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Abstract: The article presents an induction generator connected to the power grid using the AC / 9 

DC / AC converter and LCL coupling filter. In the converter, both from the generator side and from 10 

the power grid side, three-level inverters were used. The algorithm realizing Pulse Width Modula- 11 

tion (PWM) in inverters has been simplified to the maximum. Control of the induction generator 12 

was based on the Direct Field Oriented Control (DFOC) method. At the same time, voltage control 13 

has been used for this solution. The MPPT algorithm has been extended to include the variable pitch 14 

range of the wind turbine blades. The active voltage balancing circuit has been used in the inverter 15 

DC voltage circuit. In the control system of the grid converter with an LCL filter, the number of 16 

measurements was limited to the measurement of power grid currents and voltages. Synchroniza- 17 

tion of control from the power grid side is ensured by the use of a PLL loop with the system of 18 

preliminary suppression of undesired harmonics (CDSC). 19 

Keywords: induction generator; Direct Field Oriented Control (DFOC), three-level inverter; sinus- 20 

oidal pulse width modulator (SPWM), maximum power point tracking (MPPT) 21 

 22 

1. Introduction 23 

Small wind power plants are becoming more and more popular as sources of electric 24 

energy. They are mainly based on asynchronous machines. It is a cheaper solution com- 25 

pared to the use of synchronous generators with electromagnetic excitation or permanent 26 

magnets. The machine itself is also much simpler and therefore more reliable. It can also 27 

be directly connected to the power grid in generator mode. Such a direct connection to 28 

the power grid does not require a special synchronization mode, which is a very im- 29 

portant issue. However, it is only possible to produce and deliver electricity to the grid 30 

above a certain wind speed. There is also no possibility of electric control of active power 31 

output. When the machine is directly connected to the power grid, there is a demand for 32 

reactive power. This degrades the energy quality near the installation of such a generator. 33 

Accordingly, in order to improve the quality of the energy, there is a need for reactive 34 

power compensation. In the simplest solution, it is a bank of capacitors. In more advanced 35 

systems, power electronics systems are used. 36 

The above drawbacks of direct connection of the generator to the power grid in the 37 

context of current requirements related to combining new energy sources have consider- 38 

ably limited the possibilities of its application in recent times. 39 

Currently, in order to eliminate the negative impact of the new energy sources con- 40 

nected to the power grid, various types of power electronic converters are used. They 41 

implement connections of newly connected sources to the power grid without introduc- 42 

ing distorted currents to it. Currents similar to sinusoidal are obtained by means of the 43 

control and application of the LCL filter. The use of power converters from the generator 44 
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side and the power grid side has led to full conversion of the generated energy [1,2,3,4,5]. 45 

It also created the possibility of controlling the active power given to the power grid. 46 

An additional functionality of using converters is also the ability to control the reac- 47 

tive power. This solution also extends the wind speed range for which the power plant is 48 

able to transmit energy to the grid. The extension of the scope applies to both lower and 49 

higher wind speeds at which currently existing systems have to already be disconnected. 50 

Also, thanks to the fact that the system has full conversion of electrical energy, it was 51 

possible to implement the tracking of the maximum power generated by the generator in 52 

a wide range of wind speed. 53 

There are many methods to track the maximum power [4,6-12]. However, the most 54 

common are three basic MPPT algorithms. The first of these is an algorithm based on the 55 

known dependence of the wind turbine power in function of the angular speed PG(m) 56 

[2,3]. The second one is based on the optimal speed ratio of the opt turbine, but it requires 57 

the measurement of wind speed [7-10]. The third one is the incremental algorithm, which, 58 

without knowing the turbine parameters, continuously searches for operating conditions 59 

with maximum power for a given wind speed [11]. 60 

At present, AC/DC/AC converters are commonly used in systems with full energy 61 

conversion [1,2,3,5]. Until recently, they were implemented on the basis of two-level in- 62 

verters [2]. Currently, multilevel inverters are used more and more often that place [5]. 63 

An increased number of levels allowed them for better shaping of output currents at the 64 

same average number of joins of elements. An important feature of circuits with 65 

AC/DC/AC converters has become the possibility of their autonomous operation for ded- 66 

icated recipients. This can be done in the event of power failure from the grid or after the 67 

generator is self-excited without the network [3]. Autonomous work is not the subject of 68 

the article and will not be discussed here. 69 

2. Model of wind turbine  70 

The induction generators in wind power plants are driven by wind turbines with 71 

different rotation axis arrangements. The case modelled in this article refers to the turbine 72 

with horizontal axis of rotation. For this turbine, the mechanical power is given by (1). 73 

      
(1) 

where: Cp(,) is the wind turbine power coefficient, Vw is the wind speed, and  is the air 74 

density (assumed  = 1,225 kg/m3) 75 

The power coefficient Cp(,) in (1) is given by the empirical relation (2) [7]. 76 

 

where:   
(2) 

where:  is the turbine blade tip speed ratio, and  is the turbine blade setting angle, T is 77 

the angular speed of the turbine, and Rb is the turbine rotor radius. 78 

In the simulation system, the wind turbine model described above was used to drive 79 

an induction generator. For the purposes of simulation tests, the dimensions of turbine 80 

blades Rb = 3 m and gearbox G = 5 were arbitrarily adopted (small wind power plant). The 81 

maximal power factor for the adopted model (2) was Cp(,) = 0,48 for  = 8,1. The deter- 82 

mined values refer to the zero setting angle of the turbine blades  = 0. Figure 1 shows the 83 

turbine power coefficient Cp(,) for five different turbine blade pitch settings. 84 

However, Figure 2 shows the power of the turbine described above as a function of 85 

the angular velocity of the induction generator for different wind speeds with zero blade 86 

angle adjustment. The diagram of maximum power is shown on the background of these 87 

characteristics This waveform is described in equation (3). 88 

  89 
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  where   K=0,4223        (3) 

90 

 91 

Figure 1. Power coefficient Cp(,) as a function of the turbine speed ratio for five values of the 92 

setting angle. 93 

 94 

Figure 2. Generator power PG in relation to the angular speed m for different wind speeds Vw and 95 

 = 00. 96 

Equation (3a) for c = 1 describes the generator's maximum power PGmax for zero ad- 97 

justment of the blade angle,  = 0. When the value of power generated exceeds the power 98 

rating of the generator PN, the setting of the angle of the blades changes. To ensure the 99 

operation of the generator with the maximum power coefficient Cp(,) under the new 100 

conditions, the coefficient c is also changed in accordance with the relation (3b). 101 

Equation (3a) is the basis for the implementation of the Maximum Power Point Track- 102 

ing method. The tracking method based on the above equation will be used in the further 103 

part of the article in simulations of the wind farm system with an induction generator. 104 

3. Multi - level inverters connecting the generator to the power grid 105 

In the connection system of the induction generator to the power grid, three-level 106 

inverters were used from both the generator and the power grid side [10]. The types of 107 

inverters which were taken into consideration included: Neutral Point Clamped (NPC) 108 

inverter, and Neutral Point Piloted (NPP) inverter. Although the NPC inverters contain 109 

more elements, they have been accepted for further simulation studies. 110 

In the DC circuit, active balancing of voltage unbalance [10] was applied.  111 
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The scheme of a three-level inverter used in simulations on the generator and power 112 

grid side, with the active voltage balancing system, is shown in Figure 3.  113 

 114 

Figure 3. A three-level NPC inverter with autonomic voltage balancing on capacitors Cf1 and Cf2. 115 

4. SPWM modulator of multi - level inverter  116 

A simple algorithm based on sinusoidal pulse width modulation (SPWM) has been 117 

used to generate control signals for a multi-level inverter. It is implemented inde- 118 

pendently for each phase. 119 

At the initial stage, the set signals of phase voltages are modified by adding to them 120 

a waveform (4) that allows increasing the output voltage of the inverter. 121 

  

(4) 

The obtained modified signals are compressed to a range of ±2 using the UDC inter- 122 

mediate circuit voltage (5). 123 

           

(5) 

In the next processing step, the signals were shifted by adding a constant component 124 

to them with a value of 2. As a result of this operation, unipolar signals in the range of 125 

values from 0 to 4 (6) were obtained. 126 

              
(6) 

Signals processed this way are analyzed in two ranges, in the range of values 0-2 and 127 

2-4. In each of these intervals, the SPWM modulation is implemented independently. In 128 

the range of values from 2-4, signals are generated for the upper transistors of each in- 129 

verter branch T1a, T3a, T5a and in the range of values from 0-2 for the lower transistors 130 

T2a, T4a, T6a. The other inverter transistors are controlled by complementary signals T1b, 131 

T3b, T5b and T2a, T4a, T6a according to Figure 3. 132 

The durations of the control signals for a single switching cycle of the transistors are 133 

calculated twice in advance of the half cycle after the prediction has been applied to the 134 

set signals. They are performed at the beginning and in the middle of the switching cycle. 135 

The control signals obtained in this way may be asymmetrical with respect to the center 136 

of the switching cycle. The implementation of the control described above, however, 137 

halves the delay in the system response to changes in the set point and load in relation to 138 

the single calculation of the signal duration only at the beginning of the switching cycle. 139 

Simple mathematical relations, without trigonometric functions, significantly re- 140 

duced the calculation time. In the initial phase, the implementation of the algorithm was 141 
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limited to determining the range of the offset value of the set signal. The calculation pro- 142 

cedure is started only after the preparation phase. In the case when the value of the set 143 

point signal was in the second range, the initial offset value should be subtracted before 144 

making the calculation. This operation is not required when the signal value is in the first 145 

range (7). 146 

        

(7) 

Eventually, the calculation of the delay times of the switching signals of the transis- 147 

tors, in relation to the beginning and the middle of the switching cycle, are performed 148 

based on dependencies (8). 149 

                        (8) 
150 

where:  Tp is the half of the interval TPWM, and urx is the reduced value of the set voltage 151 

The switching delay time determined on the basis of the above dependence applies 152 

only to one transistor from the complementary pair in the phase. At that time, the transis- 153 

tor from the second complementary pair can be switched on for the time equal to half of 154 

the connection cycle (second interval) or off for the time equal to half of the connection 155 

cycle (first interval) (9). It depends on the actual value of the set signal. 156 

               

where: [x,i]<a,1;b,3;c,5> 

(9) 

 157 
Figure 4. Control signals based on the proposed algorithm (experiment). 158 

Figure 4 shows the waveforms of transistor control signals realized using the pre- 159 

sented algorithm. They present the determined operating state of the three-level inverter. 160 

The above algorithm can be easily adapted for controlling the operation of inverters 161 

with a larger number of levels. 162 

5. Field-oriented generator control with direct orientation of the vector (DFOC) 163 

In the power plant system, the generator is a squirrel cage induction machine with 164 

the rated data in the Appendix. 165 
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Direct coupling of such a generator with the power grid is possible, but only in a very 166 

narrow range of angular velocities. In order to extend the speed range for which the gen- 167 

erator will be able to supply energy to the power grid, a solution with full conversion 168 

based on the AC/DC/AC system was used. It forced the necessity of using the converter 169 

also on the generator side. In order to unify control systems and create the possibility of 170 

using medium voltage generators in the future, three-level inverters were used. 171 

The generator-side inverter control algorithm was based on field-oriented control 172 

with indirect field vector orientation with voltage control. It is relatively simple and al- 173 

lows setting the electromagnetic moment of the generator load. This is the starting point 174 

for the implementation of the MPPT algorithm. The cage induction motor model in the 175 

synchronous system of the rotor flux is described by the voltage-current vector equation 176 

(10). After separation into the real and imaginary part, it allows to determine the rotor flux 177 

r, the slip pulsation r and the electromagnetic torque me (11). 178 

        
(10) 

       

(11) 

where: Rr rotor resistance, Lr rotor inductance, Lm main inductance, pb number of pole 179 

pairs, r rotor flux, r slip pulsation, m mechanical angular velocity, me torque 180 

Equations (11) describe the induction machine in synchronous system. They also 181 

make it possible to calculate the set component values ifd*, ifq* of the inverter output current. 182 

These current components were calculated for the assumed value r* of the rotor flux and 183 

the set value me* of the electromagnetic torque. To enable wider use of the machine as the 184 

generator, the rotor flux was assumed equal to the rated flux. On the other hand, the set 185 

moment was calculated in MPPT system, based on the current angular speed m of the 186 

generator shaft. As a result of such procedure, relations (12) were obtained. They allowed 187 

to determine the inverter control in a further calculation step. 188 

         

(12) 

Figure 5. shows the inverter control algorithm from the generator side using the 189 

method based on dependence (12). 190 

        

(13) 

In the presented block diagram, the generator is controlled in a coordinate system 191 

that rotates synchronously with the rotor flux vector r. Here, on the basis of the set values 192 
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of the rotor flux r* and the motor torque me*, the set currents ifd* and ifq* in the d-q axes are 193 

determined by means of PI type controllers (eq. 13). Next, on the basis of the set values of 194 

currents ifd* and ifq*, the set values of the output voltages ufd* and ufq* of the converter are 195 

determined also by means of PI type regulators (eq. 14). 196 

        

(14) 

 197 

Figure 5.  Block diagram of the induction generator control algorithm. 198 

6. Control of the power grid converter 199 

The AC/DC/AC system's output converter works with the power grid directly. Its 200 

basic task is to supply energy generated by the generator to the grid. Thanks to the ex- 201 

tended control algorithm, it can also act as a reactive power compensator. 202 

In general, the grid voltage can be strongly distorted and contain higher harmonics 203 

with significant amplitudes. In the simulation tests, two harmonics were taken into ac- 204 

count: 5h with a value of 5% of the fundamental value of the harmonic and phase 300 and 205 

7h with a value of 3% of the fundamental value of the harmonic and phase of -200. The 206 

condition of proper cooperation with the power grid is a good synchronization of the con- 207 

trol system with the basic voltage harmonic. This goal was achieved using the PLL algo- 208 

rithm. However, when the network voltage is distorted, good synchronisation is not suf- 209 

ficient to obtain the nearly sinusoidal voltage waveform with small content of higher har- 210 

monics. In order to perform the above task, the LCL filter was used in the inverter cou- 211 

pling system with the power grid, and the prediction in the control algorithm was applied 212 

[16-23]. The use of the filter in conjunction with the prediction has improved the shape of 213 

the grid current by reducing the content of higher harmonics below 1%. 214 

The equivalent filter scheme is shown in Figure 6. It has a high damping factor of 60 215 

dB/dec for frequencies above the resonant frequency. By appropriate selection of the res- 216 

onant frequency, the modulation signal can be very effectively suppressed. However, it is 217 

a third-order filter and oscillations may occur in the output current, which must also be 218 

effectively suppressed. 219 

Equations (15 abc) describe the LCL filter in a continuous form. 220 

 221 
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 225 

 226 

Figure 6. Equivalent LCL coupling filter scheme. 227 

    

(15) 

When switching to a discrete form, a description based on averaged momentary values of 228 

the grid voltage, inverter and capacitor was used. Finally, the predictive control algorithm 229 

with the model was described using four vector equations (16) [11]. 230 

     

(16) 

where: x[k+1|k+2] average value of the quantity in the time interval k+1 to k+2, x[k+1] 231 

value of the quantity at time k+1 232 

For a third-order filter, the prediction of two advance steps is required. In order to 233 

implement the control in the above equations, the grid current values were replaced with 234 

theirset values:  and . The remaining values were 235 

determined based on equation (17). 236 

       

(17) 

In the grid converter control system, the voltages on the capacitors and the converter 237 

output currents are not measured. However, these values are calculated. The average volt- 238 

ages  on the capacitors for the previous sampling period are estimated on the 239 

basis of the average values of the power grid voltage and the grid current in the previous 240 

sampling period. Then, based on the prediction, its values for the present moment are 241 

determined. In contrast, the converter output currents are calculated based on the predic- 242 

tion in the previous sampling period. The coefficients occurring in the equations (17) were 243 

determined based on the equations of the filter state and assuming the constancy of the 244 

element parameters, they can be calculated based on the dependence (18). 245 

a) b)

c)

fs
s s s c s f f f f c

c
f s f

didi
L i R u u L i R u u

dt dt
du

C i i
dt

     

 

 





 

 

[ 1 | 2] [ 1 | 2]

[ 2] * [ 1] /

[ 2] [ 2] [ 2 | 3]

* [ 1| 2] /

[ 2 | 3] [ 2 | 3]

[ 3] * [ 2] /

[ 1 | 2] * [ | 1]

* [ 1] [ 1]

f c

f f f f

f s c

f c f

c s

s s s s

c c c

c f s

u k k u k k

i k A i k B

i k i k u k k

A u k k B

u k k u k k

i k A i k B

u k k A u k k

B i k i k

    

   

     

  

    

   

   

   

*[ 2] [ 2]s si k i k   *[ 3] [ 3]s si k i k  

 

 
 

 

[ 1| ] [ 1| ] [ ] * [ 1] /

[ | 1] * [ 1| ] * [ ] [ ]

[ 1] * [ ] * [ | 1] [ | 1]

[ 1] * [ ] * [ | 1] [ | 1]

c s s s s s

c c c c f s

s s s s c s

f f f f f c

u k k u k k i k A i k B

u k k A u k k B i k i k

i k A i k B u k k u k k

i k A i k B u k k u k k

     

    

     

     

[ 1| ]cu k k

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 October 2022                   doi:10.20944/preprints202210.0260.v1

https://doi.org/10.20944/preprints202210.0260.v1


Energies 2022, 15, x FOR PEER REVIEW 9 of 19 
 

 

    

(18) 

In equations (16,17), the average grid voltage was used for the intervals [k|k+1], 246 

[k+1|k+2] and [k+2|k+3] and the currents from the moment of measurement [k]. The av- 247 

eraging refers to half of the switching cycle of transistors. The coefficients in the equations 248 

include such parameters of the coupling system as the filter inductances Ls and Lf , filter 249 

resistances Rs and Rf, as well as capacitance Cf and resistance Rc = ESR. 250 

The voltage values of the power grid at the time [k+1], [k+2] and [k+3] were deter- 251 

mined by summing (21) rotated vectors, basic (19) and higher harmonics (20), grid volt- 252 

age. On the other hand, the size of the rotation angle of the vector components depends 253 

on their pulsation Pll1h, mh and sampling time Ts. 254 

                  

(19) 

                  

(20) 

                  

(21) 

The components of the current is and if for time [k+1] (17) are determined based on 255 

prediction with the model of coupling circuit, Figure 6. 256 

The set value of the current was determined based on the definition of instantaneous 257 

powers for the first harmonic, given by Hirofumi Akagi (22) [14,15]. 258 

  

(22) 

It refers to the actual time [k]. However, in relations (16), values of currents are also re- 259 

quired for times [k+2] and [k+3]. Assuming that the power grid current should have the 260 

sinusoidal waveform, the required quantities can be easily obtained. For this purpose, it 261 

is carried out twice and three times the rotation of the reference current vector, determined 262 

for the instant [k] based on the dependence (22), by the angle determined from the funda- 263 

mental harmonic voltage of the power grid frequency fPll1h of network voltage and the 264 

sampling interval Ts (23). 265 

   

(23) 

Figure 7. shows a block diagram of the grid converter control algorithm based on the 266 

presented dependencies. 267 

7. Synchronization of control to the voltage of the power grid 268 

As mentioned earlier, the control of the converter, which is connected to the power 269 

grid, requires precise synchronization with the voltage waveform. In the presented sys- 270 

tem, this process takes place in two stages. In the first stage, thirty-two positive order and  271 

 272 
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 273 

Figure 7. Block diagram of the grid converter control algorithm. 274 

thirty-two negative order higher harmonics are attenuated using a cascaded system 275 

CDSC(vα)2,4,8,16,32,64. [24-28]. A valuable feature of this system is that it does not introduce, 276 

or introduces a negligibly small value of, phase shift of the input waveform first harmonic. 277 

The second stage is proper synchronization with the fundamental harmonic of the 278 

power grid voltage. Figure 8 shows the implemented synchronization system. 279 

 280 

Figure 8. Block diagram of CDSC – PLL system. 281 

8. Wind power plant system 282 

Figure 9 shows a complete block diagram of a wind power plant connected to the 283 

power grid by three-level inverters. The connection between the power plant and the 284 

power grid is constituted by an LCL filter with the parameters given in the Appendix. In 285 

the DC circuit there is a voltage balancing system on capacitors Cf1 and Cf2. Between the 286 

control systems: generator and power grid inverter, feed-forward power coupling has 287 

been used. It speeds up the transient processes in the converter system at rapid changes 288 

in wind speed. 289 

9. Laboratory tests of a wind power plant 290 

The tests of the system were carried out by simulation using the software package 291 

PLECS in version 4.4.3, and the limited physical experiment. From this package, only li- 292 

brary elements of the main circuit were used for modelling. These elements include: 293 

model of induction motor, transistors, inductances, and capacitances, as well as current, 294 

voltage, and speed measurement systems. The control algorithm was written in the C pro- 295 

gramming language. After compiling, in the form of a dynamic library *.dll, it was at- 296 

tached to the main program modeling system. The control algorithm is called from the 297 

main program every 50 μs (20 kHz) similarly as it is done in the real system as part of the 298 

interrupt service. However, the frequency of switching of transistor keys is by half and in 299 

the tested system it is 10 kHz. 300 
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 301 

Figure 9. Wind power plant with an induction generator and AC/DC/AC converter based on three- 302 

level inverters. 303 

The procedure presented above was dictated by the fact that in the case of experi- 304 

mental implementation, the tested algorithm can be easily transferred to a microprocessor 305 

controller with minor modifications to adapt it to the hardware equipment. The laboratory 306 

research process carried out in this way will reproduce the working conditions of the real 307 

system fairly reliably. 308 

    309 
              (a)                                       (b)   310 

Figure 10. Assumed changes in wind speed Vw  (a) 12, 8, -8, -12 [m/s2]; (b) 24, 24, -24 -24 [m/s2] and 311 

corresponding changes in angular velocity G, generator power PG and power grid PS. 312 

During the simulation tests, the wind was modeled changing in the cycle from 6 m/s 313 

to 9 m/s and further to 11 m/s and from 11 m/s to 9 m/s finishing at 6 m/s with phases of 314 

constant speed value. The operation of the system for the above test scenario is given in 315 

Fig. 10, which shows the assumed changes of wind speed Vw and the corresponding 316 

changes of angular speed G and power PG of the generator, as well as of power PS sup- 317 

plied to the power grid. 318 

Figure 11a shows the waveforms of generator power PG as function of its angular 319 

speed G, while Fig. 11b presents the waveform of wind turbine power coefficient Cp(,). 320 

These two waveforms were obtained for different wind speeds at a constant turbine blade 321 

pitch  = 00. Power values at which changes start, after changes in wind speed, allow to 322 
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conclude on the good implementation of the maximum power point tracking in steady 323 

states. 324 

 325 

       (a)                                           (b)   326 

Figure 11. Waveforms of generator power PG (a) and turbine power coefficient Cp(,) (b) for chang- 327 

ing wind speed Vw and blade angle equal to  = 00. 328 

Figures 12 and 13 show changes in wind speed Vw, angular speed G and power of 329 

generator PG as well as of power PS supplied to the power grid. The presented waveforms 330 

refer to the case of wind speed increase from 9 m/s through 12 m/s up to 14 m/s, and the 331 

decrease within the same range. When the wind speed exceeded 11 m/s, the generated 332 

power was higher than the rated power of the generator. In order to limit the power, the 333 

angle of the wind turbine blades setting was changed from  = 00 to  = 100 to reduce the 334 

generated power. Despite this change, the wind power plant continues to work with the 335 

tracking of the maximum power point by correcting the coefficient c in accordance with 336 

the equation 3b. On the basis of the waveform Figure 10 determined the efficiency of the 337 

system, which, for a predetermined wind velocity Vw = 11 m/s and an angle  = 00 was   338 

91,2%. 339 

 340 

            (a)                                           (b)   341 

Figure 12.  Waveforms of wind speed Vw  (a) 12, 8, -8, -12 [m/s2]  (b) 24, 24, -24 -24 [m/s2]  gener- 342 

ator angular speed G and power PG, and grid power PS, for  = 100. 343 

  344 

            (a)                                           (b)   345 

Figure 13. Waveforms of generator power PG (a) and turbine power coefficient Cp(,) (b) for chang- 346 

ing wind speed Vw and blade angle equal to  = 100. 347 
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Figures 14 and 15 show the transient processes occurring in a wind power plant dur- 348 

ing a linear change of the turbine blade angle setting in the range from  = 00 to  = 150, at 349 

constant wind speed. In the initial phase of changes of , a slight increase of generator 350 

angular speed G is observed, but then it decreases to the final steady-state level below 351 

the initial speed. As a result, the power factor Cp (,) decreases (Figure 15b) from the 352 

optimum value for the set wind speed Vw = 11 m/s and angle  = 00 to the optimal value 353 

for the angle  = 150. Therefore, the power PG generated and PS supplied to the power grid 354 

is also decreasing (Figure 14, 15a). 355 

 356 

Figure 14.  The waveforms of the angle of the wind turbine blades , the angular velocity G, the 357 

power PG and supplied to the power grid PS. 358 

 359 

            (a)                                        (b)   360 

Figure 15. Waveforms of generator power PG (a) and turbine power coefficient Cp(,) (b) for con- 361 

stant wind speed and blade setting angle  changing from 00 to 150. 362 

Figure 16 shows voltage uabG and current iaG waveforms on the generator inverter side. 363 

The waveforms on the left refer to the change in wind speed in the range from 6 to 9 m/s, 364 

while on the right side the wind speed varies from 9 to 6 m/s. The center waveforms show 365 

the steady state of the generator at wind speed of 11 m/s. Despite the wide range of wind 366 

speed variations, the converter work is correct. The converter passes without disturbance 367 

to the three-level mode when the wind speed increases and vice versa to the two-level 368 

mode while reducing the wind speed. The obtained waveforms indicate the correct oper- 369 

ation of the system in various conditions. 370 

The proposed simplified algorithm of the three-level inverter modulator works cor- 371 

rectly. This is confirmed by the simulation results obtained. Switching processes of tran- 372 

sistors are ordered and there is no uncontrolled switching in them as evidenced by voltage 373 

waveforms.  374 

In all of the above cases, the generator current is close to sinusoidal with a low content 375 

of higher harmonics (Figure 16). Higher harmonics generating pulsating torque and in- 376 

crease the loss of induction generator so their lack of positive effect on the system. 377 

Figure 17a shows the setpoints and measured quantities in the direct control system 378 

for the rotor flux and electromagnetic torque of on induction generator. Figure 18b, on the 379 
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other hand, shows the corresponding setpoints and measured values of the stator current 380 

components in a coordinate system rotating synchronously with the rotor flux. 381 

               382 

             (a)                       (b)                       (c)   383 

Figure 16. Waveforms of generator voltage uabG, and currents iafG, ibfG at changing (a), (c) and constant 384 

wind speed equal to 11 m/s (b). 385 

Figure 17a shows the setpoints and measured quantities in the direct control system 386 

for the rotor flux and electromagnetic torque of on induction generator. Figure 18b, on the 387 

other hand, shows the corresponding setpoints and measured values of the stator current 388 

components in a coordinate system rotating synchronously with the rotor flux. 389 

         390 

                  (a)                                         (b)                 391 

Figure 17. The waveforms of: (a) the set rotor flux rz, the set driving torque of a wind turbine mez 392 

and estimated values r and electromagnetic torque of generator me (b) the set current components 393 

in the d and q axes and their measured values. 394 

Figure 18 shows the voltage waveforms uabf of the converter connecting the system to 395 

the power grid, the power of the induction generator PG, power supplied to the power 396 

grid PS and reactive power QS. In the lower part of the figure shows the waveform of the 397 

power grid current ias and the output current of the inverter iaf. The waveforms were ob- 398 

tained during the sequence of wind speed changes from 6 m/s by 9 m/s to 11 m/s and in 399 

the opposite direction of changes ending with the wind speed of 6 m/s. 400 

On the waveforms, an increase in the current can be observed at the moment of set- 401 

ting reactive power. Figure 19 shows in detail the steady state of the power plant operation 402 

at a wind speed of 11 m/s with a load determined from the operation of the MPPT system. 403 
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To fully illustrate the system's capabilities at time t= 4,6s, the reactive power of QS = 5 kVar 404 

was applied to the grid converter control system (Figure 18). This caused temporary ad- 405 

ditional switching of the inverter transistors. They are clearly visible on the output wave- 406 

form of the uabf inverter (Figure 19). They cause immediate displacement of the ias current 407 

grid phase (Figure 19). However, a fast change of the output current phase does not lead 408 

to oscillations. Thanks to the use of advanced control, it was possible to avoid unfavorable 409 

oscillation phenomena in the output current of the multi-level inverter. 410 

 411 

Figure 18. Waveforms of the generator's phase-to-phase voltage uabf, power output PG, power sup- 412 

plied to the grid PS, reactive power QS, grid current ias and inverter current iaf. 413 

 414 

Figure 19. Waveforms of the phase-to-phase voltage of the power grid inverter uabf, voltage uas and 415 

current ias of the grid and inverter current iaf for change of reactive power. 416 

Despite the strong distortion of the power grid voltage, which contains 5h with a 417 

value of 5% and 7h with a value of 3% of the fundamental value of the harmonic, the 418 

current waveform ias is close to sinusoidal with the content of higher harmonics below 1% 419 

(Table 1).The content of higher harmonics of the power grid current has not changed much 420 

with the changes of load and type of control. (where: fG - generator voltage frequency) 421 

In the presented waveforms, the correct operation of the proposed simplified modu- 422 

lators can be observed also in the case of a converter connected to the power grid (Figure 423 

19). Lack of asymmetry of the output voltages three-level inverter proves the proper op- 424 

eration of the balancing voltage in the DC voltage circuit 425 

Figure 20 shows the voltage and current waveforms after connecting the system to 426 

the power grid. In spite of the strongly deformed voltage waveform, the obtained current 427 

is close to sinusoidal. 428 
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Table 1. The content of higher harmonics. 429 

Type of system Ps [kW] fG [Hz] 
Content of higher harmonics 

THD_IG% THD_US% THD_If% THD_IS% 

With all 

measurements 

5.5 37.39 0.83 5.83 5.26 0.18 

10.0 45.40 0.61 5.76 2.68 0.05 

Without 

measurement uc  

5.5 37.41 0.83 5.83 5.29 0.18 

10.0 45.40 0.61 5.83 2.68 0.05 

Without 

measurement uc, if 

5.5 37.39 0.83 5.83 - 0.695 

10.0 45.40 0.61 5.83 - 0.37 

 430 

                   (a)                               (b)                              (c)   431 

Figure 20. Voltage waveforms uabf and current iaf of the inverter, uabs voltage and current ias of the 432 

power grid and uaC capacitor voltage in steady state (a) with all measurements (b) without measur- 433 

ing the capacitor voltage (c) without measuring the inverter current and capacitor voltage. 434 

Based on the simulation tests performed, the correct operation of the small wind 435 

power plant system was observed. The power plant's control algorithm efficiently tracks 436 

the point of maximum power, both in the case of changes in wind speed and changes in 437 

the angle of setting the wind turbine blades. 438 

Figure 21a, b shows the experimental and simulation results of the simplified modu- 439 

lator realizing the set value of the output voltage of the three-level inverter without the 440 

use of arrays and trigonometric functions. Figure 22, on the other hand, documents the 441 

sinusoidal waveform of the grid current despite the strong distortion of its voltage. 442 

 443 

            (a)                                       (b)    444 

Figure 21. Voltage uabf and current iaf waveforms (a) experiment (b) simulation. 445 
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 446 
Figure 22. Voltage uas and current ias waveforms of the power grid for reactive power (experiment). 447 

10.  Conclusions  448 

The article presents a complete control algorithm for the AC/DC/AC converter con- 449 

necting the induction generator with the power grid. The algorithm for controlling the 450 

DC/AC converter from the power grid does not use measurements of output currents or 451 

voltages on the LCL filter capacitors. These values are estimated on the basis of measure- 452 

ments of power grid currents, voltages and filter parameters. 453 

The application of the converter with the proposed control algorithm provided near- 454 

sinusoidal currents of the power grid. Thanks to the LCL filter coupling the system with 455 

the power grid and the predictive control, the content of higher harmonics in the output 456 

current below ~1% was obtained, despite the assumption of high voltage distortion (Fig- 457 

ure 19, 20) and limiting the number of measurements of the input quantities. Correct op- 458 

eration of the system was also achieved with the proposed modulator for the multilevel 459 

inverter. The system also performs the function of a reactive power compensator thanks 460 

to the possibility of controlling the phase of the current in relation to the grid voltage.  461 

However, to control the AC/DC converter from the induction generator side, the al- 462 

gorithm of direct rotor flux and torque control was used. The current distortion on the 463 

generator side is slightly higher (Figure 21a) and this is due to the lack of an additional 464 

coupling filter (Figure 9). This lack is partially compensated by the relatively high induct- 465 

ance of the induction motor. The low content of higher harmonics of the current does not 466 

significantly affect the pulsation of the generator's load torque and increasing losses.  467 

Original simple algorithms of modulators do not require trigonometric functions or 468 

arrays for calculations. This reduced the time needed to calculate the switching times of 469 

inverter transistors. The use of full processing of the produced energy extends the use of 470 

an induction generator to a range of lower wind speeds. 471 

The article proposes a modification of the maximum power point tracking method. 472 

It concerns the range of higher wind speeds, in which a change of the angle of the wind 473 

turbine blades setting is required. The modification was implemented by introducing the 474 

correction factor c to the dependence (3). This enabled the use of an induction generator 475 

with a maximum power factor Cp for wind speeds varying within wide limits. 476 

In the studies, the presented system was characterised by high efficiency, which for 477 

different loads and operating systems is shown in Table 2. 478 

Table 2. Total efficiency of generator systems. 479 

 With all measurements Without measurement uc Without measurement uc, if 

Ps [kW] ƞ % ƞ % ƞ % 

1.6 91.02 91.02 91.07 

5.5 92.74 92.74 92.67 

10.0 91.77 91.77 91.75 

The promising results of the system test encourage further work. The high complex- 480 

ity of the control algorithm presented in the article requires the use of a microprocessor 481 
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controller with high computing power. Therefore, also all the required computational pro- 482 

cedures were written in the "C" programming language with a minimum number of in- 483 

structions. It guarantees on relatively short control times in the real system. 484 

The proposed system was characterized by fewer measurements than are required in 485 

typical systems. By using estimation and prediction, the number of measurement chan- 486 

nels was reduced by four. At the same time, the system did not show oscillations or a 487 

significant increase in the content of higher harmonics in the power grid current. The ef- 488 

ficiency of the system also did not noticeably deteriorate. At the same time, the reduced 489 

number of measurements increases reliability and reduces implementation costs. The ap- 490 

plied control method does not require additional damping resistances in the LCL coupling 491 

circuit. At the stage of practical implementation of the control, the requirements for the 492 

selection of a microprocessor controller are also fully acceptable. 493 
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Appendix A 504 

Induction motor (Generator): 505 

BBC QV 160M4AA 506 

PN = 11 kW,   U1N = 400 V(l-l),   I1N = 22,5 A,    507 

f1N = 50 Hz,   nN = 1438 rpm,   2p = 4,  cosN = 0,83 508 

Parameters of motor: 509 

Rs = 0,3223 ,   Ls = 1,99 mH,   Rr = 0,4762 , 510 

Lr = 3,4 mH,   Lm = 69,69 mH,   J = 0,194 kgm2 511 

Parameters of LCL filter: 512 

Rf = 0,1 ,   Lf = 2,0 mH,   Rs = 0,05 ,   Ls = 1,0 mH,   Cf = 10,0 μF 513 
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