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Abstract. Multi-level voltage source converter is integrated in various fields in renewable energy power 

generation technologies such as wind and solar sources for applications that need higher voltage and higher 

power. In wind power generation market, doubly fed induction generator (DFIG) based on wind power 

generation is now the leading technology as they are economically feasible, they do offer a variable speed 

and efficient substitute to the fossil fuel. This paper proposes a DFIG based on a back to back diode 

clamped multilevel converter systems (DCMLI) fired comparatively by sinusoidal pulse width modulation 

(SPWM) and third harmonic injection pulse width modulation (THIPWM) techniques. By using these 

technologies, the DFIG performance is compared for different wind speeds under normal operation 

condition. The proposed approach shows that the DCMLI systems generate a near sinusoidal voltage with 

lower values in total harmonic distortion (THD) thus, upgrading the power quality that is produced by DFIG. 

Lastly, the variation of frequency of induced rotor voltage and the active power flow due to the wind speed 

changes when the rotor speed changes from super synchronous to sub synchronous speeds is investigated. 

1 Introduction 

Meanwhile the last three decades, the resources of 

renewable energy are strongly penetrated into the 

conventional grid of power system. The generation of 

wind energy has always existed and will keep to display 

its crucial existence in the near future. The power system 

operators and planners have an enormous challenge to 

assure stability, security and reliability in power supply 

with a significant contribution of wind energy 

conversion system (WECS) power plants. The capacity 

power range of the large wind turbines is from 3 to 12 

MW. Most types of wind turbines are the type of 

variable-speed operation through utilizing a doubly fed 

induction generator (DFIG) with the pitch control 

technique or a synchronous generator which doesn‟t 

have gearbox connection. 

The variable-speed WECS based on DFIG amount is 

almost fifty percent of the total number of all globally 

installed wind turbines. This is because they have 

obvious features as follow, lower cost, the back to back 

converters power rating is lower, speed span is wide, 

independent power control, and lower power 1osses [1]. 

The DFIG is able to be operated in two different modes: 

sub-synchronous mode or super synchronous mode due 

to the converters have bi-directionally power flow ability.  

The DFIG is connected directly to the grid via the 

three phase stator winding. As well as the rotor is 

connected to the grid via back to back voltage source 

converters “grid side converter (GSC) and rotor side 

converter (RSC)”. The converters are linked via a DC 

bus of coupling capacitor [2, 3]. The converter power 

rating is about 20 to 30 % from rated capacity of DFIG. 

In the presented paper a WECS based on a back to 

back diode-clamped multilevel converter systems 

(DCMLI) fired comparatively by SPWM   and   

THIPWM techniques   are proposed. A comparative 

study on the wind turbine system based on a DCMLI 

fired by SPWM has been carried out for different wind 

speed profile at normal condition case. Also, the 

variation of frequency of induced rotor voltage and the 

active power flow due to the variation in wind speed 

according to the rotor speed changes from super 

synchronous to sub-synchronous speeds are considered 

in the next section. 

2 The principle of multi-level inverter 

By means of using multi-level voltage source converter 

technology, it is now possible to acquire the higher 

voltage with standard power rating components and 

nearly pure signal for voltage and current signals. 

Further, the filters size and cost are also reduced by 

integrating multilevel technology. Multilevel inverters 

have been commonly used in WECS because voltage 

stress on switching devices of multilevel converters are 

lower, reduced variations of active and reactive power, 

the operating switching frequency can be decreased, total 

harmonic distortion (THD) is lower, output current has 

very low distortions, and lower dV/dt value [3, 4]. This 

is obtained by using the arrangement of more switches 

than what is utilized in the two-level converters. 
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Fig. 1. Doubly Fed Induction Generator based on Wind Energy Converter System. 

 
There are many types of multilevel inverters 

topologies existing, such as: Diode Clamped multilevel 

inverters, Flying Capacitor multilevel inverters and 

Cascaded H-bridge multilevel inverters [5-8].  

The variation in wind speed changes DFIG rotor 

speed which results to changing in the rotor current 

frequency. A controllable frequency and magnitude of 

rotor voltage can be injected to the three-phase DFIG 

rotor circuit, therefore a three-phase voltage source 

control is needed. In this study DCMLI with two, three, 

four and five level DCMLI are used. The main 

characteristics of this topology are: -The profile of its 

output waveform is nearly sinusoidal. -The whole 

capacitors have to be pre-charged at the beginning of the 

operation. -Output voltage level depends on the capacitor 

voltage. In order to keep the balancing of the three-phase 

output voltage, the equality of their capacitor is needed in 

this case [9]. In the system proposed, SPWM and 

THIPWM techniques have been implemented as shown 

in Fig. 1. The total voltage across all capacitors is DC 

voltage Vdc which is equal to 1150 V. Each switching 

device has a limited voltage stress across it which is equal 

to Vdc via the clamping diodes. An n level inverter needs 

2(n-1) switching devices, (n-1) (n-2) diodes, and (n-1) 

voltage sources or capacitors [10, 11]. The five-level 

DCMLI is illustrated in Fig. 2. The capacitors C1, C2, C3 

and C4 are series connected. These capacitors are used to 

split the DC-bus voltage into five levels where the 

voltage across all capacitors are equal to 1150 V, each 

capacitor is 50 mF and their total capacitance equals 10 

mF for five-level converter case. 

Additionally, four complementary pairs of switches 

that are set so that when a switch is turned ON, its 

complementary pair is turned OFF for each phase. The 

complementary switch pairs for phase leg A are (S1, S5),  

(S2, S6) and so on. Furthermore, the switches in a diode-

clamped inverter that are switched ON for a phase leg are 

always in series and adjacent as it is shown in Table 1. 

The five-levels of output voltage Van are denoted as 

Vdc/2, Vdc/4, 0, -Vdc/2 and -Vdc/4 as it is shown in 

Table 1 where Vdc is equal to 1150 V in the system. To 

obtain the voltage level Vdc/2, the switches S1, S2, S3 

and S4 are to be switched ON. Similarly, to obtain the 

voltage level -Vdc/2 and 0, the switches (S5, S6, S7, S8) 

and (S3, S4, S5, S6), are to be switched ON 

correspondingly as it is shown in Table 1. The switching 

states in one leg of a five-level DCMLI are shown in 

Table 1. The switches S1, S2, S3, S4, S5, S6, S7 and S8 

are IGBT‟s switches which have rating power 500 kVA 

equal to 30% of the DFIG rating power. Each blocking 

diode and the active switches have the same voltage 

rating, diodes will be required an „m‟ number of diodes in 

series. Similarly, for each phase the required number of 

diodes would be (m-1) × (m-2). Therefore, the blocking 

diodes number in a DCMLI is linked to the levels number 

quadratically. The five-level diode clamped inverter are 

diodes D1, D1', D2, D2', D3 and D3'. These six diodes 

help in clamping the switching voltage to half of the DC 

bus voltage. 

Table 1. Switching states of 5-level DCMLI in one leg. 

Output 

voltages 

Switching states 

S1 S2 S3 S4 S5 S6 S7 S

8 Vdc/2 1 1 1 1 0 0 0 0 

Vdc/4 0 1 1 1 1 0 0 0 

0 0 0 1 1 1 1 0 0 

-Vdc/4 0 0 0 1 1 1 1 0 

-Vdc/2 0 0 0 0 1 1 1 1 

During the past decades, SPWM has been used 

greatly in control applications of AC motors. In this 

method, the three-phase signals of modulating reference 

are compared with a common signal of triangular carrier. 

Therefore, from their intersections points the firing signal 

of power switching devices of the converter are 

determined. However, this method cannot use the full 

voltage of supply in the inverter and has high harmonic 

distortion in the produced waveform of output voltages 

because the SPWM characteristics of switching are not of 

a symmetrical nature. 

2

E3S Web of Conferences 186, 01005 (2020) https://doi.org/10.1051/e3sconf/202018601005
CEEGE 2020



𝑉𝑑𝑐
4

 

𝑉𝑑𝑐
4

 

𝑉𝑑𝑐
4

 

𝑉𝑑𝑐
4

 𝐶4 

𝐶3 

𝐶2 

𝐶1 

𝑆1 

𝑆2 

𝑆3 

𝑆4 

𝑆5 

𝑆6 

𝑆7 

𝑆8 

𝐷1 

𝐷2 

𝐷3 

𝐷1
′  

𝐷2
′  

𝐷3
′  

   
 

Fig. 2. One leg of five-level DCMLI. 

THIPWM is a modified technique for generating 

modulation signals, and it has a lot of features such as: 

reduction in the losses of commutation, greater 

modulation index amplitude, higher utilization of the DC-

bus voltage and reduction in the total harmonic distortion 

(THD) of the waveform of output voltages, compared 

with the SPWM technique [12-18].  

A modulation signal, a carrier-based SPWM and 

THIPWM techniques are applied to four-level DCMLI by 

comparing reference waveform signal with the triangle 

carrier signal and the voltage across the three upper 

switches in phase c as shown in Fig. 3 and Fig. 4. Those 

techniques have been utilized to study the effect of a 

multi-level inverter (MLI) on power quality of wind 

energy. 

 

Fig. 3. Modulation signal of SPWM four-level DCMLI.      

 

Fig. 4. Modulation signal of THIPWM four-level DCMLI. 

3 The model of power grid  

The presented paper adopts the DFIG which has 1.5 MW 

capacity with vector control [19-21], DFIG based on 

WECS is built in MATLAB. The DFIG is connected 

using 575V/25 kV transformer to a 25kV bus. 25 kV bus 

is connected to 120 kV grid through 25 km line feeder. 

The grid consists of 25kV/120kV transformer, a 150 MW 

power plant with 13.8kV generator with step-up 

transformer 13.8kV/25kV. In DFIG, the stator is directly 

connected to the grid and a back to back MLI fired by 

SPWM and THIPWM techniques in the circuit of the 

rotor which initiate the link between rotor and grid sides. 

Back to back MLI are coupled by the capacitor in a DC-

link of 10mF as illustrated in Fig 1. No further control is 

applied to pitch angles in vector control, so the paper 

studies only the effect of the DCMLI on the THD of 

DFIG voltage and current. The case of wind variation is 

studied in three steps: 12 m/s from zero to 2 second, 9 

m/s from 2 second to 8 second and 12 m/s from 8 second 

to 19 second as shown in Fig. 5. 

 

Fig. 5. DFIG variables for two different step values in wind 

speed. 
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Table 2. Comparaison between DCMLI by SPWM from two level to five level and THIPWM from two levels to four levels in 

THD for voltage and current at Stator side at wind speed 12 and 9 m/s. 

12 m/s wind speed 9 m/s wind speed 

2-Level 3-Level 4-Level 5-Level 2-Level 3-Level 4-Level 
5-

Level 

Grid connected 

DFIG 

SPWM 

THD of stator Voltage 

(%) at PCC (Vstator) 
16.2 6.65 4.6 3.21 16.5 7.5 5.55 4.19 

THD of stator Current 

(%) at PCC (Istator) 
2.25 1.85 1.2 0.88 3.5 2.5 1.86 1.07 

THIPWM 

THD of stator Voltage 

(%) at PCC (Vstator) 
11.56 5.73 4.39  12.24 6.25 4.72  

THD of stator Current 

(%) at PCC (Istator) 
1.64 1.44 1.03  2.01 1.73 1.20  

 

 

 

4 Simulation results and discussions 

From the result it is found that the five-level multilevel 

diode clamped SPWM converter and the four level 

THIPWM have the optimum result and meet the IEEE std 

519 limits. Now the full detailed simulation data are 

presented for the vector control for the WECS based on 

DFIG with 5-level SPWM diode clamped converter. The 

vector control is divided into GSC and RSC control [22-

23].  

In the presented system showing THD and 

performance in output voltage and current for the two, 

three, four and five level types of SPWM converters 

compared at different operating points in the system as 

shown in Table 2 and pointed in Fig. 1 for wind speed 12 

m/s, 9 m/s and all of these results for the applied systems 

are achieved without installation of any static filters. Also, 

presents two, three and four level types of THIPWM 

converters and their THD in output voltage and current at 

different points have been illustrated in Table 2. 

A two-level DCMLI output fired by SPWM is 

showing that THD which is 16.2% is highly unacceptable 

THD value as illustrated in Table 2. Therefore, a five-

level DCMLI fired by SPWM is used to improve the 

quality of the supply in the circuit of the rotor. The five-

level DCMLI waveform of the output voltage is 

illustrated in Fig. 6. It is clear that DCMLI fired by 

SPWM is injecting the same magnitude value of output 

voltage. However, it is improving the quality of output 

voltage. THD has reduced vastly to 3.21% and it is 

shown in Fig. 7. A two-level inverter output by THIPWM 

in Table 2 shows that THD is found 11.56% at 12m/s 

wind speed which is highly unacceptable but, it is lower 

than two-level inverter output by SPWM. The four-level 

inverter by THIPWM output voltage waveform has a 

value of THD at PCC equal to 4.39% is accepted 

according to IEEE std. The number of multi-level diode 

clamped levels needed in the technique THIPW is less 

than the number of multilevel converters by SPWM, 

four-level is only needed to get accepted THD value 

according to IEEE std in THIPWM instead of five-level 

in SPWM technique. 

 

 

 

 

 

 

 

 

Fig. 6. Three phase voltage of MLI for five level. 

               

Fig. 7. Fast Fourier Transform (FFT) window. 

Performance of DFIG due to wind speed variation in 

three variable steps pattern will appear as an effect on 

variation in active power, rotor speed and the frequency 

of induced rotor voltage according to the variation of the 

input wind speed. The DC link voltage performance is 

sustained constant at 1150 volts which is its reference 

value during the MW simulation as declared in Fig. 8. 

Furthermore, for rotor speed profile it is noticed that at 12 

m/s wind speed the rotor speed is in super-synchronous 

mode settles at 1.2 p.u and rotor speed starts to decrease. 

As a result, the mode turns to be under-synchronous 

when the wind speed decreased as it is illustrated in Fig. 

9. 

 

 

 

 

 

 

4

E3S Web of Conferences 186, 01005 (2020) https://doi.org/10.1051/e3sconf/202018601005
CEEGE 2020



The other graphs in Fig. 10 (a) and Fig. 10 (b) show the 

root mean square (RMS) values of voltage and current 

(Vgrid, Igrid) at PCC after step up transformer 575 V/ 

25kV point. In addition, voltage in grid side converter 

(VGSC) is shown in Fig. 10 (c). The graphs show the 

effect of changing the wind speed from 12 m/s to 9 m/s 

and from 9 m/s to 12 m/s on voltage and current at these 

points as shown in Fig. 10. 

 
Fig. 8. DC link voltage across the capacitors.  

    

 
Fig. 9. Rotor speed and wind speed. 

 

 

(a) 

 

 

 

 

 

(b) 

 

(c) 

Fig. 10. (a) Grid voltage in RMS at PCC, (b) Grid current in 

RMS at PCC, (c) Voltage at GSC in RMS for two different step 

wind speed. 

The active power flow is illustrated in Fig. 11 (a) at 

wind speed 12 m/s and its direction from rotor side to 

grid. The active power flow at stator is shown in Fig. 11 

(b). The total power from the wind system is the power 

from rotor side converter plus the power from the stator 

of DFIG with its rated value and all power flow in the 

same side drain to the grid as shown in Fig. 11 (c). When 

wind speed changed to 9 m/s, the active power flow is 

illustrated as shown in Fig. 11 and the active power flow 

symbols are mentioned in Fig. 1. The total active power 

from the wind system power “Ps-Pr” is decreased 

because the direction of active power flow at rotor side is 

reversed and became from grid to rotor side to 

compensate the decreasing in rotor speed and flux. 

Frequency of the voltage rotor side is increased to 

increase the frequency of the flux to maintain the active 

power constant at its rated value that is induced from 

stator of DFIG. 
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(a) 

 

 
(b) 

 

(c) 

Fig. 11. (a) Active power flow at rotor, (b) Active power flow at 

stator, (c) Total active power flow at grid for two different wind 

speed wind speed. 

Figure 12 illustrates the changing in frequency of 

induced rotor voltage. At 12 m/s wind speed, the 

frequency reaches 27 Hz and when the wind speed 

decreased to 9 m/s, the frequency starts to increase at 2 

second. The frequency increases due to compensating the 

decreasing in wind speed value that will affect and reduce 

the magnetic field applied in rotor, so the frequency 

increases as a result of active rotor power reversing its 

direction from the grid to rotor side to supply the shortage 

of magnetic flux. 

 

 
Fig. 12. Frequency of induced rotor voltage. 

Here Fig. 13 shows a load sharing between the grid 

and wind turbine system for the dynamic load 10 MW, 3 

MVAR power flow during the wind speed profile for the 

whole system as it is shown in Fig. 1. In Fig. 13 (a), 

shows a load sharing of active power flow from wind 

turbine to dynamic load and Fig. 13 (b) illustrates a load 

sharing of active power flow from grid to dynamic load. 

Table 3 shows the value of modulation index (MI) during 

the change of wind speed at five-level SPWM and four-

level THIPWM in GSC. 

Table 3. MI variation at GSC for 5-level SPWM and 4-level 

THIPWM. 

MI at GSC 
Wind speed (m/s) 

12 m/s 9 m/s 

5-level SPWM 0.66 0.65 

4-level THIPWM 0.61 0.60 

 

 

 
 

(a) 
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(b) 

 

Fig. 13. (a) Load sharing of active power flow from wind 

turbine to dynamic load, (b) Load sharing of active power flow 

from grid to dynamic load. 

5 Conclusions 

The performance of a diode clamped multilevel inverter 

based vector controlled DFIG is investigated under 

different operating conditions. The main focus of that 

work is to use wind energy with minimal harmonic 

distortion levels under different speeds of wind energy 

without static filters intervention. A 5-level DCMLI using 

SPWM technique is capable to maintain voltage THD 

levels to 3.21% at normal operating conditions of 12 m/s 

whereas THD levels does not exceed 4.19% at worst 

conditions of low wind speeds. A 4-level THIPWM 

based DCMLI is capable to maintain THD levels at 

normal wind speeds at 4.39% and at 4.72% at low wind 

speeds. The graphs showing the variation of rotor 

injected voltage frequency and active power flow during 

super-synchronous and sub-synchronous rotor speeds in 

response to wind speed variations show superior 

performance.   The main contribution in the proposed 

model, in that research work, is a simulative study to the 

internationally well adopted DFIG grid interconnection 

using multilevel power electronics topology with the 

avoidance of using static filters and find out the number 

of levels that achieve the IEEE 519 criteria of THD 

which is less than 5% for both techniques. The study 

showed that the proposed approach using THIPWM or 

SPWM resulted in a superior performance in terms of 

THD mitigation in all modes of operating conditions. 

Comparative results were demonstrated and discussed 

with definite conclusions. 
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