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Abstract—In this paper, we present a novel design and 

development of wind energy conversion systems (WECS) for a 

doubly-fed induction generator (DFIG). A hysteresis current 

control is used to improve the DC bus for rectifier and smart 

current control by model predictive of three-level-NPC (3L-

NPC) inverter. The advantages of this intelligent method are 

such as fast dynamic answers and the easy implementation of 

nonlinearities, and that it requires fewer calculations to choose 

the best switching state. In addition, an innovative algorithm is 

proposed to adjust the current ripples and output voltage 

harmonics of the wind energy conversion system. The 

performance of the system was analysed by simulation using 

MATLAB/Simulink. 

 
Index Terms—Doubly-fed induction generator; Hysteresis 

current control; Predictive current control; Wind energy 

conversion system; 3L-NPC. 

I. INTRODUCTION 

Unlike conventional rectifiers, pulse width modulation 

(PWM) rectifiers are made using semiconductors controlled 

on opening and closing. The possibility of opening control 

allows full control of the converter because the switches can 

be switched, as required, both on closing and opening with a 

fairly high frequency. There are two ways to implement 

rectifiers: as current source rectifier and voltage source 

rectifier; traditional rectification technology is an 

uncontrolled rectification circuit composed of diodes. Its 

harm is to produce a large number of current harmonics and 

inject them into the grid, thus affecting the quality of power 

and reducing the service life of electronic equipment. 

Therefore, in recent years, single-phase PWM rectifiers have 

been extensively utilised in renewable energy generation [1], 

[2], motor drive systems, uninterruptible power supplies, and 

battery energy storage systems. A single-phase PWM 

rectifier has a higher power factor and lower harmonics 

compared to an uncontrolled rectifier [3]. 

Global energy consumption continues to increase, and the 

large part of this consumable energy comes from fossil fuels 

(oil, natural gas, coal, etc.), the massive use of which can lead 

to the depletion of these reserves and really threatens the 

environment. 

Wind energy is clean and renewable energy, unlike 

conventional energy, which presents the constraints of 

distance from the electricity network and the constraints of 

fuel transport, as well as the periodic maintenance of the 

installations. 

The problem with the multilevel inverters connected to the 

grid is its switching frequency, which is the main cause of 

harmonics and switching losses there due to a reduction in the 

efficiency of the inverter. The authors have investigated the 

possible technical impacts in voltage regulation, active and 

reactive power variations, transformer loading, current and 

voltage harmonics caused by the integration of renewable 

energy [4]–[6]. 

When trying to solve harmonic problems, more researchers 

used the sinusoidal pulse width modulation (SPWM) 

approach and implemented in wind energy conversion 

systems to lower the harmonic content on the output voltage 

waveform [7]. The space vector modulation (SVM) technique 

has remarkable performance in three-level-PWM topologies 

[8]. Other techniques involving modulation methods at a low 

switching frequency that have attained more demand in a 

broader field of function are Staircase modulation, selective 

harmonic elimination (SHE) [9], [10], space vector control 

(SVC) [11], and sliding mode control (SMC) for doubly-fed 

induction generator (DFIG) [12]. 

This work proposes a new smart current control that is 

based on utilising predictive current control of three-level-

NPC (3L-NPC) inverter by wind energy conversion systems 

(WECS) connected to grid-based DFIG and a hysteresis 

current controlled rectifier capable of handling these 

problems: the influence of harmonic disturbances (similar 

current total harmonic distortion (THD)), voltage stress, 

switching losses, rise time, overshoot, undershoot, and 

settling time of WECS. 

The basic idea of this control is to choose the best 

switching state of the power switches with the switching state 

that minimises the quality function, selected of the order 

predictive current control of WECS for the continual increase 

in the power transmitted to the electrical grid while ensuring 
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reduction of current ripples and output voltage harmonics. 

The organization of the rest of this paper is as follows. The 

configuration of the application generator, the turbine 

modelling, the multiplier modelling, and the DFIG modelling 

are presented in Section II. The hysteresis current control 

rectifier, modelling of the rectifier, functional representation 

of the PWM rectifier in the three-phase and PWM to 

hysteresis band are shown in Section III. The three-level-NPC 

inverter with predictive current control implementation, the 

3L-NPC model inverter, the predictive current control 

implementation, and the cost function are discussed in 

Section IV. Simulation results studies are presented and 

discussed in Section V. Comparison to the state of the art is 

summarised in Section VI. The conclusions are provided in 

Section VII. 

II. CONFIGURATION FOR APPLICATION GENERATOR 

In this drive system, we are interested in the wound rotor 

doubly-fed induction generator (DFIG) and its use for the 

production of electrical energy from wind power. DFIG with 

double power supply with dissipated rotor energy: this 

variable speed configuration is represented in Fig. 1.  

 
Fig. 1.  DFIG-based wind energy conversion system. 

The stator is connected directly to the network, and the 

rotor is connected to a rectifier (rotor side converter). 

Predictive control is applied to an inverter 3L-NPC (grid side 

converter) that is placed on the output of the rectifier 

controlled by PWM hysteresis. 

A. Turbine Modelling 

The modelling of the turbine consists in expressing the 

extractable power as a function of the wind speed and the 

operating conditions; this makes it possible to know the wind 

torque applied to the wind turbine. This modelling is based 

on bibliographic cross-checking or additional information 

from brochures from different manufacturers [13] 
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where 𝜆 is the speed ratio (rad), 𝛽 depicts the angle of the 

blades of the orientation, 𝛺𝑇 is the turbine rotation speed, 𝑅𝑇 

represents length (radius) of the blade, 𝑉𝑉 represents the wind 

speed, and 𝜌 is the density of the air (1.22 kg/m3 at 

atmospheric pressure at 15 °C). 

The Betz limit is that the power coefficient Cp (λ, β) does 

not exceed the value 16/17 = 0.59 [13], [14]. 

B. Multiplier Modelling 

The turbine speed must be adjusted to the generator speed 

(DFIG). For this, we grant a multiplier between the turbine 

and the DFIG, the latter is mathematically modelled by the 

following equations: 
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The mechanical equation: 
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So, the mechanical equation will be like this: 
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𝐶𝑇, 𝐶𝑔, 𝐶𝑣𝑖𝑠 are the wind couple, the electromagnetic 

couple, and the viscous couple, respectively. 𝐽𝑇 and 𝐽𝑔 

represent the inertia of the turbine and that of the generator, 

𝑓𝑇 and 𝑓𝑔 are the coefficient of viscous friction of the turbine 

and that of the generator, 𝐺 represents the ratio of the speed 

multiplier, and 𝛺𝑚𝑒𝑐 is the generator rotation speed (fast 

axis). 

C. DFIG Modelling 

Therefore, the DFIG mathematical model is written in 

Park’s frame of reference linked to the field turn as follows 

[14], [15]. 

The equations of tensions: 
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The equations of the fields: 
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The electromagnetic couple becomes 
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The active and reactive powers of the stator and rotor are 

expressed by 
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𝑅𝑠, 𝑅𝑟 are stator and rotor resistances, 𝐿𝑠, 𝐿𝑟, and 𝑀 are 

stator, rotor, and mutual inductances, respectively, 

𝐼𝑑𝑠, 𝐼𝑞𝑠, 𝐼𝑑𝑟 , and 𝐼𝑞𝑟 represent stator and rotor currents in the 

d-q frame, 𝑃𝑠, 𝑄𝑠, 𝑃𝑟, and 𝑄𝑟 represent stator and rotor active 

and reactive powers, 𝑉𝑑𝑠, 𝑉𝑞𝑠, 𝑉𝑑𝑟, and 𝑉𝑞𝑟 represent stator and 

rotor voltage components in the d-q frame, 𝜔𝑠 is the speed of 

stator magnetic field. 𝜔𝑟 = 𝜔𝑠 − 𝜔 is the angular speed of 

rotor. 

III. HYSTERESIS CURRENT CONTROL RECTIFIER 

A. Rectifier Modelling 

The rectifier bridge consists of three arms with six bipolar 

transistors antiparallel with diodes. These switches are 

controlled by closing and opening (pulse time closing “0” and 

opening “1”). And in the same arm, the switches operate in a 

complementary way (𝐾𝑎 = 𝐾𝑎
′ ) to avoid the short circuit [16], 

[17]. The bridge rectifier model is depicted in Fig. 2. 

 
Fig. 2.  Bridge rectifier. 

The different switching and combination states of the 

PWM rectifier switches are shown in Table I. 

From this table we can represent rectifier input voltages in 

general as follows [18], [19]: 

   ,ab a b dcV S S U   (16) 

   ,bc b c dcV S S U   (17) 

   .ca c a dcV S S U   (18) 

From which we can deduce the phase-to-neutral voltages: 
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TABLE I. THE EIGHT POSSIBLE STATES OF THE SWITCHES. 

K Sa Sb Sc Vab Vbc Vac 

0 1 0 0 Udc 0 -Udc 

1 1 1 0 0 Udc -Udc 

2 0 1 1 -Udc Udc 0 

3 0 1 0 -Udc 0 Udc 

4 0 0 1 0 -Udc Udc 

5 1 0 1 Udc -Udc 0 

6 0 0 0 0 0 0 

7 1 1 1 0 0 0 

 

The eight possible states of the input voltage V in a 

complex plane α β [20]: 
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The eight voltage vectors noted as V0 (0 0 0)-V7 (1 1 1) 

are presented in Fig. 3. 

 
Fig. 3.  Presentation of the voltage vector Vk. 

B. Functional Representation of the PWM Rectifier in the 

Three-Phase Reference 

The voltage equations for the balanced three-phase system 

without neutral can be written as (Fig. 3): 

 1 ,e V V   (25) 

 ,
di

e Ri L V
dt

    (26) 

43



ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 29, NO. 6, 2023 

 

 .

a a a a

b b b b

c c c c

e i i V
d

e R i L i V
dt

e i i V

       
       

         
              

 (27) 

And the rectifier input voltage can be written as follows 

 
1

,
3

c

n dc n nn a
V U S S



 
  

 
  (28) 

where Sn = 0 or 1 is the state of the switches, where (n = a, b, 

c). In addition, we can write the DC bus current as 

 .dc

c
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dt
  (29) 

The current in the capacitor can be also written: 
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Also, the current ic is the sum of the product of the currents 

of each phase by the state of its switch [16] 
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So, the AC side of the rectifier: 
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where the network voltages are expressed by: 

   ,c me E sin t  (36) 
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The above equation can be summarised as follows: 
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C. PWM to Hysteresis Band 

The purpose of the hysteresis controller is to force the 

actual current to follow the predefined reference current. In 

conventional hysteresis controller, the comparators switch 

between the fixed bandwidths; this technique only requires a 

hysteresis comparator per phase [21], [22]. 

The principle of hysteresis used in this system is expressed 

in Fig. 4; the switch opens if the error becomes less than –

H/2, it closes if the latter is greater than +H/2, where H 

represents the range (or width) of hysteresis. If the error is 

now between –H/2 and +H/2, (it varies within the hysteresis 

range), the switch does not switch [21], [23]. 

 
Fig. 4.  Diagram of the proposed hysteresis controller. 

The topology of the PWM technique used in the hysteresis 

current control in this configuration is shown in Fig. 5. 

 
Fig. 5.  Control diagram of the rectifier for the hysteresis current control 

connected to the inverter. 

IV. IMPLEMENTATION PREDICTIVE CURRENT CONTROL 

THREE-LEVEL-NPC INVERTER 

A. Inverter 3L-NPC Modelling 

The power and control circuit of a three-level-NPC inverter 

connected to the grid is shown in Fig. 6, each phase of the 

three-phase three-level-NPC inverter consists of three arms 

composed of four switches (S1, S2, S3, and S4) connected in 

series and two median diodes (D1 and D2). The midpoints of 

the switches (S2 and S3) of each phase are connected to the 

load and the midpoints of the diodes (D1 and D2) are 

connected to the NP [24], [25]. 

 
Fig. 6.  Model of the power circuit of a three-level-NPC inverter connected 

to the grid.  
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In the same arm, the switches operate in a complementary 

way. The connection functions of the arm switches k (a 

complementary way) will be given by: 

 

1 2

3 4

1 3

2 4

1 4

2 3

,

,

,

,

,

.

a a

a a

a a

a a

a a

a a

S S

S S

S S

S S

S S

S S

 

 

 




 




 (41) 

The switching function on the a, b, and c phase can be 

defined as follows: 
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The equations of voltages (a), (b), (c) of the three-level 

inverter, with respect to the midpoint “0” of the input voltage 

source, are expressed as [26], [27]: 
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Compound voltages in matrix form are 
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We can define the simple voltages (𝑣𝑎, 𝑣𝑏, 𝑣𝑐) with respect 

to the neutral point n: 
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The voltage equation between the midpoint of the DC 

power supply of the inverter and the point load neutral is 

written as follows 

  
1

.
3
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Finally, the system in matrix form is presented as 
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B. Implementation Predictive Current Control 

The proposed predictive control strategy is based on the 

fact that only a finite number of possible switching states can 

be generated by a static power converter and that models of 

the system can be used to predict behaviour variables for each 

switching state. To apply the appropriate selection by 

switching, a selection criterion must be defined. This 

selection criterion is expressed as a quality function that will 

be evaluated for the variables of predicted values to control. 

The prediction of the future value of these variables is 

calculated for each possible switching state. The switching 

state that minimises the quality function is selected [28], [29]. 

This approximation is considered in Fig. 7.  

 
Fig. 7.  Block diagram of predictive current control for a three-level-NPC 

inverter connected to the grid. 

The system model equations are given as follows: 
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After the Clarke transformation and with the use of Euler’s 

method to obtain a discrete-time model of the current, the 

current equations is expressed as follows 

 
   1

.
S

i k i kdi

dt T

 
  (49) 

𝑇𝑆 is the sampling period and 𝑘 shows sampling time. 
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The currents (𝑖𝑐1, 𝑖𝑐2) supplied by each capacitor (𝐶1, 𝐶2) 

are represented by the following equations: 
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The switch states function of the 3L-NPC calculates the 

variables (𝐻1𝑋, 𝐻2𝑋) and are given by: 
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We use the Euler method to obtain the equations in discrete 

time, which allows the prediction of DC bus voltages as 

follows: 
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C. Cost Function 

The objective of the current control scheme is to minimise 

the error between the measured currents and the reference 

values. This requirement can be written as a cost function. 

The cost function is expressed in orthogonal coordinates and 

measures the error between the references and the predicted 

currents 

 𝑔 = |𝑖𝛼
∗ − 𝑖𝛼

𝑝
| + |𝑖𝛽

∗ − 𝑖𝛽
𝑝

| + 𝜆𝑑𝑐|𝑣𝑐1
𝑝

− 𝑣𝑐2
𝑝

|, (54) 

where 𝜆𝑑𝑐 represent the weighting factor. The evaluation of 

the precomputed results and the determination of future 

optimal control actions are made by the cost function [30], 

[31]. 

V. SIMULATION RESULTS AND DISCUSSION 

This section is to validate the results obtained from the 

smart predictive current control model of the three-level-NPC 

inverter algorithm of WECS through eigenvalue analysis and 

also the comparative studies between the proposed model and 

the existing solution already used for DFIG connected to the 

grid. 

In the first part, the results obtained after rotor side 

converter are illustrated in Fig. 8. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 8.  Simulation results of the rotor side converter: (a) Wind speed (m/s); 

(b) Mechanical speed (rad/s); (c) DC link voltage (v); (d) DFIG active power 

(w); (e) Control Sa. 

Figure 8(a) shows the variable change applied to the wind 

profile for the system studied.  

Figure 8(c) presents the form of the DC link voltage. The 

DC link voltage reference is set to 540 V, the measured 

voltage perfectly follows the reference signal.  

The second part shows the results after grid side converter, 

and are illustrated in Fig. 9. 

 
(a) 
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(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

Fig. 9.  Simulation results of the grid side converter: (a) Output current ia 

(A); (b) The controlled currents 𝑖𝛼 (A) and 𝑖𝛽 (A), as well as their references; 

(c) DC voltages across the two capacitors Vdc1, Vdc2 (v), (d) Zoom of the 

DC voltages across the two capacitors Vdc1, Vdc2; (e) Control Sa; (f) The 

simple voltage at inverter output Van (v); (g) Output line-to-line voltage Vab 

(v); (h) Spectrum of current ia. 

Figure 9(a) clearly shows the proper tracking of the 

converter reference currents with small current ripples.  

It can be seen from Fig. 9(b) that the waveform of the 

controlled currents 𝑖𝛼 and 𝑖𝛽 is smooth and stable.  

Figure 9(c) illustrates that the DC voltage ripples are low 

enough.  

The spectral analysis of the modulated voltage signal is 

presented in Fig. 9(h), where we noticed a drop in THD. 

VI. COMPARISON TO THE STATE OF THE ART 

The objective in this part is a comparative study between 

the smart current control of the WECS and the existing 

solution used in [10]. 

Finally, a comparative analysis of the existing solution [10] 

and the new WECS smart current control in terms of 

implementation is shown in Table II.  

TABLE II. COMPARATIVE ANALYSIS OF SMART CURRENT 

CONTROL AND EXISTING SOLUTION. 

 
Existing solution 

[10] 

Smart current 

control 

Answer dynamic Good High 

The behaviour of 

current in regime 

permanent THD 

5.3 % 1.68 % 

Frequency of 

switching 
Good High 

Response time Medium Fast 

Error Medium Low 

Complexity of 

implantation 
High Low 

VII. CONCLUSIONS 

This work describes the modelling and the design of a 

DFIG-based wind energy conversion system using model 

predictive current control 3L-NPC inverter with hysteresis 

current control of DC voltage rectifier under variable wind 

speed. 

The results of the simulation of this smart current 

predictive control showed high performance and dynamic 

behaviour even at high power. Also, the measured DC voltage 

closely follows the reference voltage and this proves its 

robustness, with a very low total harmonic distortion of the 

currents at the output of the inverter 3L-NPC (THD % = 

1.68 %). 

The optimisation techniques with metaheuristic algorithms 
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are more accurate for THD optimisation and switching loss 

reduction. 

Future work will focus on the experimental validation: 

using DC machine for creating mechanical speed of the 

turbine, multiplier, doubly-fed induction generator, PWM 

rectifier, board Dspace1104, current sensors, voltage sensors, 

DC voltage stabiliser, control interface, inverter three-level-

NPC, MATLAB/Simulink and control Desk. 

APPENDIX A 

TABLE A-I. PARAMETERS. 

DFIG parameters Turbine parameters 

Pn = 1.5 Mw 

Vs = 220 V 

f = 50 Hz 

RS = 3.82 mΩ 

Rr = 2.97 Mω 

LS = 12.241 mH 

Lr = 12.241 mH 

M = 12.12 mH 

J = 256 kg.m2 

F = 0 N.m/s 

P = 2 

R = 40 m 

J = 256 kg.m2 

G = 70 
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