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Abstract 
 
Abstract: 

The main objective of this thesis is to design a novel robust controller based on Artificial 
intelligence to improve the stability and robustness of system against matching 
disturbation and uncertainties.  SC-PSO a Synergetic Control (SC) based on Particle 
Swarm Optimization (PSO) algorithm is being presented to ensure the robustness of 
industrial systems. The PSO technique has been exploited to adjust the SC parameters. 

This novel controller has been used for the first time to control the following two 
systems: one an Unmanned Aerial Vehicle (UAV) Quadrotor for trajectory tracking 
which has a Six-Degree-Of-Freedom (6-DOF) and need six controllers for full control, 
the second is the Single-Phase Shunt Active Power Filter (SP-SAPF) to improv the 
power quality (THD<5% respect the IEEE519 Standard). 

Although this proposed SC-PSO approach has not been previously applied for the 
quadrotor and the SP-SAPF, but it showed good robust characteristics similar to Sliding 
Mode Control (SMC) theory and without introducing steady state chattering effect which 
can cause wear and tear in actuating system, giving a significant advantage over 
conventional controller [Proportional Integrative Derivative (PID), Hysteresis 
Controller (HC or HY), SMC] 

This thesis apparatus consists essentially of two parts: In section one, using 
MATLAB/Simulink® environment; a comparative study based on three control 
techniques: PID, SMC and SC-PSO, is proposed to illustrate the behaviors of the 
controllers against work hard conditions. The obtained results demonstrate the high 
performances of the quadrotor based on the SC-PSO controller in transient and steady 
states, a Hardware-In-the-Loop (HIL)Real-Time testing method was used to prove 
results of the proposed technique SC-PSO. The teste has been proved by two PC 
(MATLAB/Simulink® environment) and two dSPACE 1104 card for several operating 
conditions. In the second section, a comparative study based on HC, SMC and SC 
controllers to demonstrate the outstanding performance of SC-PSO for single-phase 
active power filter (current control). The effectiveness of the suggested SC-PSO approach 
has been proved by simulation and finally real time experimental tests executed 
successfully using PC (MATLAB/Simulink® environment), dSPACE 1104 card and 
electrical elements for several operating conditions. 
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4.1  Introduction 

All over the world, Power quality (PQ) has been given increased attention especially 

after the coronavirus. It is the set of electrical limitations that permit a device to operate 

in its expected configuration without significant loss in performance or slowly destroying 

the system [60]. In the 21st, the importance of power quality is very significant due to the 
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deregulation of the power industry and proliferation of sensitive loads that need clean 

and uninterrupted power such as microprocessor based controller, power electronic 

drives, etc. Non-linear loads are causing a number of power quality problems including 

[61] [62] 

• low power factor.  

• low efficiency. 

• electromagnetic interference (EMI). 

• distortions in the voltage and current signals.  

More issues result from zero, negative, and positive components caused by single-

phase load or unbalanced loads. Power quality issues have very negative impacts on the 

power system, and they should be resolved to have reliable and secure power systems 

[63,64]. 

4.2 Power Quality Problems 

Any power supply is defined as any power problem manifested by current, voltage, 

or frequency and load variations deviations that lead to poor operation of customer 

equipment or complete failure is defined as a power quality problem. One of the most 

important problems faced by the power quality and that occurs permanently in the power 

system are: 

• Voltage fluctuations. 

• Voltage sag.  

• Interruption. 

• Unbalance.  

• Harmonics. 

Harmonic distortion is the main problem for the current. 

4.2.1 Unbalanced system  

A balanced three-phase electrical network supplying an unbalanced three-phase 

electrical load leads to voltage imbalances due to the circulation of unbalanced currents 

in the grid impedances. The unbalance of the three-phase system is therefore generated 

when the three voltages are not identical in amplitude and/or are not offset by an angle 

of 120°. 
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Figure.4. 1 : Voltage three-phase system unbalance 

4.2.2 Frequency variation 

Significant variation in grid frequency is very rare and only exists in exceptional 

circumstances, such as in grids fed by an independent heat source. The fundamental 

frequency average value should be within the range of 50 Hz ±1%, during normal 

conditions.  

 

Figure.4. 2 :  Frequency variation waveform. 

4.2.3 Interruption 

Voltage sag is a drop in nominal voltage to a value between 10% and 90%. This fall 

can last for a time ranging from 10 ms to a few seconds. The voltage dip can be caused by 

natural phenomena like lightning, as well as by the presence of faults on the installation 

in the public or private grid. These voltage dips also appear during switching operations 

causing high currents such as motors, transformers, etc. 

Fixed 
frequency 

Variable 
frequency 
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Figure.4. 3 :  Voltage Dips and Interruptions 

4.2.4 Harmonics 

Advances in power generation technology and its renewable sources installed in the 

grid and highly advanced equipment for customers have increased [63]. In many 

applications, the use of power electronic devices has given more effectiveness and 

flexibility [66]. But the excessive use on the grid of these power electronic devices that 

consider you non-linear loads leads to many problems which have become a major 

concern [66,67]. There has been an increase in nonlinear loads in industrial and 

commercial spaces (appliances, and adjustable speed drives). The use of non-linear loads 

leads to distortion and imbalance in the power supply. Disturbances like harmonic 

distortion lead to an unstable and insecure power system.  

The harmonic currents flow back in the direction of the source through the point of 

common coupling (PCC) [68]. 

Harmonics have two effects on the power system 

• Short-term impacts are related to excessive voltage distortion.  

• Long-term impacts are an increase in resistive losses and voltage stresses.  

Among the losses that occur due to harmonic currents interacting with the equipment of 

the power system, resulting additional losses, overloading, overheating and errors in 
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metering devices. Another effect is to reduce the system's Power Factor (pf), which is 

described as follows                          

2 2

Ppf
P Q

=
+

 
(4.1) 

2 2S P Q= +  (4.2) 

where  

P : The active power. 

  Q : The reactive power 

  S : The apparent power. 

As a result, regulatory guidelines and standards for managing the acceptable limits 

for voltage and current harmonics are provided by IEEE (Institute of Electrical and 

Electronics Engineers) as shown in Table 4.1 [69]. 

Two important definitions of current harmonics have been given [70]: 

• Total Demand Distortion (TDD). 

• Total Harmonic Distortion (THD). 

In many applications, THD is the most commonly used harmonic index and is 

calculated as follows: 

2 2
1

1

RMS of all harmonic current
RMS of the fundamental current

RMS
current

I I
THD

I
−

= =
 

(4.3) 

a: Even harmonics are limited to 25% of the odd harmonic limits above. 

b: Current distortions that result in a dc offset, e.g., half-wave converters, are not 

allowed. 

c: All power generation equipment is limited to these values of current distortion, 

regardless of actual Isc/IL. 

where Isc = maximum short-circuit current at PCC 
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IL = maximum demand load current (fundamental frequency at the PCC under 

normal load operating conditions 

Table 4.1: IEEE 519-2014 current harmonic distortion limits [69] 

Maximum current harmonic distortion in percent of IL 

Individual harmonic order (Odd harmonics)a,b 

ISC/IL <11 11≤h<17 17≤h<23 23≤h<35 35≤h TDD 

< 20 c 4.0 4.0 4.0 4.0 4.0 4.0 

20<50 7.0 7.0 7.0 7.0 7.0 7.0 

50<100 10.0 10.0 10.0 10.0 10.0 10.0 

100<100 12.0 12.0 12.0 12.0 12.0 12.0 

0>1000 15.0 15.0 15.0 15.0 15.0 15.0 

 

 

Figure.4. 4 : Harmonics. 
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4.3 Electrical loads connected to the electrical grid 

4.2.5 Linear load 

A load is considered as linear, when it is supplied by a sinusoidal voltage source, it 

absorbs a sinusoidal current, as an example of linear loads resistors, inductors ... etc. The 

Figure (4. 5) illustrates this type of electric loads. 

 

Figure.4. 5 : Waveforms of voltage and current absorbed by a resistive load 

 

4.2.6 Non linear loads 

A load is said to be nonlinear when the current it absorbs does not have the same 

shape as the voltage that supplies it [70]. This class of loads includes static converters 

(dimmers, rectifiers, etc.), saturated magnetic circuits, lamps, etc. 

With the contribution of semiconductor technology to electronics, and the 

development known by power devices, the loads supplied by a sinusoidal voltage absorb 

a current which is distorted, the current and the voltage are therefore no longer 

proportional. The Figure (4. 6) presents the structure of a nonlinear load represented by 

a diode bridge output on an load, and powered by a grid. 

 

Figure.4. 6 : Mains current waveform by the effect of the pollutant load. 
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4.4 Mitigation of Power Quality Problems 

In order to improve the quality of electrical energy and energy efficiency, the 

implementation of effective solutions to deal with the current problem of harmonics and 

their technical and economic consequences is essential [60]. The suppression of the 

current harmonics is important in improving the power quality [63,64]. in this section, 

we reveal the different depolluting remedies. we present the following solutions:  

1- Oversizing of network components,  

2- Use of special transformers,  

3- Use of special devices (PWM rectifier, etc.),  

4- Use of filtering devices (passive filtering, active filtering and hybrid filtering). 

 

A common technique for eliminating harmonics is to use filters. the types of the most 

used filters to eliminate current harmonics are: passive and active filters. 

Passive filtering was a solution for pollution control and power factor improvement 

on electrical grids. However, the increase of power electronic devices in electrical grid has 

limited the use of these filters which are no longer suitable for current grids. therefore, 

the active power filter (APF) was introduced to overcome the limitation that presents the 

passive filters. 

 

4.2.1 Passive filters 

Using passive components such as inductors, capacitors and transformers, these 

techniques offer a rapid and easy solution [77]. It can be noted that passive filters are 

characterized by their large size. This equipment can also cause resonance problems with 

the grid impedance [78]. Table 1.2 presents the advantages and disadvantages of passive 

filters [77]. 
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Table 4.2: Advantages and disadvantages of passive filters. 

Advantages Disadvantages 

Simple implementation of a given 

transfer function in terms of the number 

of required components 

Provide no signal gain because of no 

active elements. 

Require no power supplies because they 

do not have active components 

May need to use buffer amplifier to 

have the desired values of input and 

output impedances 

Work fine at very high frequencies since 

there are no bandwidth limitations of op 

amps 

May cost a lot because of inductor 

characteristics such as high accuracy, 

small physical size and large value. 

Work in applications having large current 

or voltage levels that the active devices 

cannot handle 

Tuning the adjustable inductors to the 

required values is time-consuming and 

expensive when producing large 

quantities of filters. 

Generate little noise (compared with 

active elements). 

Can be difficult and time consuming to 

design complex passive filters (higher 

than 2nd-order) 

4.2.2 Active power filters 

For the purpose of minimizing the power quality problem, active power filters are 

introduced [61]. For some specific conditions of a system, new resonances appear with 

the application of passive filters [79]. In addition, the number of passive filters to 

implement increases with the increase in the number of harmonics to eliminate. 

 In the last decade, several publications have appeared on active power filters (APF) 

to reduce harmonics in the source currents. Active filters are adjustable with the system 

conditions in terms of harmonic reduction and reactive power compensation [61]. Unlike 

passive filters, active filters use amplifying components to synthesize the desired filter 

characteristics [77]. The concept of an active filter is to compensate disturbances in real 

time by injecting, in series or in parallel, harmonic currents or voltages in opposition to 
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the existing harmonics in the electrical grid. Table 4.3 shows the advantages and 

disadvantages of active filters [77]. 

 

Table 4.3: Advantages and disadvantages of active filters. 

Advantages Disadvantages 

Can have high input impedance, low 

output impedance, and virtually any 

arbitrary gain. 

Effect on capacitors due to the problem 

of accuracy and value spacing. Effects 

here are lesser than for passive filters. 

Achieve very good accuracy within the 

operating frequency. 

Limit the performance at high 

frequencies because of the gain-

bandwidth product of the active filter 

elements (such as amplifiers). 

Reduce the number of the inductors. Generate noise because of the 

amplifying circuitry which can be 

minimized by using low-noise 

amplifiers. 

 

4.2.3 Active power filter topologies 

APFs have different topologies depending on the type of harmonics to be eliminated, 

the active filters are connected either in series, in parallel or in combination of both (series 

and parallel). So, we distinguish three types of APFs are: series APF, shunt APF and hybrid 

APF [79]. The usual type of APFs is the shunt APF [65], which is used to correct the 

grid/source currents. 

4.2.3.1 Series active power filters 

This filter is considered as a voltage source since it generates harmonic voltages 

which oppose the disturbing voltages in order to eliminate them and preserve a perfectly 

sinusoidal voltage form. However, harmonic currents are not compensated by this type of 

filter. This type of filters utilizes a current-source inverter as shown in Figure 4.1. 
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Figure.4. 7 : Series APF 

4.2.3.2 Shunt active power filters 

The concept of the parallel active filter is to inject harmonic currents in order to 

compensate the harmonic currents generated by the load. As shown in Figure, this filter 

employs a voltage-source inverter.  

Figure.4. 8 : shunt APF 

4.2.3.3 Hybrid APF 

The idea of this filter is to combine the other two types [65], serial and parallel, and 

connect them to the network in order to benefit from their advantages (Figure.4.1 ). 

Therefore, this topology ensures a sinusoidal current and voltage of the electrical grid 

from the disturbed current and voltage. This device is obviously more powerful, however, 

its high price and the complexity of the control of the many switches limit its use. 
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Figure.4. 9 :  (A) Hybrid series APF. (B) Hybrid shunt APF 

4.2.4  Proposed study system Shunt active power filters 

The objective of the shunt active filters eliminate distorted components of network 

load currents; therefore, the source currents have low harmonic distortion and are in 

phase with the source voltages. Its basic principle is to compensate the load current 

harmonics and supply the load reactive power. Therefore, the source provides only the 

active power. This filter is able to compensate for any type of load and adjust itself when 

the load changes. Since the APF is connected in parallel to the AC mains, it does not require 

a transformer in the system. Shunt APFs have shown excellent performance in eliminating 

power quality problems associated with source currents [62, 80]. 

Non-linear and unbalanced loads are responsible for current harmonics and 

unbalanced currents. Consequently, the source currents are distorted and/or unbalanced. 
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The shunt active filter is mainly located on the load side and responsible for injecting 

harmonic currents to compensate for harmonics, unbalance and reactive power. The 

injected currents have equal magnitudes of and opposite phase of the source currents. 

This allows the source currents to provide only the fundamental components [81]. 

4.5 Conclusion 

One of the most important problem of harmonics in the distribution grid, its 

characteristics, sources, and consequences have been clarified in this chapter, and 

because of these problems, immunity and emissions standards have been imposed to 

protect consumers as well as energy producers and distributors, and these standards are 

set by experts in the field of electrical engineering. Therefore, scientists in the field of 

research and technological development competed to find solutions to reduce this 

harmonic pollution. So that many solutions for decontamination were found. From one of 

these solutions, we chose the Active power filters because they are superior to the passive 

power filters in terms of size and resonance.  

In the next section, we will discuss finding a new and robust way to control this filter. 
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5.1 Introduction  

This chapter presents a robust control strategy SC-PSO for SP-SAPF systems 

compared with others controllers (HY, SMC and SC). However, in published works, 

hysteresis controllers have been introduced and have attracted much interest in SP-SAPF 

applications. This type of controllers provides over-current protection capability for 

versatility and simplicity of practical implementation. To practically validate the 

hysteresis controller, the digital signal processor ensures a high and fast dynamic 

response over other types of digital controllers [82]. Despite the good performance of the 

hysteresis controller, it still faces the problem of a variable and high switching frequency. 

This causes increased power losses and produces "severe electromagnetic compatibility» 
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EMC noise in SP-APF and also complicates the selection of the coupling inductor in 

hysteresis current regulators. [83]. Also, the method SMC has good robust characteristic, 

but introduces the chattering effect which can cause wear, tear in actuating system and 

increases the energy [84] consumption of the controller (from a control effort point of 

view). Although one of the ways to mitigate the chatter phenomenon is used to replace 

the signal function in the control device with the saturation function, it does not eliminate 

the chatter phenomenon completely. This gives the proposed synergetic control method 

a major advantage over the SMC. 

The objective in this chapter is to design a robust controller that gives good 

results. This is made possible by optimizing the parameter of SC using the PSO 

algorithm for efficient tracking of the control objectives. The SC-PSO is designed for SP-

SAPF and is known for its robustness to matched “uncertainties/perturbations” and 

which is known for being a smooth controlled with low energy consumption.

In the sequel, simulations show the effectiveness of the SC-PSO controller and its 

performance is mainly compared to that of the Hy and SC controller. After we get the 

results, we will do an experimental test to prove the results in reality. 

5.2 Control design of single-phase shunt active power filter 

5.2.1 DC link voltage regulator 

 

  The DC input voltage of the inverter in an APF is provided by a capacitor [87]. This 

DC link voltage can stay constant if there is no active power exchange between the shunt 

APF and the grid, and if there are no losses in the inverter. Practically, both conditions can 

be not realized. 

   The power losses of the inverter can be compensated for by drawing balanced 

power from the grid to the DC bus. A DC-bus voltage regulator can balance the losses. As 

a result, the DC-link voltage control is very important in order to stabilize the power 

exchange, to compensate for the inverter real power losses (pdc), to generate accurate 

reference currents, and to regulate the DC-link voltage [82:83]. Several methods for 

controlling the DC-link voltage are employed in controlling a shunt APF such as a PI 

controller and a sliding mode controller.  



CHAPTER 5 

 92 

  PI controller is offered to decrease the instability and variations of the DC link 

voltage, such as indicated in “Figure 5.1” The DC link voltage regulator consists of the 

proportional gain (Kp) for enhancing the rise time and the integral gain (Ki) for smooth 

operation, eliminating the error between the sensed DC link voltage (VC) and its reference 

(VC*) in steady state [33]. 

  As shown in Figure. 5.1, a PI controller is cascaded with a current controller for 

obtaining unity power factor in a single-phase SAPF. These controllers purely filter out 

the load current harmonics. In fact, harmonic components are taken from the main and 

transferred to the SAPF. 

  In this condition, grid current is would be completely sinusoidal and in phase with 

the utility voltage Vs. 

* sin
s s

i i k    (5.1)  

 

k: is a constant coefficient, which depends on local load active power consumption. 

Also is
* is reference value of the grid current. As it is explained in the next section, sin θ is 

generated using a single-phase PLL. The value of the k can be determined in an outer loop 

according to DC-link voltage error. 

  To calculate the PI controller's gains, firstly we must determine the transfer 

function of the studied system with PI controller through the Eq. (5.1) [85]: 

  
 * ²

P i PC

P iC
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    (5.2)  

 

  We notice from the Eq. (1) that the closed loop system is presented by a canonical 

second order transfer function. 
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  Through the equalization of the two denominators of equations 1 and 2, the 

controller's gains (Kp and Ki) are quantified as follows: 
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Figure.5.1: Proposed two loop controllers 

 

5.2.2 Current control design using single-band hysteresis controller 

The single-band hysteresis current controller is known for its quick response, easy 

implementation, maximum current limit and independency to load parameter variations. 

It is used  to control the current  in  a single-phase APF  so that  it  can  produce  an output  

current  which follows a reference current  signal. This technique controls the switches in 

a VSI such that it can force the current to go up and down to track a reference current 

signal. The error signal e(t),  that  is  the difference between  the reference current,  if*(t) 

and the  current generated  by the VSI, if(t),  is used to control the switches  of a VSI. If the 

error attains the upper limit then it will cause the switches of an inverter to make the 

current go down, whereas, the current is forced to go up if the error reaches the lower 

limit. “Figure. 5.2”(a) illustrates the single-band hysteresis current controller, but the 

limitation of this controller is that its average switching frequency is not constant, which 

leads to losses. The maximum switching frequency for single-band hysteresis controller 

is given by the following equation [86]: 

(max)
9

c

sw

V
f

hL
  (5.5)  

 

where, h is the hysteresis limit, Vc is the DC-link voltage on the single-phase APF, and LF 

is the value of the inductance through which the current flows. 

 

Current
Controler

Outer Voltage Loop
Inner Current Loop
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Figure.5.2: Single-band hysteresis current controller for single-phase APF. 

(a) Block diagram. (b) Switching function. 

 

Figure.5.3: Control block diagram of SP-SAPF using hysteresis current controller. 
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(a) 

(b) 
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5.2.3 Control design using sliding mode control  

  The shunt APF with the SMC method is operated in bipolar mode illustrated in Figure. 

5.4. At positive half cycle of the grid voltage, Q1, Q3 are on and Q2, Q4 are off during 0<t<dTs, 

and Q2, Q4 are on and Q1, Q3 are off during dTs<t<Ts, vice versa at negative half cycle, where 

Ts is the switching period, and d is the duty ratio of the converter. 

   Figure. 5.5. (a) and (b) show the equivalent circuit of the SAPF during one switching 

cycle in which the non-linear load is expressed as a constant current source iL. 

 

 

 

Figure.5.4: Operation modes of the shunt APF power stage 

On the assumption that at first the switching frequency fs of the SAPF is 

much higher than those of the line and the non-linear load currents, second the 

capacitance of the dc-link capacitor C is large enough so that Vc is regulated to 

be a constant value in each switching cycle, the current if is approximately 

constant during the switching period. Then, by using volt-second balance of the 

APF inductor L in the equivalent circuit of the SAPF shown in Figure. 5.5. 
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Figure.5.5: Equivalent circuit of the SAPF and operation waveforms.  

(a) 0<t<dTs when vs>0, (b) dTs<t<Ts when vs>0, 

(c) APF inductor current and voltage. 

 

By using the State space averaging technique The differential equations form of nonlinear 

dynamic for SP-SAPF system is given by the Eq. (5.6). 
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As reminder: x(t) represents the state coordinate; x1 represents the current filter 

(if); x2 represents the DC link voltage (VC); Ud is the control input (the duty ratio); Lf  is the 

inductor of SP-SAPF and C is the capacitor of the DC link voltage. 

 

The basic idea of the SMC is first to attract the tracking errors of the system’s state 

variables into a suitably selected region  ,  0X t  , then design a control law Usw that 

always maintains the system in that region. In summary, an SMC consists of two parts like 

in Eq(1.1). The equivalent control Ueq is determined by the model of the system. It is 

designed with the equivalent control method, whose principle is based on the 

determination of the system behavior when it is on the sliding surface S.  

The control objective is to force the output if towards a reference trajectory if*. 

The relative degree with respect to the error *

f f fe  
i

i i is equal to 2, satisfying 

Assumption 1.1. Then, following Eq(1.5), define the sliding variable as: 

* *
1 1f f f f f f fe c e e x x      i i i i i

i i  (5.7)  

with 0zc  . Then, the sliding surface is given by: 

 0
f f f f

S x e c e    
i i i i

&  (5.8)  

We start by determining the equivalent order zeqU , it is calculated when: 

0
f

 
i

 and 0
f

 
i
&  

(5.9)  

 

 The relative degree of the altitude equation Eq(5.6) with respect to   is equal to 1 and 

has the following Equation  

*
1 1f f f f f f

e c e x x c e     
i i i i i i
& & & &  (5.10)  

By replacing Eq(5.6) in Eq(5.10) we find 

*
1( , ) ( , )

( , ) ( , )

f f f f

f

f x t x c e g x t U

a x t b x t u





   

 

i i i i

i

& &

&

 (5.11)  

which is of the form of Eq(1.7) satisfying Assumption 1.2. 

From Eq(5.8) and Eq(5.9) we find  
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 * * 0
f f f f f

x x c x x   
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& &  (5.12)  

f eqU
i

it is calculated when 0z &  , From Eq(3.11) we obtain  
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  As previously indicated Eq(1.1), the control law is formed by two terms, the 

equivalent control law and the switching control law:

U  U zsw U zeq  (5.15)

  The equivalent part is a continuous control law deduced from 

( , )
( , ) 0z

z

e t
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t





 


&  and the second control part us has a discontinuous 

fi swU  

feature defined as in chapter 1: 

( )
f ff

swU k sign  
i

i i
  (5.16)  

where Kif  is a positive constant and sign is the sign function. 

Consequently  
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(5.17)  

  Considering the sliding variable z  Eq(5.7), a Lyapunov function candidate 

satisfying Definition 1.2 takes the following form 

21
( , ) ( , )

2
zV x t x t   (5.18)  
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  In order to ensure the asymptotic convergence of the sliding variable z , the 

time derivative of V has to be negative definite i.e. Therefore, the derivative of the 

function Eq(5.18) is: 

 ( , ) ( , ) ( , )z zV x t x t x t & &  (5.19)  

In order for the function ( , )V x t&  to decrease, it is sufficient to ensure that its derivative 

is negative. This is only true if condition Eq(3.19) is satisfied. 

( , ) ( , ) 0z zx t x t  &   (5.20)  

By emplacing Eq(5.11) in  Eq(5.19) we obtain 
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By emplacing Eq(3.17) in  Eq(3.21) we obtain 
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Note that 

2 2

2
( , ) 0 0, 0
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  Therefore, under the SMC controller, the system state can reach, and, thereafter, 

stay on the manifold S=0 in finite-time. 

  The equations Eq(5.18), explains that the square of the distance between a given 

point of the phase plane and the sliding surface expressed by 2 ( , )
f

x t
i

decreases all the 
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time, i.e. the state system will be attracted to the sliding surface, hence the name of 

attractivity.  

Form Eq(5.22) it can be found that ( , ) 0V x t & . On the basis of Lyapunov theory, 

the stability of the SP-SAPF system is assured via the SMC control law. 

5.2.4 Control design using Synergetic control synthesis for SP-SAPF 

  The synergetic control synthesis in Eq(5.23)of the system that we have presented 

in Eq. (5.6) started by demonstrating a designer that is been chosen as macro-variable 

and given in Eq(5.24). 

0, 0
d

T T
dt


    (5.23)  

T is a positive constant to be imposed by the designer. In our paper, its value is 

optimized by PSO algorithm. 

* *

1 1 1 1( ) ( ) ( )if ife e x x x x dx t          (5.24)  

* *

2 1 1 1

1
(2 1) ( )

if if

ss
d

f f

e e

V
x U x x x

L L

 

 

 

 
      
  

& &

& &
 (5.25)  

Moreover, having Eq(1.23) and Eq(5.25), the resulting control law Ud is given by Eq(5.27): 
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To confirm stability, we use the following Lyapunov function candidate:   

1

2

TV    (5.28)  

Therefore: 
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TV   &&  (5.29)  

The use of Eq(5.25) in Eq(5.29) leads to Eq(30): 

Form Eq. (5.30) it can be found that 0V & . 

  On the basis of Lyapunov theory, the stability of the SP-SAPF system is assured via 

the synergetic control law. 

 

Figure.5.6: Description of proposed SP-SAPF system 

 

5.2.4.1 Implementation of PSO for Synergetic controller (SC-PSO) 

5.2.4.1.1 Formulation of the problem to be optimized 

The formulation of the problem to be optimized is mainly concerned with 

minimizing the error ERR = if – if* where the objective function F(X) can be written as 

fellow: 

21
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 ( ) ( )Min F x Min ERR  (5.31)  

With: X the control parameter set which can be written in the following form: 

 , λX T  (5.32)  

The objective function is subjected to inequality constraints as shown below: 

min max

min max

T

λ λ λ

T T 

 
 (5.33)  

5.3 Simulation results 

The performance of the proposed SP-SAPF system based on SC strategy optimized 

by PSO has been evaluated by using MATLAB/Simulink software. The nominal values for    

SP-SAPF system parameters and components are listed in Table 5.1. 

 

Table 5.1: Parameters of the studied system 

Parameters Symbol Values 

System frequency fs 50 Hz 

Source voltage VS 50V 

Input inductance LS 4mH 

Load inductance LL 2mH 

Load resistance RL 11.5Ω 

Load capacitor CL 550µF 

Filter inductance Lf 8mH 

Filter capacitor C 1100µF 

Voltage reference VC* 110V 

 

The obtained simulation results are ranging from 5 to 9. Figure. 5.7 shows both 

source voltage (VS), source current (iS), load current (iL) and the filter current (if). The 

source current is presented by a sinusoidal shape and in phase with the input voltage of 

the single-phase network. In their turn, both line and filter currents have been presented 

by their appropriate waveforms. 
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Figure.5.7: SP-SAPF performance waveforms under nonlinear load 

 

Figure.5.8: Simulation results of the output voltage (VC) under  

change of voltage references (VC*) 
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Figure. 5.8 shows the performance of the DC link voltage under the conventional 

PI controller used during start-up as well as its progression towards the imposed 

reference voltage. The sensed output voltage (VC) correctly reaches its reference values 

(VC*) of: 110V, 140V and 110V in a very satisfactory manner. 

To show the robustness of the suggested SC-PSO approach, the DC link voltage is 

fixed to 110V and  the nonlinear load underwent a modification in t1 = 1s by the addition 

of the resistance R = 23Ω in parallel with the old load then its elimination in t2 = 1.5s.THE 

DC link voltage (VC) and the source current (iS) react correctly to these imposed operating 

conditions as shown in Figure. 5.9. 

A comparative simulation study between the classical hysteresis control, the 

synergistic and optimized synergistic approach applied to the single-phase filter have 

been established in order to evaluate the quality of the source current (is) as shown in         

Figure. 5.10. The spectral analysis of these source currents has been presented in       

Figure. 5.11. 

 

 

Figure.5.9: Simulation results of DC link voltage (VC)and source current (is)  

during the change of the load 
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Figure.5.10:  Compared waveforms of the source current (is) 

It is clearly visible that in the absence of the parallel active filter, a THD of 49.07% 

was recorded. After activation of the parallel active filter controlled by the three 

techniques mentioned previously, new THD values were recorded which are respectively 

equal to: 3.63%, 2.82% and 2.35%. Through these results, the optimized synergistic 

control strategy of the SP-SAPF system clearly marked its superiority compared to other 

conventional hysteresis and non-optimized synergistic techniques. 
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Figure.5.11:Source current spectral analysis: (A) without SAPF, (B) 

with Hy control, (C) with SMC method, (D) with SC method and  

                         (E) with the proposed SC-PSO method 
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5.4 Experimental results of SC-PSO for SP-SAPF 

To give more confidence to our study, an experimental test bench is carried out 

using a dSPACE 1104 board as presented in Figure. 5.12. The performance of considered 

synergetic approach based on PSO algorithm and PI controller for the SP-SAPF has been 

tested for several conditions. For assess the studied control strategy, our SP-SAPF system 

is experienced in transient and steady states. 

Furthermore, coverage of changes affecting the nonlinear load, the DC link voltage 

(VC) and the power source (VS) has been taken into consideration in this section. Using the 

power quality analyzer (Chauvin ArnouxC.A.8335) and the digital oscilloscope 

(GwinstekGDS-3504), the obtained practical results are recorded and presented in the 

following sections. 

 

Figure.5.12: Photograph of platform of the experiment test. 

 

5.4.1 SP-SAPF performance in transient and steady states 

The start transient of the SP-SAPF at the reference point of DC link voltage VC* of 

110V accompanied by the currents is, iL and if responds smoothly without overshooting 

as shown in Figure. 5.13. 
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Figure.5.13: Transient response of SP-SAPF during increment  

of DC link voltage from VC=0V to VC=110V 

Figure. 5.14 shows the steady-state responses of the suggested control law under 

non-linear RC load. The source current has a nearly perfect waveform sine and in phase 

with the supply voltage thanks to the filter current. For its part, the load current is 

presented in steady state by its usual form. 

 

Figure.5.14: Steady-state performance of the proposed control of the SP-SAPF        

under a nonlinear RC load condition 

Before connecting and commissioning the SP-SAPF, the source current is distorted 

and its THD is rated at 38% as shown in Figure 5.15.  
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Figure.5.15: Power quality analysis of is without SP-SAPF 
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Figure.5.16: Power quality analysis of is with SP-SAPF controlled by SC-PSO strategy 



CHAPTER 5 

 111 

After activation of SP-SAPF controlled by the synergistic strategy optimized by 

PSO, the source current has become sinusoidal in phase with the source voltage and its 

THD is 3.3% as shown in Figure. 5.16. 

5.4.2 Performance of the SP-SAPF during change in the DC link voltage reference 

 

The variation of the DC link reference voltage for the following values 110V, 140V 

and 110V was used to verify the performance of the SP-SAPF as shown in Figure. 5.17. 

The DC voltage of the filter quickly reaches and easily follows the various imposed 

references with recording of acceptable overshoots. In addition, the source, load and filter 

currents maintained their appropriate values during the changes made in the DC link 

voltage. 
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Figure.5.17:Dynamic response of the proposed control of the SP-SAPF under  

the DC voltage reference sudden change from [110V,140V] and inversely. 

 

5.4.3 Performance of the SP-SAPF during change in the nonlinear load 

 

A nonlinear load change is implemented by connecting/disconnecting an additional 

load in parallel of the old load. The real-time test results are shown in Figure. 5.18. 

Because of step change in nonlinear load, source current increases/decreases smoothly. 

DC link voltage remains fairly constant and does not experience the variations in 

nonlinear load. With the exception of certain distortions due to the change in the source 

current, the DC link voltage is maintained at a constant value of 110 V during the change 

in the nonlinear load. The load and filter currents react correctly to this established test. 
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Figure.5.18:Dynamic response of the SP-SAPF under a nonlinear load variation 
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5.4.4 Performance of the SP-SAPF under a polluted power source 

 

In this section, the aim is to prove the robustness of the proposed optimized 

synergetic control in case of a polluted power source with a THD of 20%. The obtained 

practical results in steady state of the source, load and filter currents are given in                               

Figure. 5.19. Without SP-SAPF of the deformed power source, the THD of the measured 

source current is equal to 47.6% as indicated in Figure. 5.20.  

In the event that the SP-SAPF is activated and the power source is deformed, the 

saved THD in Figure. 5.21 of the source current is 5.3%. This experience has proved the 

ability of SC-PSO control law to enhance the shape form current in case of the degraded 

quality of the power source. 

 

 

Figure.5.19:Steady-state performance of the proposed control of the SP-SAPF 

    under distorted source voltage condition 
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Figure.5.20: THD without SP-SAPF under distorted source voltage condition 
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Figure.5.21: THD of is with SP-SAPF controlled by SC-PSO  

strategy under distorted source voltage condition. 
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Figure.5.22: Power parameter (CA8335 - Power Quality Analyzer) 

 

5.5 Conclusions 

This chapter presents the simulation and experimental validation of the SP-SAPF 

control strategy based on the SC technique optimized by the PSO algorithm (SC-PSO). The 

two parameters T and λ which previously were imposed arbitrarily by the designer are 

this time determined by the PSO. The proposed command was able to effectively control 

the DC bus voltage as well as the current of the single-phase source through the better 

mastery of the filtering device switches. The evaluation of the optimized synergistic 

control was performed by MATLAB/Simulink software and practically confirmed by the 

dSPACE 1104 card. 

The simulation in the case of the application of the optimized synergistic technique 

allowed us to have a better waveform of the source current (THD = 2.35%) compared to 

the quality of the currents obtained when using the classical hysteresis method (THD = 

3.63%) and the non-optimized synergistic control (THD = 2.82%). These simulation 
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results show the positive impact of the optimized synergistic control on the power quality 

of the single-phase source feeding the non-linear load. 

The feasibility of the command developed was confirmed in practice by the dSPACE 

1104 card under different operating modes of the SP-SAPF affecting the DC link voltage 

reference, the non-linear load and the quality of the single-phase electrical network. The 

optimized synergistic control has confirmed its success through the obtained practical 

results. The recorded source current is sinusoidal and in phase with the input voltage with 

a THD of 3.3% for an unpolluted voltage source. In the case of a polluted voltage source, a 

source current THD of 5.3% is saved. These practical results largely meet the international 

standard of the IEEE. 

Finally, the strategy of optimized synergistic control applied to the single-phase 

filtering system can effectively contribute to improve the power quality in the tertiary 

sector. 
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General Conclusion and 
Future Works 
 
6.1. General Conclusion: 
 

Classical control laws perform well for linear systems with fixed parameters. 

However, in contrast to complex and nonlinear systems, the results of these controllers 

can be unsatisfactory because they are not robust. It is necessary to require control laws 

that are insensitive to parameter changes for disturbances and uncertainties. Therefore, 

non-linear controllers were found to overcome these obstacles. 

In this dissertation, a novel and advanced approach based on incorporating 

Artificial Intelligence (AI) for adjusting control parameters is proposed, in order to 

improve the stability and robustness against disturbances and uncertainties. This non-

linear approach is a Synergetic Control (SC) based on Particle Swarm Optimization (SC-

PSO) technique. This strategy has been adopted in order to get efficient control even 

though the under-actuation property is still present. The SC-PSO technique is chosen due 

to its useful advantages, i.e., it guarantees robustness versus parameter fluctuations, 

model uncertainties, and random external disturbances. To ensure the robustness of the 

controller, the proposed approach was experimentally tested on two different industrial 

systems an Unmanned Aerial Vehicle (UAV) Quadrotor and Single-Phase Shunt Active 

Power Filter (SP-SAPF). We addressed the control problems for the steering of a 

quadrotor to achieve the desired position and attitude in the first part, and solve the 

disturbance in power quality especially harmonics using SP-SAPF in the second part. 

As illustrated in the second chapter the mathematical model of the quadrotor 

system is complex with a Six-Degree-Of-Freedom (6-DOF) and its dynamics are under-

actuated, this model allows us to perform simulations and study the behavior of the 

vehicle by applying control approaches.  
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In the third chapter, the autopilot design method for full quadrotor control was 

clarified, which consists of 6 different control units, each unit contains a controller. On 

the other hand, the PID and SMC controllers were used to compare it with the proposed 

SC-PSO controller in the vertical takeoff and landing trajectory tracking cases using 

MATLAB/Simulink® environment.  

The major advantage performances of the suggested SC-PSO approach compared 

to PID and SMC techniques respectively are:  zero overshoot and omitting chattering. 

Also, the following criterion: dynamic response (Rise time, settling time) and steady state 

error are improved by SC-PSO. Then, these performances are experimentally validated 

in Real-Time testing method HIL under various scenarios. 

In the fourth chapter, we have presented the state of the art of several traditional 

and modern devices in order to solve the power quality problems. Moreover, the 

advantages and disadvantages are illustrated for the several filtering devices (passive, 

active, and hybrid). The shunt filter is one of the most useful active filtering devices, and 

it is the best solution which could possible to compensate for the disturbances. 

In the fifth chapter, the HC, SMC and SC controllers are used in order to demonstrate 

the robust performances of the approaches SC-PSO. The comparative study have been 

applied for the SP-SAPF under hard work conditions and different scenarios in transient 

and steady states. The experimental results prove the superiority of the SC-PSO versus 

others controllers in terms: power quality (IEEE 519 standard, respecting THD<5%). 

 

Since the use of the proposed SC-PSO algorithm gave very high performance for 

quadrotor systems, for that this type of algorithm was adapted for the first time (original 

contribution) to control Shunt Active Power Filter based Single phase. 

We conclude from this thesis that the controller SC supported by artificial 

intelligence (AI) Performs significantly and robust better than conventional controllers 

regardless the type of industrial system (robots, power electronics). 

6.2. Perspectives and Future works  
The following future research works are suggested as an extension to the 

knowledge presented in this dissertation: 
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• This thesis validates the control performance of quadrotor system on a test bench 

with HIL. True experimental validation and integration in real quadrotor system 

is still required. 

• Investigation of quadrotor system behavior under the faults effects. The extension 

of proposed control design for quadrotor system to the application fault-tolerant 

control designs will be considered for future. 

• The adaptive-fuzzy controller can be also applied on DC-Bus voltage regulation of 

SAPF for reducing the voltage fluctuations and losses and improving the quality 

of the source current.  

• For the developed controllers, a more detailed study of robustness and stability 

would be interesting to guarantee the theoretical global stability. 

• Beside the proposed PSO algorithm, other evolutionary optimization methods can 

be used for further investigation.  

• The synergetic control approach presented in this thesis can be extended to a 

specific application for solution of complex problems of control of nonlinear 

systems: flying apparatus, turbo-generators, robots, electric drives, magnetic 

levitation systems etc.  

• The proposed idea of single-phase SAPF can be implemented in three-phase SAPF 

and the features of the proposed topology can be analyzed for high power 

applications. 

• For the SAPF system, the next step should consider how to integrate the 

renewable energy sources (wind turbine and photovoltaic generator, fuel cell etc) 

for the purpose of increasing the reliability of the SAPF system.   

 



 ملخص:
ب وعدم الیقین المطابقین. لھدف الرئیسي من ھذه األطروحة ھو تصمیم وحدة تحكم جدیدة قویة تعتمد على الذكاء االصطناعي لتحسین استقرار ومتانة النظام ضد االضطرا

 SC. لضبط معلمات PSO لضمان متانة األنظمة الصناعیة. تم استغالل تقنیة (PSO) خوارزمیة تحسین حشد الجسیمات علىاستناًدا ) SCالتحكم التآزري ( SC-PSO یتم تقدیم
-6) رباعیة الحركة بھا ست درجات من الحریة (UAV) تم استخدام وحدة التحكم الجدیدة ھذه ألول مرة للتحكم في النظامین التالیین: أحدھما ھو مركبة جویة بدون طیار

DOF)  الثاني ھو مرشح الطاقة النشط التحویلة أحادي الطور الكامل،وتحتاج إلى ستة وحدات تحكم للتحكم (SP-SAPF). 
لوضع إال أنھ أظھر خصائص قویة جیدة مشابھة لنظریة التحكم في ا ،SP-SAPF لم یتم تطبیقھ مسبقًا على المحرك الرباعي و SC-PSO على الرغم من أن ھذا النھج المقترح

المشتق  [یةالتقلید اتتحكممال میزة كبیرة على ھایعطی وھاذا التشغیل،وبدون إدخال تأثیر الثرثرة المستقر الذي یمكن أن یسبب التآكل والتمزق في نظام  (SMC) االنزالقي
 .HY ، [SMC) أو (HC جھاز التحكم في التباطؤ ، (PID) التكاملي النسبي

 :أساسي من جزأینتكون األطروحة بشكل ت
، لتوضیح سلوكیات  SC-PSO و SMC و PID تم اقتراح دراسة مقارنة تعتمد على ثالث تقنیات تحكم , ®MATLAB / Simulink استخدام بیئةب األول،في القسم  (1

 وثابتة،في حاالت عابرة  SC-PSO ي بناًء على وحدة التحكمللرباع (تتبع المسار) ظروف عمل شاقة. توضح النتائج التي تم الحصول علیھا األداء العاليتحت وحدات التحكم 
 MATLAB تم إثبات االختبار بواسطة جھازي كمبیوتر (بیئة .SC- PSO إلثبات نتائج التقنیة المقترحة (HIL) تم استخدام طریقة اختبار الوقت الفعلي لألجھزة داخل الحلقة

/ Simulink®) واثنین من بطاقات dSPACE 1104 للعدید من ظروف التشغیل. 
لمرشح الطاقة النشط أحادي الطور (التحكم  SC-PSOلـ  )THD <5٪( إلثبات األداء المتمیز SCو SMCو HCدراسة مقارنة تستند إلى وحدات تحكم  الثاني،) في القسم 2

 / MATLABتنفیذ االختبارات التجریبیة في الوقت الفعلي بنجاح باستخدام الكمبیوتر (بیئة المقترح من خالل المحاكاة وأخیًرا تم  SC-PSOالحالي). تم إثبات فعالیة نھج 
Simulink (® وبطاقةdSPACE 1104 .والعناصر الكھربائیة للعدید من ظروف التشغیل 

) ، مرشح الطاقة UAV) ، المحرك الرباعي لمركبة جویة بدون طیار (PSOتحسین حشد الجسیمات ( )،SCالتحكم التآزري ( االنزالقي،كلمات مفتاحیة: لتحكم في الوضع 
 ).HC) ، وحدة التحكم في التخلف (SP-SAPFالنشط التحویلي أحادي الطور (

Abstract: 
The main objective of this thesis is to design a novel robust controller based on Artificial intelligence to improve the stability 
and robustness of system against matching disturbation and uncertainties.  SC-PSO a Synergetic Control (SC) based on Particle 
Swarm Optimization (PSO) algorithme is being presented to ensure the robustness of industrial systems. The PSO technique 
has been exploited to adjust the SC parameters. This novel controller has been used for the first time to control the following 
two systems: one an Unmanned Aerial Vehicle (UAV) Quadrotor which has a Six-Degree-Of-Freedom (6-DOF) and need six 
controllers for full control, the second is the Single-Phase Shunt Active Power Filter (SP-SAPF). 
Although this proposed SC-PSO approach has not been previously applied for the quadrotor and the SP-SAPF, but it showed 
good robust characteristics similar to Sliding Mode Control (SMC) theory and without introducing steady state chattering effect 
which can cause wear and tear in actuating system, giving a significant advantage over conventional controller [Proportional 
Integrative Derivative (PID), Hysteresis Controller (HC or HY), SMC] 
This thesis apparatus consists essentially of two parts: 
1) In section one, using MATLAB/Simulink® environment; a comparative study based on three control techniques: PID, 

SMC and SC-PSO, is proposed to illustrate the behaviors of the controllers against work hard conditions. The obtained results 
demonstrate the high performances (trajectory tracking) of the quadrotor based on the SC-PSO controller in transient and 
steady states, a Hardware-In-the-Loop (HIL)Real-Time testing method was used to prove results of the proposed technique 
SC-PSO. The teste has been proved by two PC (MATLAB/Simulink® environment) and two dSPACE 1104 card for several 
operating conditions. 

2) In the second section, a comparative study based on HC, SMC and SC controllers to demonstrate the outstanding 
performance (THD<5%) of SC-PSO for single-phase active power filter (current control). The effectiveness of the suggested 
SC-PSO approach has been proved by simulation and finally real time experimental tests executed successfully using PC 
(MATLAB/Simulink® environment), dSPACE 1104 card and electrical elements for several operating conditions. 

Keywords: Sliding Mode Control, Synergetic Control (SC), Particle Swarm Optimization (PSO), Unmanned Aerial Vehicle (UAV) 
Quadrotor , Single-Phase Shunt Active Power Filter (SP-SAPF), Hysteresis Controller (HC). 

 
Résumé: 
L'objectif principal de cette thèse est de concevoir un nouveau contrôleur robuste basé sur l'intelligence artificielle pour 
améliorer la stabilité et la robustesse du système contre les perturbations et les incertitudes correspondantes. SC-PSO une 
commande Synergetique (SC) basé sur l'algorithme L'optimisation par essaims particulaires est présenté pour assurer la 
robustesse des systèmes industriels. La technique PSO a été exploitée pour ajuster les paramètres SC. 
Ce nouveau contrôleur a été utilisé pour la première fois pour contrôler les deux systèmes suivants : un quadrirotor de véhicule 
aérien sans pilote (UAV) doté d'un six degrés de liberté (6-DOF) et nécessitant six contrôleurs pour un contrôle total, le le 
deuxième est le filtre de puissance active shunt monophasé (SP-SAPF). 
Bien que cette approche SC-PSO proposée n'ait pas été appliquée auparavant pour le quadrirotor et le SP-SAPF, elle a montré 
de bonnes caractéristiques robustes similaires à la théorie du contrôle en mode glissant (SMC) et sans introduire d'effet de 
broutage en régime permanent qui peut provoquer une usure système d'actionnement, donnant un avantage significatif par 
rapport au contrôleur conventionnel [Proportionnel Intégratif Dérivé (PID), Contrôleur d'Hystérésis (HC ou HY), SMC] 
Ce dispositif de thèse se compose essentiellement de deux parties : 
1) Dans la première section, en utilisant l'environnement MATLAB/Simulink® ; une étude comparative basée sur trois 
techniques de contrôle : PID, SMC et SC-PSO, est proposée pour illustrer les comportements des contrôleurs face aux conditions 
de travail intensif. Les résultats obtenus démontrent les hautes performances (suivi de trajectoire) du quadrirotor basé sur le 
contrôleur SC-PSO en régime transitoire et en régime permanent, une méthode de test Hardware-In-the-Loop (HIL)Real-Time 
a été utilisée pour prouver les résultats de la technique proposée SC- OSP. Le test a été prouvé par deux PC (environnement 
MATLAB/Simulink®) et deux cartes dSPACE 1104 pour plusieurs conditions de fonctionnement. 
2) Dans la deuxième section, une étude comparative basée sur les contrôleurs HC, SMC et SC pour démontrer les performances 
exceptionnelles (THD <5٪) du SC-PSO pour le filtre de puissance active monophasé (contrôle du courant). L'efficacité de 
l'approche SC-PSO suggérée a été prouvée par des simulations et enfin des tests expérimentaux en temps réel exécutés avec 
succès à l'aide d'un PC (environnement MATLAB/Simulink®), d'une carte dSPACE 1104 et d'éléments électriques pour 
plusieurs conditions de fonctionnement. 
Mots-clés: Sliding Mode Control (SMC), Synergetic Control (SC), Particle Swarm Optimization (PSO), Unmanned Aerial Vehicle 
(UAV) Quadrotor , Single-Phase Shunt Active Power Filter (SP-SAPF), Hysteresis Controller (HC). 


