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PERFORMANCE ANALYSIS OF A HYBRID FARM 

(PHOTOVOLTAIC SYSTEM WIND TURBINE) CONNECTED 

TO THE GRID USING NINE-SWITCHES CONVERTER 

Younes DRIS1, Mohamed Choukri BENHABIB2, Sidi Mohammed MELIANI3, 

Virgil DUMBRAVA4 

Nowadays, the production of electricity from photovoltaic systems and wind 

turbines is experiencing significant development. These energy sources can be 

installed independently or in the form of a hybrid system. In this paper, the hybrid 

configuration is developed using the nine-switch converter (NSC) to connect the 

doubly fed induction generator (DFIG) and the photovoltaic (PV) panels to supply 

the power grid. The fuzzy logic control (FLC) and the tip speed ratio (TSR) 

technique are used to control the PV system and the DFIG respectively. The studied 

system is simulated using MATLAB SimPowerSystem. The studied system is tested in 

many aspects. The tracking test to verify the maximum power point tracking (MPPT) 

control. Then, the quality of the produced energy is tested by fast Fourier transform 

(FFT) and the total harmonic distortion (THD) analysis. Next, the power losses of 

the NSC are computed. Finally, the obtained results are given and discussed.  

 

Keywords: photovoltaic system; wind turbine; hybrid system; nine switch 

converter NSC; doubly fed induction generator DFIG; power grid; maximum 

power point tracking MPPT; Fuzzy logic control FLC; tip speed ratio TSR. 

1. Introduction 

Recently, high energy demand and attention to environmental issues have 

been pushing the world to use renewable energies. Among these energies, wind 

and photovoltaic energy are the most promising and affordable. The worldwide 

cumulative installed photovoltaic and wind power capacity has grown 

exponentially to reach 627 GW and 651 GW respectively in 2019 [1]. Although 

these sources are widely used separately, they combination is more cost-effective, 

which is called hybrid system [2]. There is many wind turbines generators used in 
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such applications. In [3], it was concluded that the doubly fed induction generator 

(DFIG) is the favorite choice. The size of its converter is estimated to be around 

30% of the total generator power. Due to the development of power electronic 

devices, several inverter topologies are employed to connect wind turbines to the 

power grid [4]. In [5], the direct AC/AC converter is discussed. In [6], a 

comparative analysis of the flying capacitor and H-bridge multilevel matrix 

converters is done. Despite the study shows a little difference in the fast Fourier 

transform (FFT) analysis, but both topologies have a good quality of energy. The 

downside of these inverters is the complicated control. Other topologies have a 

simple control as the neutral point converter (NPC) studied in [7]. This converter 

is used to feed a hybrid renewable energy system. The result shows that the 

quality of the energy produced has improved considerably, particularly with the 

proposed control. In [8], the back-to-back inverter is used to connect the DFIG to 

the grid. In [9], two back-to-back inverters are used in parallel. A selective 

algorithm is used to reduce the power losses and ameliorate the total harmonic 

distortion (THD). The high number of electronic power switches used in this 

inverters increases the cost of the system. Much research has done to reduce the 

number of power switches in the converter. A five-leg converter topology is 

presented in [10] with only 10 switches. It is evident from the results that this 

topology can be used in such applications, but its control is more complicated. 

Another topology has been proposed in [11] which is called the nine switch 

converter (NSC). As well as the reduced number of power electronics (9 

switches), the control of this converter is very simple. In this paper, the NSC is 

used to combine the DFIG and photovoltaic (PV) panels into one farm. There are 

three types of configurations to connect these sources namely the DC coupling, 

the AC coupling, and the hybrid coupling [12]. In our work, we are interested to 

use the hybrid coupling, the PV panels are connected into the DC bus voltage of 

the NSC and the stator is connected directly into the grid. The purpose of this 

study is to test the performance and viability of the proposed converter in 

renewable energy applications. This research aims to reduce the cost of the hybrid 

farm and keep the control simple and efficient using the NSC. 

2. System description 

Unlike the induction generator (IG), the rotor windings of the DFIG are 

powered by the NSC. This inverter has the particularity of the reduced number of 

power electronics, only 9 switches and a capacitor for the DC bus. The aim of this 

paper is to exploit the DC bus of the NSC to connect PV panels. The boost 

converter is employed to connect PV panels to the NSC. The control of this 

converter is based on the fuzzy logic control (FLC) to extract the maximum power 

from PV panels. The NSC is controlled to extract the maximum power from the 
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wind and to keep the DC bus voltage constant at the desired value. Figure 1 shows 

the diagram of the proposed hybrid system (PV panels-DFIG). In this paper, the 

nominal power of the DFIG is 2 MW and the power of PV panels is 1 MW. The 

DFIG has two operating modes depending on the rotor speed. In the sub 

synchronous mode, the rotor absorbs the power. In this study, the power necessary 

to feed the rotor can be extracted from the grid or from PV panels. In the super 

synchronous mode, the rotor produces the power which will be injected into the 

grid. The DFIG stator always supplies the grid, regardless of the operating mode. 

In our case, the NSC is rated to support 1.6 MW included the PV power system (1 

MW) and the DFIG rotor power (0.6 MW). 

 
Fig. 1. Diagram of the proposed hybrid system based on PV panels and the DFIG. 

3. Modelling of PV system 

The sunlight captured by photovoltaic cells is directly transformed into 

electricity. The elementary components of photovoltaic cells are the 

semiconductors. A lot of studies have carried out on the PV cells modelling 

(model of three diodes, two diodes and single diode). In this work, the model of 

single diode was chosen because of its simplicity and its results are similar to 

those of real PV cell. According to [13], the output current of the PV panel is 

characterized by the following equation: 
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where: Iph and I0 are the current source (the photocurrent) and the diode reverse 

saturation current respectively. Vpv and Vt are the PV voltage and the thermal 

voltage respectively. Rs and Rp are the series resistance and the parallel resistance 

respectively. a is the diode ideality constant. 

As it is observed from equation 1, the PV panel has non-linear characteristics. In 

most cases, the operating point does not correspond to the point of maximum 

power. To follow this point, many algorithms have been suggested [14]. In this 

work, the FLC is used to track the maximum power point. This MPPT can work 

without the need for a precise mathematical model. In [15], the comparison results 

show that FLC has the good efficiency and the shortest response time. The input 

variables are the error (E) and its variation (DE) which are expressed as following: 
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where: Ppv and Vpv are the power and voltage of the PV respectively. 

The control rules are shown in table 1[15]. 
Table 1 

Fuzzy controller Rules [15] 

ΔE 

E 
NB NS ZO PS PB 

NB ZO ZO NB NB NB 

NS ZO ZO NS NS NS 

ZO NS ZO ZO ZO PS 

PS PS PS PS ZO ZO 

PB PB PB PB ZO ZO 

 

where: PB (positive big), PS (positive small), ZO (zero), NS (negative small) and 

NB (negative big) are the five FLC levels. 

The output of the FLC is the duty ratio variation ΔD, which is used to compute the 

duty ratio D using the following equation: 

( ) ( ) ( )kDkDkD +−= 1                                           (3) 

4. Modelling of wind turbine based on DFIG 

The energy captured by the wind turbine is given as follows: 

( ) ,
2

1 32

pwt CVRP =                                            (4) 

where: Vw is the wind speed, R is the blade radius, ρ is the air density and Cp is the 

performance coefficient. 
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The widely used expression of Cp is given as follows: 
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where: λ is the tip-speed ratio and β the pitch angle of the blades. c1 to c9 are the 

power coefficients (see table 8 in the appendix). Ωtur is the angular speed of the 

wind turbine. 

Theoretically, the maximum value of the Cp is approximately 59%. Due to the 

non-linearity of the turbine model, the MPPT control is required to extract 

maximum power from the wind. The model of the drive train is given by the 

following equation: 
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where: Jtur and Jg are the inertia of the turbine and the DFIG respectively. Ctur and 

Cem are the turbine torque and the electromagnetic torque respectively. Ωg is the 

speed of the DFIG. G is the gearbox ratio. 

The electrical model of the DFIG in d-q reference is expressed as follows: 
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where: Isd and Isq are the stator currents. Ird and Irq are the rotor currents. Rs and Rr 

are the stator and the rotor resistances respectively. φsq, φsd, φrq and φrd are the 
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magnetic flux of the stator and the rotor respectively. ωs and ωr are the angular 

frequency of the rotor and the stator respectively. 

gsr p−=                                                  (8) 

where: p is the number of pole pairs. 

In the d-q reference frame, both voltages of the filter and the DC link bus are 

given by the following expressions: 
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where: Ifd and Ifq are the currents of the RL filter. Icap is the current of the capacitor 

Ccap. Lf and Rf are the inductance and the resistance of the RL filter. 

5. Control of the studied system 

The generator PVs (PVs + boost converter) are controlled by using the 

FLC. The DFIG control consists of two parts: the grid side converter (GSC) 

control and the rotor side converter (RSC) control. The grid angular frequency is 

estimated using the phase locked loop (PLL) [16]. In both parts, the oriented 

vector control technique is used to simplify the mathematical model of the system. 

5.1. RSC control 

The active and reactive power of the stator are controlled using the RSC. 

For easy control, the model of the DFIG is simplified. The stator voltage is 

considered constant and equal to the grid voltage. The stator winding resistance is 

neglected. The simplified model of the DFIG in synchronous frame is given as 

follows: 
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where: Ls and Lr are the stator and the rotor inductance respectively. M is the 

mutual inductance and σ is the machine leakage coefficient. 

rsLL

M 2

1−=                                                  (11) 

The equations of the active and reactive power of the DFIG stator is given as 

follows: 
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The direct axis reference current is chosen to keep the reactive power equal to 

zero, while the quadrature axis reference is selected to extract the maximum 

power. There are many techniques to track the maximum power point [17]. In this 

paper, the tip speed ratio (TSR) control is used. The principle of this technique is 

to regulate the generator speed to maintain Cp constant regardless of the wind 

speed. The outer loop controls the DFIG speed while the inner loop regulates the 

currents of the DFIG stator. Both loops use a simple proportional integral (PI) 

regulator. Figure 2 shows the diagram of the RSC control. 
 

 
Fig. 2. Diagram of the RSC control. 

5.2. GSC control 

The GSC is used to control the DC bus voltage and the reactive power of 

the filter. Using vector control, the filter voltage equations are simplified as 

follows: 
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The active and reactive power of the filter is expressed as follows: 
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From the equations 14, it is obvious that the active and reactive power are 

decoupled. Neglecting the power losses in the NSC, the relation between the filter 

power Pf, the rotor power Pr, the PV generators power Ppv and the capacitor power 

Pcap is given as follows: 

pvrcapf PPPP −−=                                             (15) 

The outer loop of the GSC control is used to control the DC bus voltage and the 

inner loop is used to regulate the RL filter currents. The PI regulator is used in 

both loops. The diagram of the GSC control is illustrated in figure 3. 
 

 
 

Fig. 3. Diagram of the GSC control. 

6. Nine switch converter 

The NSC is a bidirectional AC/AC converter with a DC link voltage 

connected to the top and the bottom rails [18]. The NSC has only three arms with 
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three switches (S1, S2, and S3) on each of them. The diagram of the NSC is shown 

in figure 4. 

 
 

Fig. 4. Electrical diagram of the NSC. 

 

The top switches are called INV1 and the bottom switches are called INV2, while 

the middle switches are used in common by INV1 and INV2. The NSC operates 

in constant frequency mode and variable frequency mode. In DFIG application, 

the variable frequency mode is considered. Table 2 shows the switching pattern 

design of the NSC. 
Table 2 

Switch states and converter voltage in one arm [18] 

Switch 

states 

S1 S2 S3 

INV 

voltages 

VAN VRN 

ON ON OFF Vdc Vdc 

OFF ON ON 0 0 

ON OFF ON Vdc 0 

 

It is obvious that the INV2 voltage VRN must not exceed the INV1 voltage VAN. In 

[11] the switching function is described as follows: 


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=++
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To satisfy this constraint, the sum of both modulation indexes of INV1 and INV2 

cannot be higher than 1. There is a lot of topology used to generate the switching 

waveforms. In [19] the space vector pulse width modulation PWM was 

investigated. In [20], the discontinuous PWM scheme has been proved. In [21], an 

optimal PWM has been developed. In this paper, sinusoidal PWM is used because 

it is simpler than the previous PWM schemes and gives satisfactory results [22]. 

The modulation equation is given as follows: 
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where: Vfabc and Vrabc are the voltage reference of the GSC and the RSC 

respectively. Figure 5 shows the method of generating control signals respecting 

the previous constraints [22]. The modulating waves m1 and m2 are adjusted 

within the half of the carrier’s magnitude. Therefore, the DC bus voltage Vdc is 

considered to be twice as high as the conventional back-to-back converter. 

 
 

Fig. 5. Diagram of generating the PWM of the NSC. 

 

Power losses in a switch of the NSC (Insulated-gate bipolar transistor 

IGBT + Diode) are divided into five types namely, conduction loss of IGBT PconT, 

conduction loss of diode PconD, turn-on loss of IGBT PonT, turn-off loss of IGBT 

PoffT and reverse recovery loss of diode Prec [23]. The losses model of the IGBT 

and the diode is given as follows: 
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where: T is the fundamental period. Vce0, VF0 and Vnom are the IGBT bias 

voltage, the diode bias voltage and the nominal voltage respectively. RT and RD 

are the resistances of the IGBT and the diode respectively. i(t), Ipk and is Inom are 

the load current, the peak current and the nominal current respectively. Eon, Eoff 

and Erec are the energy losses. fsw is the switching frequency. 

7. Simulation results 

The proposed hybrid farm (PVs + DFIG) presented in figure 1 is simulated by 

using MATLAB SimPowerSystem. The DFIG stator is connected directly to the 

medium or high voltage grid via a step-up transformer. To simplify the 

simulation, we have worked on the primary side of the transformer which depends 

on the DFIG stator voltage. Therefore, the hybrid farm is connected to a grid 

voltage of 690V/50Hz. The total power of the system is 3 MW, where, 2 MW for 

the DFIG and 1 MW for PV panels. The parameters of the system are listed in the 

appendix (tables 6, 7 and 8). The start-up procedure of the DFIG is more 

complicated than other AC generators. In [24], the method to connect the DFIG to 

the grid is described. Firstly, the GSC is enabled to charge the DC-link voltage. 

Next, it is necessary to wait until the speed generator achieves the required value 

(-30% of the synchronous speed (πfs)). It is better to turn off the RSC so that the 

DFIG can be accelerated by the wind itself. To close the stator switch (break), the 

DFIG stator voltage and the grid voltage must be approximately equal in 

amplitude and have the same frequency. After the synchronizing state, the DFIG 

switches to the normal state operation. In this paper, the generator speed is 

initialized at 135 rad/s, and the initial value of the DC bus voltage is chosen to be 

2200 V. The stator breaker is closed at 0.6 s, when the stator voltage and the grid 

voltage are similar enough. The multi-string structure is used to connect PV 

panels to the DC bus of the NSC. To evaluate the performance of the system, the 

variable weather conditions are considered. Figure 6 shows the curve of the wind 

speed (a), the irradiance (b) and the cell temperature (c).  
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Fig. 6. Profile of weather conditions: a) wind speed, b) irradiance, c) cell temperature. 

 

In this work, the power generated from renewable energy (injected into the grid) 

has a negative sign, while the power consumed from the grid has a positive sign. 

In this study, we have use three tests to evaluate the system. 

7.1. Tracking test 

The power of PV panels is presented in figure 7. 
 

 
Fig. 7. Total power of PV panels. 

 

It is observed that the FLC algorithm has a satisfactory result in terms of 

maximum power control regardless of changing weather conditions. In the wind 

turbine system, the TSR technique is used to track the maximum power point. 

Figure 8 shows the Cp coefficient, which varies around its maximum value (0.441 

≤Cp ≤ 0.442). 
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Fig. 8. Cp coefficient under variable wind. 

In figure 9, it is shown that the DFIG tracks the optimal speed. Therefore, the 

generator produces maximum power. 
 

 
Fig. 9. Optimal and measured generator speed. 

 

Figure 10 displays the power exchanged between the grid and the proposed 

system. The stator of the DFIG always produces power when the generator speed 

is in the range of (± 30%) of the synchronous speed. The rotor of the DFIG 

consumes power in the sub synchronous mode (Ωg < π fs) and produces power in 

the super synchronous mode (Ωg > π fs). In this paper, the reactive power 

reference Qs is set to zero. 

 
Fig. 10. Active and reactive power of the DFIG. 

 

In the figure 11, the DC bus voltage is stabilized at the desired reference within 

0.3 s and the overshoot is less than 10 V. 
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Fig. 11. DC bus Voltage of the NSC. 

 

The control of the proposed system is simple, but it is very satisfactory in term of 

tracking. Both sources (PV and DFIG) produce the maximum power. 

7.2. Energy produced quality test 

This part is dedicated to verifying the quality of the energy produced by 

the proposed system. Figure 12 shows that the stator current frequency is 

independent of the wind speed variation. 
 

 
Fig. 12. Three phase stator currents. 

 

In figure 13, it is observed that the rotor current frequency varies according to the 

wind speed. As we know, the production of energy from renewable sources is 

discontinuous. In this paper, the quality of the energy produced by this hybrid 

farm is tested and studied according to three cases depending on the weather 

conditions. 

 
Fig. 13. Three phase rotor currents. 
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• Case 1: 

Both sources produce energy, we used the same weather profiles previously used. 

Table 3 shows the FFT and the THD results of the total current produced at the 

point of common coupling (PCC). 
Table 3 

Analysis of the current produced by the wind turbine 

Sub synchronous mode 

G=400 W/m2 

Super synchronous mode 

G=1000 W/m2 

Current (A) 
Peak RMS Peak RMS 

1712 1211 3342 2363 

Harmonics (%) 
H3 H5 H7 H9 H11 H3 H5 H7 H9 H11 

0.01 0.04 0.05 0.03 0.02 0.04 0.4 0.35 0.01 0.06 

THD (%) 1.20 0.95 

• Case 2: 

In this case, we suppose that the PV system is disable. Table 4 shows the FFT and 

the THD results of the total current produced by the DFIG. 
Table 4 

Analysis of the current produced by the wind turbine 

Sub synchronous mode Super synchronous mode 

Current (A) 
Peak RMS Peak RMS 

1217 855.9 2187 1547 

Harmonics (%) 
H3 H5 H7 H9 H11 H3 H5 H7 H9 H11 

0 0.06 0.04 0.01 0.03 0.01 0.04 0.03 0.01 0.01 

THD (%) 1.67 1.14 

 

• Case 3: 

In the third case, the wind turbine system is disable. The test has done in both high 

and low irradiance. Table 5 shows the FFT and the THD results of the total 

current produced by the PV system. 
Table 5 

Analysis of the current produced by the wind turbine 

G=400 W/m2 G=1000 W/m2 

Current (A) 
Peak RMS Peak RMS 

497.6 351.8 1161 820.7 

Harmonics (%) 
H3 H5 H7 H9 H11 H3 H5 H7 H9 H11 

0.01 0.04 0.01 0.01 0.02 0.05 0.03 0.03 0.01 0.01 

THD (%) 2.13 1.37 

 

In all cases the THD is less than 5% and the individual odd harmonics from 3 to 

11 are less than 4%. According to [25], these results are acceptable for grid 

connection system. The result shows that the proposed hybrid system can produce 

high quality of energy regardless the change of weather conditions. 

7.3. Power losses test 

In this section, the average power losses are calculated. In this test, the 

5SNA2000K452300 data-sheet is used to calculate the power losses. We have 



222     Younes Dris, Mohamed Choukri Benhabib, Sidi Mohammed Meliani, Virgil Dumbrava 

made many tests by varying the power factor (PF) and the modulation index m. 

We have chosen the worst case where the power losses are at their maximum 

(PF=1 and m=0.5). Figure 14 shows the power losses of the NSC regarding the 

total rating of the NSC. 

8. Conclusions 

In this paper, a proposed hybrid system (PVs + DFIG) connected to the 

grid using the NSC was studied. This structure has reduced the number of power 

electronics used in the conventional hybrid farm. The control of the NSC is not 

complicated, a simple logic circuit was used to generate the middle gates signal of 

the NSC. The FLC algorithm and the TSR technique are used to extract the 

maximum power from PV panels and the DFIG respectively. The validity of this 

structure is confirmed using the SimPower system. Simulation results show the 

efficiency of the proposed system in term of control and the produced energy 

quality. Using the NSC minimize the number of the power electronic switches, 

but connecting the photovoltaic panels to the DC link leads to increase the size of 

the semiconductor switches. The power losses of the NSC converter are important 

due to high DC bus voltage and the high size of the semiconductor switches used. 
 

 
Fig. 14. Power losses of the NSC. 

9. Appendix 

Table 6 

Photovoltaic panel parameters [26] 

Parameter Value Unit 

Imp 7.84 A 

Vmp 29.32 V 

Cells Ns 60 - 
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Table 7 

Wind turbine parameters [9] 

Parameter Value Unit 
Ps 2.0 MW 

Rs 2.6 mΩ 

Rr 2.9 mΩ 

Ls 2.587 mH 

Lr 2.587 mH 

M 2.5 mH 

Lf 1 mH 

Rf 0.01 Ω 

Ccap 3.8 mF 

J 729 Kg.m2 

Table 8 

Cp variables [27] 

c1 c2 c3 c4 c5 c6 c7 c8 c9 

0.73 151 0.58 0.002 2.14 13.2 18.4 -0.02 -0.003 
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