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 In this work, we presented the modelling and simulation of the electrical 

operation of a photovoltaic (PV) system adapted by an MPPT control, the 

latter is applied to the robust observer for the control of the speed without 

sensor of a double fed induction motor (DFIM).Our machine is powered by 

the PV system, where the chosen control is the direct field oriented control 

with sliding mode speed regulator is used for the control of this machine which 

is powered by two pulse-width modulation (PWM) voltage inverters, finally 

the speed estimation of induction motor with observer based dual feed in 

sliding mode is presented. The simulation results show the efficiency of the 

proposed method. 
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1. INTRODUCTION  

Renewable energies are environmentally friendly energies, among the advantages, they are not 

polluting, non-CO2 waste, they fight against the greenhouse, and help create new jobs. Photovoltaic energy is 

the most significant energy in renewable energy which has been attracting growing interest in recent years. 

Today photovoltaic (PV) technologies are sufficiently mature and measured to take a real take-off in the field 

of power applications. The basic elements are cells that convert solar radiation into current electricity 

(photovoltaic effect) the creation and optimization of photovoltaic systems are the current problems, the 

resolution of these problems surely leads to a better use of solar energy [1]−[5]. 

The doubly fed induction motor (DFIM) is the most popular due to its high performance, energy 

quality [6]−[8]. However, this machine presents difficulties at the level of its control because this one presents 

a nonlinear system, strongly coupled, with fast dynamics and with parameters varying in time [9]−[11]. The 

flux-oriented vector control was developed to control the torque in transient conditions [12]−[15]. 

The control of the speed and/or the position of the rotor requires the presence of an incremental 

encoder (a sensor). However, this sensor must be set up in its environment of use and additional space for its 

installation. In addition, the introduction of this fragile device results in a decrease in the reliability of the 

system which requires special care for itself. has become a serious subject of research study in recent years 

[16]−[18]. This work will be devoted to the implementation of an algorithm for observing the speed of a DFIM 

using the sliding mode observer. 

https://creativecommons.org/licenses/by-sa/4.0/
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The control laws using conventional regulators give good performance in the case of systems with 

constant parameters, but for systems with variable structures, the sliding mode regulator is used [19]−[21]. In 

this work we are interested in the three-level inverter with nuclear pore complex (NPC) structure [22], [23]. 

This work concerns sensorless speed and flux control equipped with robust speed regulator for doubly fed 

induction motor fed by maximum power point tracking (MPPT) photovoltaic generator. 

 

 

2. SYSTEM DESCRIPTION  

The proposed control structure is indicated by Figure 1. This structure comprises the following 

elements: a photovoltaic generator, a boost converter (DC-DC), and a three-level inverter which supplies the 

machine. The DC-DC converter permanently extracts the maximum power of the PV module ensuring at the 

same time a good performance coping with power changes introduced by the change in the environmental 

conditions. 

 

 

 
 

Figure 1. Block diagram of the full system 

 

 

3. MATHEMATICAL MODEL FOR A PHOTOVOLTAIC MODULE 

The solar cells are the main elements that make up the photovoltaic panel shown in Figure 2. Other 

modules are added according to the requested power. The current I(V) as illustrated in (1) [24]−[26]. 

 

{𝐼pv = 𝑁𝑝𝐼𝑝ℎ − 𝑁𝑝𝐼𝑠 {𝑒 [
𝑞(𝑉𝑝𝑣+𝑅𝑠𝐼𝑝𝑣)

𝑁𝑠𝐴𝐾𝑇
] − 1} − 𝑁𝑝

𝑞(𝑉𝑝𝑣+𝑅𝑠𝐼𝑝𝑣)

𝑅𝑝𝑁𝑠
 (1) 

 

The photocurrent Iph is given by (2): 

 

𝐼𝑝ℎ = [𝐼𝑠 + 𝑘𝑖(𝑇 − 𝑇𝑟)]
𝑆

100
 (2) 

 

where 

 

𝐼𝑠 = 𝐼𝑠𝑜 ∗ (
𝑇

𝑇𝑟
)
3

∗  𝑒 [(−
𝑞.𝐸𝑔

𝐴.𝐾
) ∗ (

1

𝑇𝑟
−

1

𝑇
)] (3) 

and 
 

𝐴 =
𝑞(𝑉𝑝𝑣+𝑅𝑠𝐼𝑝𝑣)

𝑁𝑠
 (4) 
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Table 1 summarizes the electrical characteristics of the PV module supplied by the manufacturer 

BP3160. We used some data, and applied it in the simulation model. The Simulink model of PV module is 

presented in Figure 3. A photovoltaic cell is defined by its electrical characteristic curves (current voltage) and 

(power-voltage) [27], [28]. Until the open circuit, as indicated by the characteristic I (V) in Figure 4(a). 

Whenever the voltage increases, the current has a constant value which is equal to: 4.8 A, then arrived at a 

certain value the current drops from 4.8 A to 0 A and the characteristic P (V) in Figure 4(b). Each time the 

voltage increases, the power increases and then arrived at a certain value which is V = 35 V, the power drops. 

− Variation of irradiation 

The I(V) and P(V) characteristics of the PV generator obtained for different values of irradiation under 

a constant temperature shown in Figure 5. These curves show that the output power of the solar panels is 

directly proportional to the irradiance, lower irradiation results in reduced output power of the PV array. 

However, only the output current is significantly affected by the irradiation while the voltage VOC varies only 

very little and the change is considered negligible, because under the working principle of the solar cell, the 

current is proportional to the flux of photons [29], [30]. 

 

 

dI pR

sR



Iph

Ipv

Vpv

 
 

Figure 2. Equivalent circuit of PV cell 

 

 

Table 1. Specifications of PV module BP 3160 
Characteristics Values 

Typical peak power 160 W 

Voltage at peak power 34.5 V 

Current at peak power 4.55 A 

Short-circuit current (ISC) 4.8 A 
Open- circuit voltage (VOC 44.2 V 

Temperature coefficient of ISC(k1) (0.0650.015) %K 

Temperature coefficient of VOC (k2) (16020) mV/K 

Temperature coefficient of power -(0.50.05) %K 

Factor of PV technology(a) 1.5 

Serie resistance (RS) 5 m 

 

 

 
 

Figure 3. Simulink model of PV module 
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(a) (b) 

 

Figure 4. Close up view (a) current vs voltage and (b) power vs voltage curves at T = 25°C and G=1000 W/m2 
 

 

  
(a) (b) 

 

Figure 5. Close up view (a) current vs voltage and (b) power vs voltage curves: effect of irradiation G 

 

 

4. MODELLING OF THE DC-DC BOOST CONVERTER 

A boost converter, sometimes known as a parallel chopper, is a switching power source that 

transforms one DC voltage to a higher-valued DC voltage. This type of converter can be used as a source-load 

adapter, ensuring that the power supplied by the photovoltaic generator is transferred to the MPP via control 

action [31], [32]. We use a step-up converter in our study, since it is the most commonly used in photovoltaic 

applications, particularly photovoltaic pumping systems. Different models of algorithms for searching for PPM 

can be found in the literature. Hill climbing, perturb & observer (P&O), and conductance increment (IncCond) 

are the three most widely used methods [33], [34]. The P&Q method is the most of the time used in the literature 

and especially in practice [35], [36].  
 

 

5. MODEL MATHEMATICAL OF THREE LEVEL INVERTER   

The block diagram of the proposed system is shown in Figure 6. There are three main topologies 

available for multi-tier inverters, namely cascaded H-bridge topology, flying capacitor topology, and neutral 

point or diode topology. The proposed system incorporates a neutral point topology (diode topology). The 

system is a voltage source inverter because the input voltage level is kept constant. The basic idea of this 

topology is to use diodes and generate multi-level voltages across different phases. The 3-level approach 

reduces the complexity of the switching circuit. There are three branches present in the system, each branch 

comprising four IGBT switches connected in series. Two diodes are connected on each leg in parallel to prevent 

activation of the wrong pair of switches [37]−[39]. 
 

5.1.  Important law 

It defines the state of the switch, it is worth 1 if the switch is closed and 0 if it is open, the functions 

of the inverter connections are related as follow [40], [41]. 
 

Fki = {
1  switch closed
0 open switch 

 

 

With k = 1, 2 or 3, represents the number of arms. 

We define the function of connecting the half-arm as follows: 
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{𝐹
𝑏𝑘1 = 𝐹𝑘1. 𝐹𝑘2
𝐹𝑏𝑘0 = 𝐹𝑘3. 𝐹𝑘4

  (5) 

 

denote by: 1: Half arm up; and 0: Half arm low. 

 

 

 
 

Figure 6. Three-level inverter structure NPC 

 

 

The potentials of the nodes are given by the following system: 

 

𝑉AM = 𝐹11
𝑏
𝑉𝑑𝑐
2
− 𝐹10

𝑏
𝑉𝑑𝑐
2
= (𝐹11

𝑏 − 𝐹10
𝑏 )𝑉𝑑𝑐  

𝑉BM = 𝐹21
𝑏
𝑉𝑑𝑐
2
− 𝐹20

𝑏
𝑉𝑑𝑐
2
= (𝐹21

𝑏 − 𝐹20
𝑏 )𝑉𝑑𝑐  

𝑉CM = 𝐹31
𝑏 𝑉𝑑𝑐

2
− 𝐹30

𝑏 𝑉𝑑𝑐

2
= (𝐹31

𝑏 − 𝐹30
𝑏 )𝑉𝑑𝑐  (6) 

 

The voltages are given as (7) 

 

 [

𝑉𝐴
𝑉𝐵
𝑉𝐶

] =
1

3
𝑉dc [

2 −1 −1
−1 2 −1
−1 −1 2

] [

𝐹11
𝑏 − 𝐹10

𝑏

𝐹21
𝑏 − 𝐹20

𝑏

𝐹31
𝑏 − 𝐹30

𝑏

] (7) 

For currents, we can write the relation giving input currents id1 and id2 depending on the currents i1, i2 and i3. 

 

id1 = 𝐹11
𝑏 ⋅ 𝑖1 + 𝐹21

𝑏 ⋅ 𝑖2 + 𝐹31
𝑏 ⋅ 𝑖3 

id2 = 𝐹10
𝑏 ⋅ 𝑖1 + 𝐹20

𝑏 ⋅ 𝑖2 + 𝐹30
𝑏 ⋅ 𝑖3 (8) 

 

id0 current can be written as: 

 

id0 = (𝑖1 + 𝑖2 + 𝑖3) − (𝐹11
𝑏 + 𝐹10

𝑏 )𝑖1 − (𝐹21
𝑏 + 𝐹20

𝑏 )𝑖2 − (𝐹31
𝑏 + 𝐹30

𝑏 )𝑖3 (9) 

 

5.2.  Control triangle-sine two carriers 

This strategy exploits the fact that a three-level inverter is equivalent to two inverters in series at two 

levels. One can use two identical carriers, out of phase by a half period from one another so as to improve the 

total harmonic distortion of the output voltages. 

Determination of intermediate signals V VK K O. .,1 . 

 

{
(𝑉𝑟𝑒𝑓𝐾 ≥ 𝑈𝑃1) ⇒ 𝑉𝐾1 =

𝑉𝑑𝑐
2

(𝑉𝑟𝑒𝑓𝐾 < 𝑈𝑃1) ⇒ 𝑉𝐾1 = 0
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{

(𝑉𝑟𝑒𝑓𝐾 ≥ 𝑈𝑃2) ⇒ 𝑉𝐾𝑂 = 0

(𝑉𝑟𝑒𝑓𝐾 < 𝑈𝑃2) ⇒ 𝑉𝐾𝑂 = −
𝑉𝑑𝑐
2

 

 

 

6. DOUBLY FED INDUCTION MACHINE MODEL 

The mathematical model of the motor supplied with voltage as a function of the state variables is 

given by [42]: 
 

{
 
 
 
 

 
 
 
 
𝑑

𝑑𝑡
𝑖𝑠𝑑 = −𝜆𝑖𝑠𝑑 + 𝜔𝑠𝑖𝑠𝑞 +

𝐾

𝑇𝑟
𝜑𝑟𝑑 + 𝜔.𝐾𝜑𝑟𝑞 +

1

𝜎𝐿𝑠
𝑣𝑠𝑑 − 𝐾𝑣𝑟𝑑

𝑑

𝑑𝑡
𝑖𝑠𝑞 = −𝜔𝑠𝑖𝑠𝑞 − 𝜆𝑖𝑠𝑞 − 𝜔.𝐾𝜑𝑟𝑑 +

𝐾

𝑇𝑟
𝜑𝑟𝑞 +

1

𝜎𝐿𝑠
𝑣𝑠𝑞 − 𝐾𝑣𝑟𝑞

𝑑

𝑑𝑡
𝜑𝑟𝑑 =

𝐿𝑚

𝑇𝑟
𝑖𝑠𝑑 −

1

𝑇𝑟
𝜑𝑟𝑑 + 𝜔.𝜑𝑞𝑟 + 𝑣𝑟𝑑

𝑑

𝑑𝑡
𝜑𝑟𝑞 =

𝐿𝑚

𝑇𝑟
𝑖𝑠𝑞 − 𝜔.𝜑𝑟𝑑 −

1

𝑇𝑟
𝜑𝑟𝑞 + 𝑣𝑟𝑞

𝑑

𝑑𝑡
𝜔 = 𝑝2

𝐿𝑚

𝐿𝑟
(𝜑𝑟𝑑𝑖𝑠𝑞 − 𝜑𝑟𝑞𝑖𝑠𝑑) −

𝑓

𝐽
𝜔 −

𝐶𝑟

𝐽

  (10) 

 

with: 
 

𝑇𝑟 =
𝐿𝑟
𝑅𝑟
; 𝑇𝑠 =

𝐿𝑠
𝑅𝑠
;  𝜆 =

1

𝜎. 𝑇𝑟
;   𝐾 =

𝐿𝑚
𝜎𝐿𝑠.𝐿𝑟

;  𝜎 = 1 −
𝐿𝑚
2

𝐿𝑠𝐿𝑟
;  𝜔 = 𝑝. 𝛺 

 

The mechanical equation can be reformulated by:  
 

)..( sdrqsqrd
r

m
em ii

L

Lp
T  −=  (11) 

 

 

7. ORIENTATION OF ROTOR FLUX  

The orientation principle consists in aligning the rotor flux on the direct axis of the Park reference, 

[42], [43]. We apply: 

 

𝜑𝑟𝑞 = 0,𝜑𝑟 = 𝜑𝑟𝑑 (12) 

 

we find: 

 

𝑇𝑒𝑚 =
𝑝𝐿𝑚

𝐿𝑟
(𝜑𝑟𝑑 . 𝑖𝑠𝑞)  (13) 

 

The observed flux expression found by:  

 

𝜑𝑟 = √𝜑𝑟𝛼
2 + 𝜑𝑟𝛽

2  and  θ𝑠 = 𝑡𝑎𝑛
−1 (

𝜑𝑟𝛽

𝜑𝑟𝛼
)  (14) 

 

− Sliding mode control design 

The stator current sqI  is the important element for adjusting the speed of the machine. 

The control law writes in this form [44], [45]: 

 

𝐼𝑠𝑞
𝑟𝑒𝑓

= 𝐼𝑠𝑞
𝑒𝑞
+ 𝐼𝑠𝑞

𝑛                  (15) 

 

the machine speed setting surface is written in this expression: 

 

𝑆(𝜔) = 𝜔𝑟𝑒𝑓 − 𝜔 

 (16) 

its derivative given by: 

 

�̇�(𝜔) = �̇�𝑟𝑒𝑓 − �̇�  (17) 
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The expression for the speed is given by: 

 

�̇� =
𝑃.𝐿𝑚

𝐽.𝐿𝑟
(𝐼𝑠𝑞 . 𝜑𝑟𝑑

𝑟𝑒𝑓
) −

𝑝

𝐽
𝐶𝑟 −

𝑓

𝐽
𝜔 (18) 

the replacement of the expression of the speed in the equation of the surface, one obtains the following 

equation: 

 

�̇�(𝜔) = �̇�𝑟𝑒𝑓 − (
𝑃.𝐿𝑚

𝐽.𝐿𝑟
(𝐼𝑠𝑞 . 𝜑𝑟𝑑

𝑟𝑒𝑓
) −

𝑝

𝐽
𝐶𝑟 −

𝑓

𝐽
𝜔)  (19) 

 

the reference current sqI  is replaced by 𝐼𝑠𝑞
𝑟𝑒𝑓

= 𝐼𝑠𝑞
𝑒𝑞
+ 𝐼𝑠𝑞

𝑛 , after the arrangement we find: 

 

�̇�(𝜔) = �̇�𝑟𝑒𝑓 − (
𝑃.𝐿𝑚.𝜑𝑟𝑑

𝑟𝑒𝑓

𝐽.𝐿𝑟
𝐼𝑠𝑞
𝑒𝑞
+

𝑃.𝐿𝑚.𝜑𝑟𝑑
𝑟𝑒𝑓

𝐽.𝐿𝑟
𝐼𝑠𝑞
𝑛 −

𝑝

𝐽
𝐶𝑟 −

𝑓

𝐽
𝜔) (20) 

 

in the two sliding and permanent modes, we find: 

 

𝑆(𝜔) = 0, �̇�(𝜔) = 0, 𝐼𝑠𝑞
𝑛 = 0 (21) 

 

the equivalent command quantity 
eq
sqI  is written:  

 

𝐼𝑠𝑞
𝑒𝑞
=

𝐽.𝐿𝑟

𝑃.𝐿𝑚.𝜑𝑟𝑑
𝑟𝑒𝑓 (�̇�𝑟𝑒𝑓 +

𝑃

𝐽
𝐶𝑟 +

𝑓

𝐽
𝜔)  (22) 

 

This condition will always be checked. 

 

�̇�(𝜔) = 𝑆(𝜔). �̇�(𝜔) < 0  (23)  

 

The final replacement equation is given by: 

 

�̇�(𝜔) = −
𝑃.𝐿𝑚.𝜑𝑟𝑑

𝑟𝑒𝑓

𝐽.𝐿𝑟
𝐼𝑠𝑞
𝑛   (24) 

 

with 𝐼𝑠𝑞
𝑛 = 𝐾𝑖𝑠𝑞𝑠𝑖𝑔𝑛(𝑆(𝜔)) 

 

 

8. SYNTHESIS OF THE OBSERVER BY SLIDING MODE  

The machine model equations are expressed by [46], [47]: 

 

{
 
 
 

 
 
 
𝑑

𝑑𝑡
𝑖𝑠𝛼 = −𝜆𝑖𝑠𝛼 + 𝜔𝑠𝑖𝑠𝛽 +

𝐾

𝑇𝑟
𝜑𝑟𝛼 + 𝜔.𝐾𝜑𝑟𝛽 +

1

𝜎𝐿𝑠
𝑣𝑠𝛼 − 𝐾𝑣𝑟𝛼

𝑑

𝑑𝑡
𝑖𝑠𝛽 = −𝜔𝑠𝑖𝑠𝛽 − 𝜆𝑖𝑠𝛽 − 𝜔.𝐾𝜑𝑟𝛼 +

𝐾

𝑇𝑟
𝜑𝑟𝛽 +

1

𝜎𝐿𝑠
𝑣𝑠𝛽 − 𝐾𝑣𝑟𝛽

𝑑

𝑑𝑡
𝜑𝑟𝛼 =

𝐿𝑚

𝑇𝑟
𝑖𝑠𝛼 −

1

𝑇𝑟
𝜑𝑟𝛼 + 𝜔.𝜑𝑟𝛽 + 𝑣𝑟𝛼

𝑑

𝑑𝑡
𝜑𝑟𝛽 =

𝐿𝑚

𝑇𝑟
𝑖𝑠𝛽 −𝜔.𝜑𝑟𝛼 −

1

𝑇𝑟
𝜑𝑟𝛽 + 𝑣𝑟𝛽

  (25) 

 

with: 
 

𝑇𝑟 =
𝐿𝑟
𝑅𝑟
; 𝑇𝑠 =

𝐿𝑠
𝑅𝑠
;  𝜆 =

1

𝜎. 𝑇𝑟
;   𝐾 =

𝐿𝑚
𝜎𝐿𝑠.𝐿𝑟

;  𝜎 = 1 −
𝐿𝑚
2

𝐿𝑠𝐿𝑟
 

 

the structure of an observer is of the form: 

 

{
�̇̂� = 𝑓(�̂�, 𝑢) + 𝐺𝑔𝑠𝑖𝑔𝑛(𝑦 − �̂�)

�̂� = ℎ(�̂�)
 (26) 

 

were, 
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x̂ : Estimated state 

u : Observer input or command 

y and ŷ : Measured and estimated outputs, respectively. 

or  

 

𝑠𝑖𝑔𝑛(𝑦 − �̂�) = [𝑠𝑖𝑔𝑛(𝑦1 − �̂�1) 𝑠𝑖𝑔𝑛(𝑦2 − �̂�2). . . . . . . .  𝑠𝑖𝑔𝑛(𝑦𝑝 − �̂�𝑝)]   

 

gG : Matrix observer gain 

�̂�1, �̂�2, �̂�3, �̂�4 the estimates of the 𝑥1, 𝑥2, 𝑥3, 𝑥4 respectively which are the state variables of 𝑖𝑠𝛼 , 𝑖𝑠𝛽 , 𝜑𝑟𝛼 , 𝜑𝑟𝛽.  

The observer model can be represented by [48]−[50]: 
 

{
 
 
 

 
 
 �̇̂�1 = −𝜆�̂�1 + 𝜔𝑠�̂�2 +

𝐾

𝑇𝑟
�̂�3 + 𝜔.𝐾�̂�4 +

1

𝜎𝐿𝑠
𝑣𝑠𝛼 − 𝐾𝑣𝑟𝛼 + 𝑔1𝐼𝑠

�̇̂�2 = −𝜔𝑠�̂�2 − 𝜆�̂�2 −𝜔.𝐾�̂�3 +
𝐾

𝑇𝑟
�̂�4 +

1

𝜎𝐿𝑠
𝑣𝑠𝛽 − 𝐾𝑣𝑟𝛽 + 𝑔2𝐼𝑠

�̇̂�3 =
𝐿𝑚

𝑇𝑟
�̂�1 −

1

𝑇𝑟
�̂�3 + 𝜔. �̂�4 + 𝑣𝑟𝛼 + 𝑔3𝐼𝑠

�̇̂�4 =
𝐿𝑚

𝑇𝑟
�̂�2 − 𝜔. �̂�3 −

1

𝑇𝑟
�̂�4 + 𝑣𝑟𝛽 + 𝑔4𝐼𝑠

  (27) 

 

where g1, g2, g3, g4 are observer gains, 1 2j j jg g g =  
for 𝑗 ∈ {1,2,3, 4}. 

The vector sI  is given by: 

 

𝐼𝑠 = [
𝑠𝑖𝑔𝑛(𝑆1)
𝑠𝑖𝑔𝑛(𝑆2)

] (28) 

 

with 
 

𝑆𝑜𝑏 = [
𝑆1
𝑆2
] = 𝛤 [

𝑥1 − �̂�1
𝑥2 − �̂�2

] = 𝛤 [
𝑖𝑠𝛼 − 𝑖̂𝑠𝛼
𝑖𝑠𝛽 − 𝑖̂𝑠𝛽

]  

 

and  
 

𝛤 =
1

𝛽(𝑡)
[

𝐾

𝑇𝑟
−𝜔(𝑡)𝐾

𝜔(𝑡)𝐾
𝐾

𝑇𝑟

]  (29) 

 

with  
 

𝛽(𝑡) = [
𝐾

𝑇𝑟
]
2

+𝜔2(𝑡)𝐾2  (30) 

 

we take note that i j j
ˆe x -x   = for {1,2,3,4}j . 

 

�̇�1 =
𝐾

𝑇𝑟
𝑒3 + 𝜔𝐾𝑒4 − 𝑔1𝐼𝑠

�̇�2 =
𝐾

𝑇𝑟
𝑒4 − 𝜔𝐾𝑒3 − 𝑔2𝐼𝑠

�̇�3 = −
1

𝑇𝑟
𝑒3 −𝜔𝑒4 − 𝑔3𝐼𝑠

�̇�4 = −
1

𝑇𝑟
𝑒4 +𝜔𝑒3 − 𝑔4𝐼𝑠

  (31) 

 

The stability study results in obtaining the gains g1 and g2 to have 𝑆ob = 0.  

The gains 3g  and 4g  are obtained when 𝑆ob ≡ �̇� ≡ 0is locally stable.  

The state variables x3(t) and x4(t) are limited and let us examine then the system (31) is given by: 

 

[𝑔1 𝑔2] = [
𝑔11 𝑔12
𝑔21 𝑔22

] = 𝛤−1𝛥,  𝛥 = [
𝛿1 0
0 𝛿2

] 
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[
𝑔31 𝑔32
𝑔41 𝑔42

] = [
(𝑞1 −

1

𝑇𝑟
) 𝛿1 −𝜔(𝑡)𝛿2

𝜔(𝑡)𝛿1 (𝑞2 −
1

𝑇𝑟
) 𝛿2

]  (32) 

 

were  
 









+++

+++

2max1max42

2max1max31

ˆ

ˆ

eaeb

ebea

r

r








    

 

with  
 

𝑎𝑟212𝑚𝑎𝑥
, 𝑏 𝑟

2
2
(
1

𝐾
+ 2𝑝2𝜂1

2)
𝑚𝑎𝑥

 

|𝑥3(𝑡)| ≤ 𝜌3, |𝑥4(𝑡)| ≤ 𝜌4, 𝑞1𝑞2 > 0 

 

𝑆ob ≡ �̇� ≡ 0 this condition is fulfilled, then we get: 

 





−=

−=

424

313

eqe

eqe




  (33) 

 

where q1, q2 >0 this achieves the stability of e3 and e4. 

− Sliding mode observer for motor speed estimation   

The (30) can be rewritten as follows [48], [49], [50]: 
 

�̇�(𝜔) = 𝐴(𝜔). 𝑒 + 𝐶𝑔(𝜔). 𝐼𝑠𝑔(𝜔) (34) 
 

with 
 

�̇�(𝜔) = [

�̇�1
�̇�2
�̇�3
�̇�4

] ; 𝐴(𝜔) =

[
 
 
 
 
 
 0 0

𝐾

𝑇𝑟
𝐾.𝜔

0 0 −𝐾.𝜔
𝐾

𝑇𝑟

0 0
−1

𝑇𝑟
−𝜔

0 0 𝜔
−1

𝑇𝑟 ]
 
 
 
 
 
 

; 𝐺𝑔(𝜔) =

[
 
 
 
 
 
 

𝐾

𝑇𝑟
. 𝛿1

𝐾

𝑇𝑟
. 𝜔. 𝛿2

−
𝐾

𝑇𝑟
. 𝜔. 𝛿1

𝐾

𝑇𝑟
. 𝛿2

(𝑞1 −
1

𝑇𝑟
) . 𝛿1 −𝜔. 𝛿2

𝜔. 𝛿1 (𝑞2 −
1

𝑇𝑟
) . 𝛿2]

 
 
 
 
 
 

  

 

the motor speed is replaced by its estimated magnitude  −=ˆ , the system (33) becomes: 
 

�̇�(�̂�) = 𝐴(�̂�). 𝑒 + 𝐺𝑔(�̂�). 𝐼𝑠𝑔(�̂�)  (35) 
 

with 
 

𝐴(�̂�) = 𝐴(𝜔) + 𝛥𝛺  (36) 
 

𝐺𝑔(�̂�) = 𝐺𝑔(𝜔) + 𝛥𝐺𝑔   (37) 
 

𝐼𝑠𝑔 = 𝑠𝑖𝑔𝑛

[
 
 
 𝑆1 +

𝐾

𝑇𝑟
.𝑒2.𝛥𝜔

𝛽

𝑆2 +

𝐾

𝑇𝑟
.𝑒1.𝛥𝜔

𝛽 ]
 
 
 

  (38) 

 

and 
 

𝛥𝐴 = [

0 0 0 −𝐾. 𝛥𝜔
0 0 𝐾. 𝛥𝜔 0
0 0 0 𝛥𝜔
0 0 −𝛥𝜔 0

]; 𝛥𝐺𝑔 =

[
 
 
 
 
 0

𝐾

𝑇𝑟
. 𝛥𝜔. 𝛿2

−
𝐾

𝑇𝑟
. 𝛥𝜔. 𝛿1 0

0 𝛥𝜔. 𝛿2
−𝛥𝜔. 𝛿1 0 ]
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the applied Lyapunov function is given by: 

 

𝑣 =
1

2
𝑒. 𝑒𝑇 +

1

2𝜆
(𝛥𝜔)2 (39) 

 

we derive the (38) we find: 

 

�̇� = 𝑒𝑇 . �̇�(�̂�) +
1

𝜆
𝛥𝜔. �̇̂�  (40) 

 

we replace the expression of ˆ( )e   in the (39), it comes: 

 

�̇� = 𝑒𝑇{(𝐴(𝜔) + 𝛥𝐴). 𝑒 − (𝐺𝑔 + 𝛥𝐺𝑔). 𝐼𝑠𝑔(𝜔)} + 𝑒
𝑇 . 𝐺𝑔 . 𝐼𝑠𝑔 − 𝑒

𝑇 . 𝐺𝑔. 𝐼𝑠𝑔 +
1

𝜆
𝛥𝜔. �̇̂�  (41) 

 

after arrangement we get: 

 

�̇� = 𝑒𝑇[(𝐴(𝜔)𝑒 − 𝐺𝑔. 𝐼𝑠𝑔(𝜔)) + (𝐺𝑔 . 𝐼𝑠𝑔(𝜔) − (𝐺𝑔 + 𝛥𝐺𝑔). 𝐼𝑠𝑔(𝜔))] +
1

𝜆
𝛥𝜔. �̇̂� + 𝑒𝑇 . 𝛥𝐴. 𝑒 (42) 

 

with 

 

𝑒𝑇 . 𝛥𝐴. 𝑒 = 𝛥𝜔. {𝑝. 𝐾. (𝑒1. �̂�4 − 𝑒2. �̂�3)} + 𝑝. 𝐾. 𝛥𝜔(𝑒2. 𝑥3 − 𝑒1. 𝑥4)   (43) 

 

based on this equality: 

 

( )  0ˆ.ˆ....ˆ.
1

3241 =−+ xexeKp


   (44) 

 

we have 0 , motor speed adaptation law given by this expression: 

 

�̇̂� = 𝜆. 𝐾. 𝑝. (𝑒1. �̂�4 − 𝑒2. �̂�3)  (45) 

 

�̇̂� = 𝜆. 𝐾. 𝑝. ((𝑖𝑠𝛼 − 𝑖̂𝑠𝛼). �̂�𝑟𝛽 − (𝑖𝑠𝛽 − 𝑖�̂�𝛽). �̂�𝑟𝛼)  (46) 

 

in (33) then becomes: 

 

�̇� = 𝑒𝑇 . 𝑒 + 𝑒𝑇 . {𝐺𝑔. 𝐼𝑠𝑔(�̂�) − (𝐺𝑔 + 𝛥𝐺𝑔). 𝐼𝑠𝑔(�̂�)} + 𝑝. 𝐾. 𝛥𝜔. (𝑒2. 𝑥3 − 𝑒1. 𝑥4) (47) 

 

If the (48) is satisfied, the system can be said to be stable: 

 

𝑒𝑇 . {𝐺𝑔. 𝐼𝑠𝑔(�̂�) − (𝐺𝑔 + 𝛥𝐺𝑔). 𝐼𝑠𝑔(�̂�)} + 𝑝. 𝐾. 𝛥𝜔. (𝑒2. 𝑥3 − 𝑒1. 𝑥4) < 0  (48) 

 

this result defines the stability. 

 

 

9. INTERPRETATION OF SIMULATION RESULTS    

To check the results of the sensorless vector control of this machine, we carried out a series of tests 

such as variation of the load torque with continuation of the speed and inversion of the direction of rotation. 

Figure 7 represents a three-phase machine powered by two PWM voltage inverters, one at the stator level and 

the other at the rotor level, these two inverters are powered by a photovoltaic chain, a controller speed 

robustness and for the estimation of the fluxes, the stator currents and the rotational speed we used a sliding 

mode observer. The parameters of the 1.5 MW machine are shown in the list: 1.5 Kw, 1,450 rpm, 50 Hz, 

Rr=1.68 , Rs=1.75, Ls=295 mH, Lr=104 mH, Lm=165 mH, J=0.01 kg.m2, f=0.0027 kg.m2/s. 

The proposed strategy is presented in Figure 8. Figure 9 (see Appendix) shows the results of an off-

load start of a motor with a reference speed of 250 rad/s, and the effect of applying a load torque of value Tr=10 

Nm to the time t =1.5s and its subsequent elimination at time t=2.5s  

We observe that: 

− The evaluation of the rotation speed is almost impeccable shown in Figure 9(a). 
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− The desired speed absolutely follows the existing speed with a static error equal to zero shown in  

Figure 9(b) 

− Better susceptibility to large imbalances with a short rejection time, thanks to the use of a strong and robust 

control loop by the sliding mode controller. The line current is perfectly sinusoidal shown in  

Figure 9(c) and Figure 9(d). 

− In addition, an excellent orientation of the rotor flux is observed on the direct axis shown Figure 9(g). This 

has enormous repercussions on the electromagnetic torque shown in Figure 9(e). During changes in the 

setpoints, and in particular during the reversal of rotation, the change in the direction of the torque does not 

degrade the orientation of the flux. 

 

 

 
 

Figure 7. Schematic of dual-feed motor sensorless vector control using a sliding mode observer fed by 

photovoltaic solar panel 
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Figure 8. The Simulink model of strategy proposed 
 
 

 
 

 

   

 
 

Figure 9. Close up view Solar PV powered system responses with MPPT (a) motor speed, (b) error speed,  

(c) stator current, (d) zoom of stator current, (e) electromagnetic torque, (f) stator flux, and (g) rotor flux 
 
 

10. CONCLUSION 

The results obtained clearly show the efficiency and usefulness of the MPPT algorithm for operating 

the system under optimal conditions, by maintaining the power at its maximum value at each irradiation value, 

whatever the climatic conditions, these results also prove that observer by sliding mode using an algorithm 

based on the stability criterion of lyapunov in the estimation of the speed, allowed us to have a good estimate 

of the flux and the speed of rotation of the motor. 
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