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In this work, the modeling and the sliding mode control of a self-excited asynchronous 

generator integrated in a wind energy conversion system is studied. The dc-link voltage 

and frequency output by the wind turbine depend on the wind intensity applied to the 

turbine and load. The goal of the study is to increase energy quality and to achieve a 

stabilization of dc-link voltage and frequency values based on sliding mode control. This 

method offers stability and robustness against external disturbances. However, this method 

is based in the power converter to improve the excellent dynamic of wind energy 

conversion system to meet the connection to the main grid. The simulation results show 

the efficiency and reliability of the proposed control method. 
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1. INTRODUCTION

The production of electricity by wind turbines depends 

mainly on the strength of the wind at a given time. Wind 

energy is an undegradable renewable energy [1, 2]. Moreover, 

it is an energy which does not produce any atmospheric 

discharge or radioactive waste. However, wind speed is 

variable, a wind turbine cannot be set at its optimum 

permanently [3]. Operating the wind turbine around optimal 

point can maximize the power extracted from the wind during 

its variation [4]. This technique of Maximum Power Point 

Tracker (MPPT) consists of adjusting the electromagnetic 

torque to fix the speed at a reference value 𝜔𝑟𝑒𝑓 .

An Induction generator with a squirrel-cage rotor, more 

commonly called self-excited generator, is a popular generator 

widely used in AC generators because it is robust, unexpensive 

and being mostly used in high power applications. It is able to 

limit the short-circuit current [5]. However, if most generators 

require external excitation, the cage generator requires a bank 

of stator capacitors for its excitation. The static converters 

(rectifier and inverter) are intermediate between the generator 

and the network (the load). The sliding mode control strategy 

is used to increase the performance and the quality of the 

produced energy [6-8]. 

Adjustment by sliding mode is a particular operating 

technique for systems with variable structure. The theory of 

systems with variable structure and associated sliding modes 

is a non-linear control technique. It is characterized by control 

discontinuity at the transition between switching surfaces 

called sliding surfaces [9, 10]. 

The sliding mode technique consists of bringing the 

trajectory of a system state towards the sliding surface and 

having it switched using an appropriate commutation around 

it until the equilibrium point [11]. 

In the beginning, this study is focused on the modeling and 

control of a self-excited asynchronous generator. It can be 

considered as the continuation of the work of Yang [12]. We 

consider the same technical solution, i.e. to develop a new 

mathematical model for the control of the self-excited 

asynchronous generator. Subsequently, we were also 

interested in the control of a system by sliding mode. 

The work is organized as follows: In section 2, the studied 

system is presented and explained. In the next Section, we 

explain the application of the wind turbine using sliding mode 

controller based on the asynchronous cage generator. In 

section 4, the main simulation results are presented. Finally, a 

general conclusion is given in the last section. 

2. THE STUDIED SYSTEM

An aero-generator (Figure 1), more commonly known as a 

wind turbine, is a device that transforms part of the kinetic 

energy of the wind into mechanical energy available on a 

transmission shaft, then into electrical energy via an 

asynchronous cage generator and two static converters 

(rectifier, inverter) [12-14]. 

Figure 1. Schematic diagram of the system studied 
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2.1 Turbine modeling 

 

The incoming wind power 𝑝𝑣: 

 

𝑝𝑣 =
1

2
𝜌𝑠𝑉1

3  (1) 

 

with: 

𝜌: air density (kg/m³); 

𝐶𝑝: power coefficient; 

s: surface swept by the blades. (m2); 

𝑉1: upstream wind speed (m/s). 

The mechanical power  𝑝𝑚  available on the shaft of an 

aerogenerator is thus expressed [15-17]. 

 

𝑃𝑚 =
1

2
𝜌𝑠𝐶𝑝(𝜆)𝑉1

3  (2) 

 

with: 

 

𝐶𝑝 =
𝑃𝑚
𝑃𝑣
  (3) 

 

and: 

 

𝜆 =
Ω𝑡𝑢𝑟𝑟

𝑉1
  (4) 

 

with: 

Ω𝑡𝑢𝑟: rotational speed of the wind turbine; 

𝑟: blade radius (mm). 

The maximum value of 𝐶𝑝 is reached when: 

 

𝐶𝑃𝑚𝑎𝑥 =
16

27
= 0.593  

 

It is this theoretical limit, called the Betz limit, that fixes the 

maximum extractable power for a given wind speed [18]. 

Therefore, the maximum extracted power is: 

 

𝑃𝑚𝑚𝑎𝑥 =
1

2
𝜌𝑆𝐶𝑃𝑚𝑎𝑥𝑉1

3  (5) 

 

The turbine torque is: 

 

𝐶𝑎𝑒𝑟 =
𝑃𝑚
Ω𝑡𝑢𝑟

=
1

2Ω𝑡𝑢𝑟
𝜌𝑆𝐶𝑝(𝜆)𝑉1

3  (6) 

 

and: 

 

Ω𝑚𝑒𝑐 = 𝐺Ω𝑡𝑢𝑟   (7) 

 

with: 

Ω𝑚𝑒𝑐: angular speed of the generator(rad/s); 

G: gain of the multiplier. 

The mechanical torque on the generator shaft is: 

 

𝐶𝑚𝑒𝑐 =
1

𝐺
𝐶𝑎𝑒𝑟   (8) 

 

The generator tree is modeled by the following equation: 

 

𝐽𝑇
𝑑Ω𝑚é𝑐
𝑑𝑡

=  𝐶𝑇 − 𝐶𝑉𝑖𝑠  (9) 

 

The viscous friction torque is modeled by: 

 

𝐶𝑉𝑖𝑠 = 𝑓𝑇Ω𝑚é𝑐   (10) 

 

The total torque of the wind turbine is given by: 

 

𝐶𝑇 = 𝐶𝑚é𝑐 − 𝐶𝑒𝑚   (11) 

 

𝐽𝑇 =
𝐽𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝐺²
+ 𝐽𝑔  (12) 

 

with: 

𝐶𝑒𝑚: electromagnetic torque (N.m); 

𝐽𝑇 : total inertia of rotating parts (kg.𝑚−3); 

𝑓𝑇: total viscous friction coefficient (N.m.s/rd); 

𝐽𝑔: generator inertia (kg.m2). 

 

2.2 The maximum power extraction techniques 

 

The power captured by the wind turbine can be essentially 

maximized by adjusting the coefficient  𝐶𝑝 . The use of a 

variable speed wind turbine allows maximizing this power by 

the Maximum Power Point Tracking (M.P.P.T). Let us 

consider the behavior of an MPPT for a wind energy 

conversion system. The MPPT command allows to position 

the system at the optimum power point regardless of wind 

speed (Figure 2) [19]. 

 

  
 

Figure 2. Extraction of maximum power for different wind 

speeds 

 

To maximize power, when the wind speed is lower than its 

nominal value, the mechanical speed of the wind turbine 

corresponds to points 4, 5 and 6 [19] (Figure 3). 

 

 
 

Figure 3. Characteristic (power - mechanical speed) 
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2.3 Modeling of the self-excited asynchronous generator 

 

The Park equations of the machine in the frame of the 

rotating field [19, 20]:  

 

𝑉𝑠𝑑 = 𝑅𝑠𝑖𝑠𝑑 +
𝑑𝜓𝑠𝑑
𝑑𝑡

− 𝑤𝑠𝜓𝑠𝑞  (13) 

 

𝑉𝑠𝑞 = 𝑅𝑠𝑖𝑠𝑞 +
𝑑𝜓𝑠𝑞

𝑑𝑡
+ 𝑤𝑠𝜓𝑠𝑑 (14) 

 

0 = 𝑅𝑟𝑖𝑟𝑑 +
𝑑𝜓𝑟𝑑
𝑑𝑡

− 𝑤𝑠𝑙𝜓𝑟𝑞  (15) 

 

0 = 𝑅𝑟𝑖𝑟𝑞 +
𝑑𝜓𝑟𝑞

𝑑𝑡
+ 𝑤𝑠𝑙𝜓𝑟𝑑 (16) 

 

With: 

(𝑉𝑠𝑑  and 𝑉𝑠𝑞): stator voltages on the axes (d,q)(V); 

(𝑖𝑠𝑑  and 𝑖𝑠𝑞): stator currents on the axes (d,q)(A); 

(𝑖𝑟𝑑  and 𝑖𝑟𝑞): rotor currents on the axes (d,q)(A); 

(𝜓𝑠𝑑  and 𝜓𝑠𝑞): stator fluxes on the axes (d,q)(Wb); 

(𝜓𝑟𝑑  and 𝜓𝑟𝑞): rotor fluxes on the axes (d,q)(Wb); 

wsl=ws-w: sliding speed(rad); 

ws: rotating field speed(rad/s); 

w: rotor speed(tr/mn); 

𝑅𝑠: stator resistance (Ω); 
𝑅𝑟: rotor resistance (Ω). 
The flux is given by: 

 

{
𝜓𝑠𝑑 = 𝐿𝑠𝐼𝑠𝑑 + 𝐿𝑚𝐼𝑟𝑑 = 𝐿𝜎𝑠𝐼𝑠𝑑 + 𝜓𝑚𝑑
𝜓𝑠𝑞 = 𝐿𝑠𝐼𝑠𝑞 + 𝐿𝑚𝐼𝑟𝑞 = 𝐿𝜎𝑠𝐼𝑠𝑞 +𝜓𝑚𝑞

 (17) 

 

{
𝜓𝑟𝑑 = 𝐿𝑟𝐼𝑟𝑑 + 𝐿𝑚𝐼𝑠𝑑 = 𝐿𝜎𝑟𝐼𝑟𝑑 + 𝜓𝑚𝑑
𝜓𝑟𝑞 = 𝐿𝑟𝐼𝑟𝑞 + 𝐿𝑚𝐼𝑠𝑞 = 𝐿𝜎𝑟𝐼𝑟𝑞 +𝜓𝑚𝑞

 (18) 

 

where, 

𝜓𝑚: magnetizing flux, 𝜓𝑚 = 𝐿𝑚𝐼𝑚; 

𝐼𝑚: magnetizing current; 

𝜓𝑚𝑑 = 𝐿𝑚𝐼𝑚𝑑, 𝜓𝑚𝑞 = 𝐿𝑚𝐼𝑚𝑞; 

𝐿𝑠: stator inductance (mH); 

𝐿𝑟: rotor inductance (mH); 

𝐿𝑚: magnetization inductance (mH); 

𝐿𝜎𝑠: stator leakage inductance [mH); 

𝐿𝜎𝑟: 𝑟otor leakage inductance (mH). 

 

{
𝐼𝑚𝑑 = 𝐼𝑠𝑑 + 𝐼𝑟𝑑
𝐼𝑚𝑞 = 𝐼𝑠𝑞 + 𝐼𝑟𝑞

 (19) 

 

 𝐼𝑚 = √𝐼𝑚𝑑² + 𝐼𝑚𝑞² (20) 

 

The synchronous electromagnetic torque developed by the 

rotating field is given by the following expression [19]: 

 

𝐶𝑒𝑚 =
3

2
𝑃(𝜓𝑑𝑠𝐼𝑞𝑠 − 𝜓𝑞𝑠𝐼𝑑𝑠) (21) 

 

𝐼𝑠𝑑 =
𝜓𝑠𝑑 −𝜓𝑚𝑑

𝐿𝜎𝑠
 (22) 

 

 𝐼𝑠𝑞 =
𝜓𝑠𝑞 − 𝜓𝑚𝑞

𝐿𝜎𝑠
 (23) 

 𝐼𝑟𝑑 =
𝜓𝑟𝑑 − 𝜓𝑚𝑑

𝐿𝜎𝑟
 (24) 

 

 𝐼𝑟𝑞 =
𝜓𝑟𝑞 − 𝜓𝑚𝑞

𝐿𝜎𝑟
 (25) 

 

Operation as a stand-alone generator requires a capacitor 

bank and a residual magnetic flux in the rotor iron is essential 

for the self-starting of the generator, it is used as a source of 

reactive energy for the machine [19]. So, this is applied self-

excited machine.  

By applying Ohm's law to each phase: 

 
𝑑

𝑑𝑡
𝑉𝑠𝑑 = −

1

𝐶
𝐼𝑠𝑑 + 𝑤𝑠𝑉𝑠𝑞  (26) 

 
𝑑

𝑑𝑡
𝑉𝑠𝑞 = −

1

𝐶
𝐼𝑠𝑞 −𝑤𝑠𝑉𝑠𝑑 (27) 

 

with:  

C: capacitor for excitation (μF). 

 

2.4 The cage generator simulation 

 

We simulated the asynchronous squirrel cage machine used 

as a generator according to the block diagram model with a 

stator reference frame using MATLAB software. 

Figure 4 shows the stator current response of the 

asynchronous no-load generator, one notices that the current 

response initially takes an increasing form in an exponential 

way as in the linear case (effect of starting), then converges 

towards a constant value. Also, the stator current takes a 

perfectly sinusoidal and balanced form (Figure 5). 

Figure 6 shows the stator voltage response of the 

asynchronous no-load generator. Initially, the voltage 

increases exponentially as in the linear case, then it converges 

towards a constant value depending on the condenser value 

and the wind speed. Also, one notes that the stator voltage has 

a sinusoidal form (Figure 7). 

 

 
 

Figure 4. Evolution of stator current at no load 

 

 
 

Figure 5. Detail of the no-load stator current 
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Figure 6. No-load stator voltage evolution 

 

 
 

Figure 7. Detail of the no-load stator voltage 

 

Figure 8 shows the stator voltage curve of an asynchronous 

generator operating under load at the instant t = 5s. It can be 

observed that the amplitude of the voltage decreases when the 

load is applied (Figure 9). 

 

 
 

Figure 8. Stator voltage with load 

 

 
 

Figure 9. Detail of the stator voltage with load 

 

 

3. APPLICATION OF THE WIND TURBINE SLIDING 

MODE CONTROL 

 

In this section, we study the use of sliding mode control of 

an asynchronous cage generator to increase the energy quality. 

The main purpose of the sliding mode control is to reduce the 

disturbances and to stabilize the voltage and frequency that the 

generator produces with different wind intensity values. 

To apply the control by sliding mode, oriented flux is 

required: 

 

𝜓𝑟𝑑 = 𝜓𝑟  𝑎𝑛𝑑 𝜓𝑟𝑞 = 0 (28) 

 

Then we have: 

 
𝑑𝑖𝑠𝑑
𝑑𝑡

= −𝑦1𝑖𝑠𝑑 + 𝑤𝑠𝑖𝑠𝑞 + 𝑦2𝜓𝑟 +
1

𝜎𝐿𝑠
𝑈𝑠𝑑   (29) 

 
𝑑𝑖𝑠𝑞

𝑑𝑡
= −𝑤𝑠𝑖𝑠𝑑 − 𝑦3𝑖𝑠𝑞 −𝑤𝑠𝑦4𝜓𝑟 +

1

𝜎𝐿𝑠
𝑈𝑠𝑞  (30) 

 

 
𝑑𝜓𝑟
𝑑𝑡

=
𝐿𝑚
𝜏𝑟
𝑖𝑠𝑑 −

1

𝜏𝑟
𝜓𝑟 (31) 

 

 𝑤𝑠 = 𝑤 +
𝐿𝑚
𝜏𝑟𝜓𝑟

𝑖𝑠𝑞  (32) 

 

with 

𝜏𝑟: time constant 𝜏𝑟=
𝐿𝑟

𝑅𝑟
. 

 

𝑦1 =
𝑅𝑠
𝜎𝐿𝑠

+
𝐿²𝑚

𝐿𝑟𝐿𝑠𝜎𝜏𝑟
 (33) 

 

 𝑦2 =  
𝐿𝑚

𝐿𝑟𝐿𝑠𝜎𝜏𝑟
 (34) 

 

 𝑦3 =
𝑅𝑠
𝜎𝐿𝑠

 (35) 

 

 𝑦4 =
𝐿𝑚
𝐿𝑟𝜎𝐿𝑠

 (36) 

 

3.1 Control design by sliding mode 

 

The implementation of the sliding mode control (SMC) 

requires three steps [21, 22]:  

1) The choice of the surface. 

2) Establishing the conditions for the existence of 

convergence. 

3) Determination of the control law. 

 

3.2 Choice of sliding surfaces  

 

We consider the following state model: 

 

 [𝑥̇] = [𝐴][𝑥] + [𝐵]. [𝑈] (37) 

 

where, [𝑥] ∈ 𝑅𝑛 is the state vector,  [𝑈] ∈ 𝑅𝑚  is the control 

vector, with 𝑛 > 𝑚. 

Usually, the number of sliding surfaces (SS) chosen is equal 

to the dimension of the control vector [𝑈]. 
 

3.3 The direct switching condition 

 

This is the first condition of convergence. It is proposed 

and studied by Emelyanov and Utkin. It is about giving the 

surface a dynamic converging towards zero, and is given in 

the form [23, 24]: 

 

𝑠̇(𝑥). 𝑠(𝑥) < 0    (38) 
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3.4 Determination of the control law 

 

Once the sliding surface, as well as the convergence 

criterion are chosen, it remains to determine the control 

required to attract the variable to be adjusted towards the 

surface, then towards its point of equilibrium, while 

maintaining the condition of existence of the sliding mode: 

 

 𝑢 = 𝑢𝑒𝑞 + 𝑢𝑛 (39) 

 

𝑢𝑛 = −𝐾𝑠𝑖𝑔𝑛(𝑆) (40) 

 

𝑢𝑒𝑞: corresponds to the equivalent command proposed by 

Filipov and Utkin. 

𝑢𝑛: a term introduced to satisfy the following convergence 

condition: 

 

𝑠̇(𝑥). 𝑠(𝑥) < 0 (41) 

 

Therefore, the control law determines the dynamic behavior 

of the system during the convergence mode. So, this command 

guarantees the attractiveness of the variable to be checked 

towards the sliding surface [23, 24]. 

 

 

4. APPLICATION OF THE SLIDING MODE 

CONTROL TO THE ASYNCHRONOUS CAGE 

GENERATOR 

 

The outputs to be set are: 

 

𝑦 = [𝜓𝑟𝑈𝑑𝑐]
𝑇 (42) 

 

{
 
 

 
 𝑠1(𝜓𝑟) = 𝜓𝑟 − 𝜓𝑟

∗

𝑠2(𝑈𝑑𝑐) = 𝑈𝑑𝑐 − 𝑈𝑑𝑐
∗

𝑠3(𝑖𝑠𝑑) = 𝑖𝑠𝑑 − 𝑖𝑠𝑑
∗

𝑠4(𝑖𝑠𝑞) = 𝑖𝑠𝑞 − 𝑖𝑠𝑞
∗

 (43) 

 

Then: 

 

 𝑖𝑠𝑑
∗ =

𝜏𝑟
𝐿𝑚

(
1

𝜏𝑟
𝜓𝑟 + 𝜓𝑟̇

∗
)−𝐾1𝑠𝑖𝑔𝑛(𝑠1) (44) 

 

 𝑖𝑠𝑞 =
𝑐𝑈𝑑𝑐
𝑤𝜓𝑟

𝐿𝑟
𝐿𝑚

(
𝑈𝑑𝑐
𝑐𝑅

+ 𝑈𝑑𝑐̇
∗
)−𝐾2𝑠𝑖𝑔𝑛(𝑠2) (45) 

 

 𝑈𝑠𝑑
∗ = 𝜎𝐿𝑠(𝑦1𝑖𝑠𝑑 −𝑤𝑠𝑖𝑠𝑞 − 𝑦2𝜓𝑟 + 𝐼𝑠̇𝑑

∗
)

− 𝐾3𝑠𝑖𝑔𝑛(𝑠3) 
(46) 

 

 𝑈𝑠𝑞
∗ = 𝜎𝐿𝑠(𝑤𝑠𝑖𝑠𝑑 + 𝑦3𝑖𝑠𝑞 + 𝑤𝑠𝑦4𝜓𝑟 + 𝐼𝑠̇𝑞

∗
)

− 𝐾4𝑠𝑖𝑔𝑛(𝑠4) 
(47) 

 

c: DC bus capacitor; 

R: line resistance. 

The detailed scheme of a sliding mode controller of a self-

excited asynchronous generator integrated is illustrated in 

Figure 10, where the schema presents the control of the system 

using a sliding mode controller implemented with indirect 

field orientation control (IFOC) is applied. So, this command 

is consists of a voltage regulator of the contained bus, current 

regulators (Isd-Isq) and a block for calculating the angle θS. 

From the contained bus voltage regulator, we get the reference 

current Isq, so the current reference Isd is the image of the 

rotor flux. The reference voltages Vsd and Vsq are the images 

of the direct and quadrature currents Isd and Isq obtained by a 

sliding mode controller. 

 

 
 

Figure 10. Control diagram by sliding mode applied to the 

asynchronous cage generator 

 

 

5. SIMULATION RESULTS  

 

The sliding mode control applied to the asynchronous cage 

generator is simulated. Figure 10 shows the control diagram. 

By applying mechanical speed as shown in Figure 11, and 

load 𝑅𝑐ℎ = 1Ω and varies at 𝑡 = 10𝑠 to 𝑅𝑐ℎ = 70Ω, we obtain 

DC bus voltages without and with regulation (Figures 12 and 

13). 

 

 
 

Figure 11. Wind speed variation 

 

 
 

Figure 12. DC bus voltage without regulation 

135



 

 
 

Figure 13. DC bus voltage with regulation using sliding 

mode regulator 

 

Figure 12 shows the voltage of the DC bus without and with 

a control respectively. In the first case, the voltage varies with 

the variation of the wind speed (Figure 11), while in the second 

one the voltage is well-regulated and follows its reference. 

One notices that the sliding mode control gives good tracking, 

no-overshoot, as well as an immediate rejection of wind speed 

disturbance. 

 

 

6. CONCLUSIONS 

 

In this work, the modeling and the control of a wind power 

system based on a self-excited asynchronous generator has 

been proposed. So, the proposed modeling of self-excited 

asynchronous generator for the purpose of optimizing the 

output of a wind turbine. The proposed sliding mode control 

method by controlling the dc link voltage, which is well known 

for its robustness, stability, simplicity and very low response 

time. Indeed, the obtained simulation results confirm that the 

sliding mode control has shown an improvement in the 

performance of the mechanical and electrical outputs of a self-

excited asynchronous generator. 
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NOMENCLATURE 

 

Ω𝑚𝑒𝑐  angular speed of the generator(rad/s) 

𝐶𝑒𝑚 electromagnetic torque (N.m) 

𝑉𝑠𝑑  and 𝑉𝑠𝑞  stator voltages on the axes (d,q)(V) 

(𝑖𝑠𝑑and 𝑖𝑠𝑞) stator currents on the axes (d,q)(A) 

(𝑖𝑟𝑑 and 𝑖𝑟𝑞) rotor currents on the axes (d,q)(A) 

(𝜓𝑠𝑑and 𝜓𝑠𝑞) stator fluxes on the axes (d,q)(Wb) 

(𝜓𝑟𝑑and 𝜓𝑟𝑞) rotor fluxes on the axes (d,q)(Wb) 

wsl =ws-w sliding speed(rad) 

ws  rotating field speed(rad/s) 

w  rotor speed(tr/mn) 

𝑅𝑠  stator resistance (Ω) 

𝑅𝑟  rotor resistance (Ω) 

𝜓𝑚 magnetizing flux 

𝐼𝑚 magnetizing current 

𝐿𝑠 stator inductance (mH) 

𝐿𝑟 rotor inductance (mH) 

𝐿𝑚 magnetization inductance (mH) 

𝐿𝜎𝑠  stator leakage inductance [mH) 

𝐿𝜎𝑟 𝑟otor leakage inductance (mH) 

 

Greek symbols 

 

𝜌 air density (kg/m³) 

𝐶𝑝 power coefficient  

𝑠 surface swept by the blades (m2) 

𝑉1  upstream wind speed (m/s) 

𝑟 blade radius (mm) 

G gain of the multiplier 

𝐽𝑇  total inertia of rotating parts (kg.𝑚−3) 

𝑓𝑇 total viscous friction coefficient 

(N.m.s/rd) 

𝐽𝑔  generator inertia (kg.m2). 

𝜏𝑟 time constant 

C capacitor for excitation (μF) 

𝑐  DC bus capacitor 

R  line resistance 

 

Subscripts 

 

MPPT Maximum Power Point Tracking 

SMC Sliding mode control 

SS Sliding surfaces 
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