximum power the block diagram of the booster chopper

is presented in figure (II1.11):

L
W\
Vpv () R
Figure I11.11: Model of the booster chopper.
Operating cycle
M
VL
I

W

Ton Toff

Figure II1.12: Model of the booster chopper.
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During Ty, the switch (S) is closed, the inductance stores energy while the current (I;) is

increased.
% _ % (I11.25)

During T,fy, the switch opens and the inductor (L) generates a voltage which is added to the
source voltage which is applied to the load through the diode (D).

Ude = Vput Vi, (I11.26)
dly _ Vou—Ude (111.27)

I11.7.3 The Buck-Boost Converter

A Buck-Boost converter is a switching power supply which converts a DC voltage into another

DC voltage of lower or higher value but of reverse polarity.

-—

S
[

Figure II1.13: Diagram of the electrical circuit of a Buck-Boost converter.

Y

During the “on” state, the energy supplied by the source (PV generator) is stored in the
inductance L (figure II1.13). The energy stored in the inductor L is then delivered to the load
during the "off” state.

Due to the presence of diode D, current flows through inductor L only in one direction during
both states. Therefore Vj,,q has opposite polarity to V,,,. For this reason, this circuit is also called
an inverting converter. The equations describing this circuit can be obtained in the same way as
before. As mentioned earlier, capacitor C; backs up the supply voltage V,,,, Cs smooths out the
load voltage. In conclusion, the amplitude of V.4 can be lower or higher than V), depending on

the value of ton and toff :
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Viead = tiofr; V;?v = %‘/pv (11128)

II1.8 Maximum Power Point Tracking (MPPT)

To achieve the optimum value of the PVG, the tuning stage must be equipped with an MPPT
control that operates in its duty cycle based on changes in weather conditions or potential load
variations. In this regard, we will incorporate the maximum energy point search orders along with

various types of maximum energy into this process.

II1.9 Principle

To enable the photovoltaic system to operate at its maximum power points according to their
characteristics, specific control laws have been developed to fulfill this requirement. This control
technique is referred to as ”Search for the Maximum Power Point” or ”Maximum Power Point
Tracking” (MPPT) in the literature. The fundamental principle of these control methods is to
continuously search for the maximum power point (PPM) while ensuring a proper match between
the generator and its load, facilitating the efficient transfer of maximum power. Figure (II1.14)
depicts a basic photovoltaic conversion chain integrated with an MPPT control. The MPPT
control is linked to a static converter, which enables adaptation between the PVG and the load,
ensuring that the generated power corresponds to its maximum value and is directly transferred
to the load.

S
v DC-AC
converter
Reference Voltage
I
MPPT
controller

Figure II1.14: Photovoltaic conversion chain with static converter controlled by MPPT.[14]

The control technique, therefore, involves automatically adjusting the duty cycle to bring the
operating point of the generator to its optimal value, regardless of weather instabilities or sudden

variations in the load.
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II1.10 Classification Of MPPT Commands

MPPT commands can be broadly categorized based on their electronic implementation: analog,
digital, or mixed. However, a more intriguing approach is to classify them based on the type of

research they conduct and the input parameters utilized by the MPPT command.

II1.10.1 Classification of MPPT commands according to input param-

eters

MPPT commands working from input parameters

There are various MPPT commands that aim to search for the MPP based on the power output
evolution of the PVG. For instance, the Perturb and Observe method, conductance increment
algorithms, and commands based on proportional relationships between the optimal parameters
(Vopt and I,,;) characterizing the MPP, and the characteristic parameters of the PV module (V,
and I..). Additionally, there are MPPT inspired by neural networks. In these commands, either
large computer systems with extensive memory are used, storing all possible cases, or approximate
methods are employed. All of these commands offer the advantages of precision and quick response

times.

MPPT commands working from output parameters

In the literature, there are also algorithms that rely on the CS output parameters. For instance,
there are MPPT commands based on maximizing the output current, primarily utilized when the
load consists of a battery. In all systems employing output parameters, an estimation of P, is
made based on the converter’s efficiency. In essence, the accuracy of this approximation increases
with the improvement of the conversion stage. However, it should be noted that systems with a
single sensor are generally prone to inherent inaccuracies. Many of these systems were initially

designed for space applications.

I11.10.2 Classification of MPPT commands according to the type of

research

MPPT indirect

These types of MPPT commands utilize the inherent relationship between the measured vari-
ables (or) that can be easily determined and the approximate position of the MPP. They also
include commands that rely on an estimation of the PVG operating point based on a predefined

parametric model. Additionally, there are commands that extend the optimal voltage range by
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solely considering variations in cell temperature provided by a sensor. These commands are advan-
tageous due to their simplicity. However, they are primarily designed for low-cost, low-precision

systems operating in geographical regions where climate variations are minimal.

MPPT Direct

This type of MPPT control determines the optimal operating point (MPP) based on the cur-
rents, voltages, or powers measured within the system. As a result, it can effectively respond to
unpredictable changes in the operation of the PVG. Generally, these procedures rely on a search
algorithm that determines the maximum point of the power curve without interrupting the op-
eration. To achieve this, the voltage of the operating point is incrementally adjusted at regular
intervals. If the output power is higher, the search direction is maintained for the next step; oth-
erwise, it is reversed. This leads to the actual operating point oscillating around the MPP. This
fundamental principle can be preserved by employing other algorithms to mitigate misinterpreta-
tions. Errors can arise, for example, from incorrect search direction caused by a sudden increase
in radiation levels leading to a power increase. The determination of the PV generator’s power
value, essential for MPP tracking, requires the measurement of generator voltage and current,
followed by multiplying these two variables. Other algorithms introduce sinusoidal variations as
small signals in the converter’s switching frequency to compare the alternating component with
the direct component of the PVG’s voltage. This helps position the PVG’s operating point as
close as possible to the MPP. The advantage of these types of commands lies in their precision

and rapid response.

II1.11 MPPT algorithms

The maximum power can be attained by utilizing a DC/DC converter placed between the GPV
and the load, with the duty cycle adjusted to achieve impedance matching. The crucial question
then arises: how should this duty cycle be varied and in which direction to achieve maximum power?
Automatic tracking can be accomplished using various algorithms, which serve as the core of the
MPPT controller. These algorithms are implemented in a microcontroller or personal computer
to facilitate maximum power tracking. The algorithm modifies the duty cycle of the DC/DC
converter to optimize the output power of the module and operate it at its maximum power point.

Numerous MPPT algorithms can be found in the literature, and among these algorithms.

e Disturbance and Observe Algorithm (P and O, Disturbance and Observe) Fuzzy Logic Based
Algorithm.

e MPPT Algorithm A Base of artificial neural networks.

e Algorithm based on the measurement of a fraction of the current.
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e Algorithm Based on the Measurement of a Fraction of Voltage.

II1.12 Perturbation and Observation (P & O) Algorithm

The 'P & O’ perturbation and observation method is widely used in the industrial environment
due to its easy implementation algorithm. This method operates by perturbing the system through
increasing or decreasing the operating voltage of the module and observing its impact on the array’s
output power. In Figure (II1.15), it can be observed that when the operating voltage is perturbed
in a specific direction and the power increases (Z—Z > 0), it indicates that the perturbation has
moved the operating point closer to the MPP. The P&O algorithm will then continue perturbing
the voltage in the same direction. Conversely, if the power decreases (j—i < 0), it signifies that the

perturbation has moved the operating point away from the MPP. In such cases, the algorithm will
reverse the direction of the next perturbation.

p 220

Pmpp 200 —€
180 | Xna \‘\X n+1

160 -

140
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Figure II1.15: Photovoltaic conversion chain with static converter controlled by MPPT.[15]

] case n \ AV \ AP \ % H follow direction H control action ‘
1 T + + Good increment V,.p = Vo = AV
2 - - + Bad increment V,.r = Vo = AV
3 ¥ _ - Bad decrement V,.p = V,ep = AV
4 _ ¥ - Good decrement Vop = Vo = AV

Table ITI.1: Principle of the P&O algorithm
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The P&O algorithm (Figure I11.15) offers the advantages of precision and speed of reaction. It

enables the determination of the maximum power point (PPM) under varying sunlight conditions,

temperature, or degradation levels. However, this algorithm has a few drawbacks:

e Oscillations around the PPM during normal operating conditions.

e Poor convergence of the algorithm in cases of sudden temperature and/or sunlight variations.

e It should be noted that these oscillations can be reduced by using smaller incremental steps,

but this comes at the expense of longer convergence time. Therefore, a trade-off must be

made between accuracy and speed when selecting the update step size.

Figure (II1.15) illustrates the flowchart of the algorithm for the "P&O” method, as it should be

implemented in the control microprocessor. Based on Figure (I11.15), the voltage (V) and current

(I) are measured to calculate the current output power (Py) of the array. This calculated power

value (Py) is then compared to the value from the previous measurement ((Py_1). If the output

power has increased, the disturbance will continue in the same direction. However, if the power

has decreased since the last measurement, the disturbance of the output voltage will be reversed

in the opposite direction of the previous cycle.[I5]

Measure: Vi & Ik

No

Decrement Wref Increment Vref

Decrement Wref

Imcrement Wref

L

|

'

| Update lk-1=1k ‘

Figure I11.16: Perturbation and Observation MPPT Algorithm Flowchart
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IT1.13 Influence of illumination on the I(V) and P(V) curves

The power delivered by a PV generator is dependent on the amount of irradiation it receives, as
illustrated in the figures (II1.17). In fact, for a given module, the impact of the illumination can be
approximated by a current source that is directly proportional to the irradiation. The subsequent

graphs depict the characteristics of P(V) and I(V) respectively for a photovoltaic module with a
constant temperature (T=25°C) and varying insolation. [35]

Array type: Trina Solar TSM-250PA05.08;
5 series modules; 5 parallel strings

T T T T T T
— L 1kim?
340 L 0.8 kWim? |
-
s 0.6 kWim?
E20 |
QO
0 | | | I | I | \ LNNY,
0 20 40 60 80 100 120 140 160 180 200
Voltage (V)
\
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o 2000 =
0(!
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Voltage (V)

Figure II1.17: Simulation results of the I(V) and P(V) characteristics of a PV module according
to different irradiations at T=25°C.

We can also observe that the current is directly proportional to the solar radiation. Conversely,
the voltage experiences relatively little degradation. Hence, we can conclude that the panel is

capable of providing a suitable voltage, even under low light conditions.[35]

IT1.14 Influence of temperature on I(V), P(V) curves

The graphs represent the I(V) and P(V) characteristics respectively of a photovoltaic module
for constant sunshine (S = 10001W/m?) and variable temperature.
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Array type: Trina Solar TSM-250PA05.08;
5 series modules; 5 parallel strings
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Figure II1.18: Simulation results of the I(V) and P(V) characteristics of a PV module according
to different temperatures at S = 1000/ /m?.

It is evident that the temperature has a minimal impact on the value of the short-circuit
current. However, the open circuit voltage experiences a significant decline as the temperature
rises, resulting in a decrease in extractable power. When designing an installation, it is crucial

to consider the variation in site temperature, as it is directly related to the temperature of the cells.

Furthermore, it is important to note that the module’s power decreases by approximately 0.5%
for every degree of cell temperature increase above 25°C.[35]

II1.15 Simulation of PVG with boost converter

II1.15.1 simulation results

The figure (IV.19) represents the voltage, current and power results under a temperature of
25°C and a light intensity of S = 1000W/m?. With 12 panels connected in series and 8 in parallel.
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the figure (I11.20) represent voltage (DC) with MPPT regulator and boost converter.
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Figure I11.19: Results of simulation
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II1.16 Conclusion

In this chapter, we familiarized ourselves with the photovoltaic generator and the natural fac-
tors that influence the current and voltage intensity. We also discussed one of the most important
methods for addressing the challenges posed by natural variations in energy production, namely
Maximum Power Point Tracking (MPPT). We explored several algorithms, including the Perturb
and Observe (P&O) algorithm, and provided a simplified explanation of its functioning,.

In addition, we examined the characteristics of solar panels and their impact on temperature
and light radiation variations. Finally, we presented the simulation results of the photovoltaic

generator.
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Chapter IV

Neural control by DTC
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IV.1 Introduction

Artificial neural networks find applications in a variety of fields, encompassing image processing,
classification, process estimation, and electrical system control. Numerous studies have employed
artificial neural networks for direct torque control (DTC). The chapter asserts that ongoing re-
search is focused on applying intelligent technologies, like ANN-based DTC, for a more effective
management of switch states, instead of relying on a switch table and two hysteresis controllers.
In the PMSM direct control system, and we also intend to replace the PID controller with a neu-

ral network, aiming to reduce stator flux ripples, torque ripples, and enhance motor rotational
speed. [30] [37]

IV.2 Artificial Neural Network

An Artificial Neural Network (ANN) is a computational model inspired by the structure and
functioning of the human brain’s neural networks. It’s a type of machine learning algorithm that
is capable of learning patterns and relationships from data. ANN consists of interconnected nodes,
also known as artificial neurons, which are organized into layers. These layers include an input

layer, one or more hidden layers, and an output layer.[36] [3§]

IV.3 The key components of an ANN

IV.3.1 Neurons (Nodes)

Neurons are the basic building blocks of an ANN. Each neuron receives inputs, performs com-
putations on those inputs, and produces an output. Neurons are organized into layers, with each

layer serving a specific purpose.[36] [3§]

IV.3.2 Layers

An ANN typically consists of three main types of layers:
e Input Layer: Neurons in the input layer receive the initial data or features.

e Hidden Layers: These intermediate layers perform complex computations and transforma-
tions on the input data. The number of hidden layers and the number of neurons in each

layer can vary depending on the specific problem.

e Output Layer: Neurons in the output layer produce the final results or predictions.
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- > - = - =
Input Layer Hidden Layers Output Layer

Figure IV.1: layers Diagram

IV.3.3 Connections (Synapses)

Neurons in one layer are connected to neurons in the adjacent layers through weighted connec-
tions. These connections carry signals between neurons and determine the strength of influence

one neuron has on another. [36][38]

IV.3.4 Weights and Biases

Each connection between neurons has an associated weight, which determines the impact of
the input on the neuron’s output. Additionally, each neuron has a bias term that can shift its
activation function.[36] [3§]

IV.3.5 Activation Function

Neurons apply an activation function to the weighted sum of their inputs to produce an output.
Activation functions introduce non-linearity to the model, allowing it to learn complex relationships
in the data.

IV.3.6 Training

Neural networks learn from data through a process called training. This involves presenting

the network with a labeled dataset, computing the difference (error or loss) between the predicted
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output and the actual target, and then adjusting the weights in the network to minimize this
error. The most common optimization algorithm used for this purpose is backpropagation, which
calculates the gradient of the loss function with respect to the network’s weights and updates them

accordingly.

The process of training an ANN involves feeding it a labeled dataset and adjusting the weights
and biases of the connections to minimize the difference between predicted outputs and actual
outputs. This is typically done using optimization techniques like backpropagation, where the
network iteratively updates its parameters to improve its predictions.

ANN are used for a wide range of tasks, including image and speech recognition, natural
language processing, classification, regression, and control systems. They have the ability to

learn from large amounts of data and can generalize patterns to make predictions on new, unseen

data.[36][38]

IV.4 Proposed DTC-ANN

The proposed DTC-ANN consists of two ANN controllers, the first replaces the switch table
providing the voltage vector, the inputs to the ANN controller are stator flux error Clpye, Cop
error torque and sector number N, depend This ANN is on feed-forward backpropagation with a
number of hidden layers containing a group of neurons in each layer respectively and logsig as the

activation functions, the output layer contains three neurons that provide the voltage vector, the
proposed ANN switching table is shown in Fig(IV.2).[3§]

C:r:|:1l

Cflux —

N —_—

Switching ANN

Figure IV.2: The neural networks Switching Table with Matlab /Simulink

The second ANN controller replaces the traditional IP, and it is based on feed-forward back
propagation with several hidden layers containing a neuron group in each layer respectively and
logsig as activation functions for the first, second layer, etc. but the last layer has a function
Purlin activation, controller inputs ANN is the difference between the measured velocity Wm and

the reference velocity Wref, but the output layer is Ceref. Figure (IV.3) shows the proposed ANN
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speed controller. The weights are determined by the training algorithm.[38]

+
Wies —p@—) Ce s
-T _
W,

Speed ANN

Figure IV.3: The Neural Networks Speed Controller.

The proposed DTC-ANN scheme including both ANN controllers is illustrated in the Fig.(IV.4).
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Figure IV.4: DTC-ANN scheme.
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IV.5 Simulation results

IV.5.1 Block diagram

Fluxref

Ceref

I Ve

Custom Neural Network

sections D!
Position

D

Flux

» Fr :|

Figure IV.5: Scheme bloc of replaces the switch table with ANN .
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Figure IV.6: Scheme bloc of replaces PID with ANN .
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Figure IV.7: The operation and the evolution of learning
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Figure IV.8: Convergence of the RNA output towards its target (Target).

After replacing the switch table with ANN and PID with ANN and connecting the PV gener-

ator, we obtained the following results
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Figure IV.9: Rotation speed

The figure (IV.9) shows that with the presence of the neural network, we notice that the speed

decrease of 0.1 second disappears due to the applied load.
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Figure IV.10: Electromagnetic torque

Likewise, in the figure (IV.10) with the neural network, we notice that the ripple disappears at

0.1 second.
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Figure IV.11: Stator flux
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Figure IV.12: Flux stator alpha and beta

IV.6 Conclusion

In this chapter, we introduced the fundamental principles of neural networks, which draw in-
spiration from the human brain. Advancements in neurobiology and the utilization of advanced
theoretical tools such as the backpropagation algorithm have led to the development of more in-
tricate models. Integrating artificial neural networks into control systems offers the potential for
defining processes, adapting the network, and effectively managing the system. The subsequent

exploration focuses on applying this technique as an alternative to hysteresis comparisons.

Towards the end of this chapter, we conducted simulations where we replaced switch table and
the PID control unit with a neural network in the direct control system of a permanent magnet
motor and we also connecting the PV generator to the motor. The results demonstrated improved

speed stability, even in the presence of load changes
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General Conclusion

In the first chapter, we covered various aspects related to the permanent magnet synchronous
motor. We discussed its essential components, operating methods, and working principle. Addi-
tionally, we explored its mathematical model, which involved converting from three phases to two
phases in two reference frames. Simulations were performed to analyze the motor’s behavior under

both unloaded and loaded conditions.

Furthermore, we presented the structure of Direct Torque Control (DTC) as an efficient and
straightforward method for driving a Permanent Synchronous Motor (PMSM). This control strat-
egy demonstrated robustness against variations in machine parameters and exhibited commendable

performance in terms of torque and flux.

Moving on, we delved into the photovoltaic generator and its interaction with natural factors
influencing current and voltage intensity. We emphasized the significance of Maximum Power Point
Tracking (MPPT) as a solution to address the challenges posed by natural variations in energy
production. The Perturb and Observe (P&O) algorithm was discussed as one of the prominent
MPPT algorithms. We also examined the characteristics of solar panels and their impact on tem-
perature and light radiation variations, followed by the presentation of simulation results for the

photovoltaic generator.

Lastly, we introduced neural networks, drawing inspiration from the human brain, and high-
lighted their role in control systems. The backpropagation algorithm and other advanced tools
were discussed. The application of neural networks as an alternative to hysteresis comparisons
was explored. Simulations were conducted, replacing the PID control unit with a neural network
in the direct control system of a permanent magnet motor. The results showcased improved speed

stability, even in the presence of load changes.

Perspectives for the development of this work include:

e Further optimization of control algorithms and integration of advanced machine learning

techniques.
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e Experimental validation and system integration for practical applications.

e Exploration of fault diagnosis, cost optimization, and industrial implementation for commer-

cialization.
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