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 Abstract 

This paper proposes an optimal efficiency control scheme for a wind system with doubly fed induction generator (DFIG). The 

suggested control scheme combines loss minimiza-tion (LM) in the DFIG and maximum power point tracking (MPPT) in the wind 

turbine and therefore maximum electrical energy generation, by the same wind energy potential, is achieved. Moreover, since the cut-

in wind speed is reduced, extension of the exploitable wind speed range toward the lower speed region is attained. The LM is achieved 

by properly con-trolling the flux-linkage of the DFIG with respect to the stator current and the MPPT is accomplished by regulating 

the rotor speed through the rotor current. The parameters of the LM and MPPT controllers can be determined experimentally and 

thus, the knowledge of the wind energy conversion system (WECS) model is not required. For the implementation of the proposed 

control strategy, a new structure of the WECS has been adopted. However, the hardware requirements of the WECS and 

considerably the cost has not been considerably affected compared to the conventional configuration. Selective simulation and 

experimental results are presented to validate the effectiveness of the proposed control strategy and demon-strate the operational 

improvements.  
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I. INTRODUCTION 

In recent years, the number of wind systems with DFIGs connected to the national networks has 

considerably in-creased, due to their advantageous characteristics against the main competitor which is the 

permanent magnet syn-chronous generator (PMSG) [1]. Specifically, a WECS with DFIG attains lower 

requirements for power converter capac-ity, flexible regulation of active and reactive power since they can 

be provided by two parallel paths from the stator and rotor side, higher power quality since the greater 

amount is provided by the stator that is directly connected to the grid without a power converter being 

interposed and also, independence from permanent magnets (PM) [2]. On the contrary, a PMSG needs a 

power conversion system and filters of nominal power equal to the nominal power of the generator and 

also, the conversion system is responsible for the regulation of the whole generated power by the WECS 

since the only available energy path to the grid is from the stator. 

However, a wind system with DFIG has lower efficiency compared to a permanent magnet synchronous 

generator. Also, it is more difficult to increase the efficiency by means of magnetic-flux weakening control 

methods, because the stator is directly connected to the electric grid [3]. Since the increase of the power 

generation by a WECS is a very im-portant issue, further investigation is needed to develop an optimal 

efficiency control scheme for the DFIG.  

The performance of a WECS with DFIG has been exten-sively investigated and various research papers 

have been published on modeling [4] and design of DFIG [5], stability and unbalanced operation issues 

[2], [6] and development of controllers for improving the dynamic performance of the WECS [7], [8]. 

However, the fact that the stator of the DFIG is tied to the electric grid is the reason that the magnetic flux 

cannot be controlled for reducing the power losses, com-pared to the control techniques that have been 

developed and effectively applied to induction generators and permanentmagnet synchronous generators, 

[9]-[10] and [11]-[12], respectively.  

Several LM control methods for a WECS with DFIG val-idated only by simulations have been presented 

in [13]-[18]. Specifically, a flatness-based technique [13], a sliding mode regulator [14] and an attempt 

that aims to improve the dy-namic performance of a WECS with DFIG by using sensi-tivity analysis and 
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particle swarm optimization [15], have been proposed. The theoretical approach of the maximum power 

tracking and LM in a DFIG have been presented in [16]; however, the analysis and the proposed 

implementa-tion methodology are very complicated. A control method which assumes that the DFIG loss 

is not influenced by the sharing of the magnetizing current between the stator and rotor d-axis current, has 

been developed in [17]. Also, an attempt for improving the efficiency of a DFIG by regulat-ing the 

reactive power and considering only the copper loss has been presented in [18].Efficiency optimization 

methods for DFIG with modified power conversion system topologies against the convention-al ones have 

been proposed in [19]-[21]. Specifically, an optimal efficiency control technique validated by simula-tions 

for a DFIG in stator short-circuited configuration has been presented in [19]. Control techniques for 

minimizing the cooper loss of a WECS with DFIG have been presented in [20] and [21]. A field-

weakening control method for effi-ciency optimization in a DFIG connected to a common dc-link for the 

stator and rotor side has been proposed in [22]. A technique that provides maximum active and reactive 

power control in a WESC with a matrix-converter fed DFIG has been presented in [23] which is based on 

the proper share between the DFIG stator and the input terminal of the matrix converter. Control schemes 

for both LM and MPPTin a DFIG wind system have been proposed in [24], [25]; however, an additional 

power converter is applied in the stator side to control the flux-linkage and also, the effective-ness of the 

proposed system has been verified only by simu-lations. The efficiency improvement in a DFIG that 

operates in rotor-tied configuration, while the control is performed by the stator side, has been examined in 

[26]. Finally, a MPPT technique for WECS with DFIG has been proposed in [27] and the effect of rotor 

excitation voltage on steady-state sta-bility and maximum output power of a DFIG has been ex-amined in 

[28]. From the above, it is concluded that the problem of effi-ciency optimization in WECS with DFIG is 

an open issue and a new control scheme based on flux-weakening is re-quired that does not affect the 

benefits of the DFIG com-pared to the other generator types and does not increase the hardware 

requirements of the WECS. Since the stator of the DFIG is directly connected to the grid, the only 

available option to regulate the flux-linkage is provided by the rotor side converters. Therefore, the 

conventional structure of the WECS should be properly reconfigured, but without consid-erably increasing 

the hardware requirements and conse-quently, without considerably affecting the cost of the 

system.Therefore, the aim of this paper is to present a combined control system for LM in the DFIG and 

MPPT in the wind turbine of a WECS in order to increase the electric energy that can be generated by the 

same wind energy potential. Also, decrease in the cut-in wind speed and therefore expan-sion of the 

exploitable wind speed range toward the low wind speed region can be accomplished. The proposed op-

timal efficiency control technique is developed for power factor equal to unit at the point of common 

coupling to the grid, since it is more preferable in the vast majority of wind systems. For the 

implementation of the proposed optimal efficiency control scheme, the knowledge of the WECS model is 

not required, since the parameters of the controllers can be determined experimentally. Several simulation 

and experimental results are presented in order to demonstrate the feasibility and the operational 

improvements of the new control system. Specifically, simulation results are got by a high power wind 

system of 1.6 MW and experimental re-sults are obtained by a low power scaling laboratory emula-tion 

wind system of 5.5 kW. 

 
II. PROPOSED SYSTEM TOPOLOGY 

In order to implement the optimal efficiency control technique, a new structure for the WECS with DFIG 

is adopted, that is illustrated in Fig. 1(a) and can be compared with the conventional structure of Fig. 1(b). 

As can be seen, a system of two back-to-back converters at the rotor side (generator side converter, GeSC 

and grid side converter, GrSC) of the same power capacity as in the conventional configuration is used in 

the new structure. Also, a crowbar resistance to dissipate the excess electrical energy and a bat-tery storage 

system to both smooth the generated energy and keep constant the dc-link voltage are utilized in both 

config-urations [29].  
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The dual-primary single-secondary grid transformer of the conventional system [Fig. 1(b)] has been 

replaced by a simpler single-primary single-secondary transformer in the new system [Fig. 1(a)]. The 

isolation between the stator and rotor of the DFIG and the adaptation of the rotor voltage level is 

accomplished by using another single-primary sin-gle-secondary rotor transformer. A LCL filter is also 

utilized [30], [31], as in the conventional system of Fig. 1(b); how-ever, it is of lower inductance, since the 

filtering is assisted by the inductances of the rotor transformer.  

Comparing the two configurations, it is resulted that two new transformers are introduced in the optimal 

efficiency system of Fig. 1(a) and they replace the grid transformer of the conventional system of Fig. 

1(b). Both the new rotor and grid transformers of the Fig. 1(a) have single-primary sin-gle-secondary 

windings and also, the rotor transformer is of lower nominal power, since it is referred to the low nominal 

power of the rotor side conversion system. On the other hand, the grid transformer of the conventional 

system of Fig. 1(b) has dual-primary single-secondary windings with nom-inal power equal to nominal 

power of the WECS. Thus, two lower cost transformers in the new system (i.e. the rotor transformer due to 

both the simpler construction and the lower nominal power and the grid transformer due to the simpler 

construction) have replaced the higher cost grid transformer of the conventional system. Furthermore, the 

LCL filter of the new system has lower inductance and therefore, less windings compared to the 

conventional sys-tem, since the filtering is assisted by the inductances of the rotor transformer. 

Considering the above it is concluded that, the implementation of the WECS with the new topolo-gy does 

not affect considerably the cost compared with the conventional topology. On the other hand, the new 

WECS-DFIG structure of Fig. 1(a) holds the advantages of the con-ventional system against the PMSG 

(i.e. stator tied to the grid, lower requirements for power converter capacity and flexible regulation of 

active and reactive power from the stator and rotor energy paths as well as independence from PMs). 

Additionally to the cost comparison, it is important to ex-amine the components that have been changed in 

the new topology from the power loss point of view. Comparing the rotor and grid transformers of Fig. 

1(a) with the grid trans-former of Fig. 1(b) it is concluded that the power losses are increased by the iron 

loss and the copper loss of the one side windings of the rotor transformer. However, the additional iron 

loss of Fig. 1(a) is lower than the iron loss of the grid transformer of Fig. 1(b), since the rotor transformer 

has lower operating voltage. Also, lower iron and copper losses are observed in the LCL filter of Fig. 1(a) 

due to the less windings and lower operating voltage compared to the LCL filter of the conventional 

WECS of Fig. 1(b). It should be noted that, since the above comparison is highly dependent on the 

technical characteristics of the WECS’s components, it is not possible to come to an assured conclusion 

which can hold for all WECS with DFIG. 

The conclusions of the comparison of the new WECS to-pology with the conventional one with regard to 

the cost, power loss and fault-ride-through capability. 

 
III . WECS OPTIMAL EFFICIENCY CONTROL 

To attain maximum efficiency of the whole WECS, both LM and MPPT optimal conditions of (32) and 

(39), respec-tively, should be satisfied simultaneously. Specifically, the LM in the DFIG is attained 

through the optimal condition (32) that determines the optimal VqCov voltage and needs the measurements 

of the Iqs current, grid voltage VG, and rotor speed ωm. The MPPT in the wind turbine is accomplished by 

the condition (39) that determines the optimal Iqr current and needs the measurement of the rotor speed 

ωm. The LM is attained through the GrSC and the MPPT is realized by the GeSC. 

 
IV.IMPLEMENTATION OF THE OPTIMAL EFFICIENCY CONTROL IN A WECS WITH DFIG 

 

The control scheme that provides LM in the DFIG and MPPT in the wind turbine and therefore, optimal 

efficiency in the whole WECS, is illustrated in Fig. 2. The can take either positive or negative values 

depending on the wind conditions. Specifically, positive corresponds to energy flow from the grid to the 

ISSN NO: 2394-2886

 Page No: 356

Suraj Punj Journal For Multidisciplinary Research

Volume 11, Issue 4, 2021



rotor conversion system and vice-versa for negative . opt qCovV opt qCovV opt qCovV As can be seen in 

Fig. 2, the LM and the MPPT are ap-plied in two different power converters but they have com-mon inputs 

the Iqs current and the ωm. The LM is accom-plished through the proper control of the q-axis output volt-

age of the GrSC and the MPPT is attained by controlling the q-axis rotor current of the DFIG through the 

GeSC. The other two vector components of the above variables regulate the reactive power of the WECS. 

Specifically, the d-axis output voltage of the GrSC is determined by (34) and attains zero reactive power at 

the point of common coupling to the grid. The d-axis rotor current of DFIG is determined by (14) and 

regulates the required reactive power to the DFIG by considering the optimal flux linkage that is 

determined by (26) 

. Both the LM and the MPPT controllers operate within the acceptable rotor speed range around the 

synchronous speed of a WECS, as per [37], [38]. Specifically, the MPPT controller provides the optimal 

rotor speed while the LM determines the optimal flux-linkage of the DFIG. Therefore, the proper operation 

of the WECS within the acceptable rotor speed range is the responsibility of the MPPT control-ler, while 

the LM controller ensures optimal efficiency in the WECS by considering the rotor speed ωm and the Iqs 

current that are regulated by the MPPT control.  

The battery storage system has a dual role in the new op-timal efficiency controlled WECS. Specifically, it 

provides power and energy smoothing and also, keeps constant the dc-link voltage. Thus, part of the 

energy that flows at the rotor side of the DFIG may be temporarily stored/released in the battery depending 

on the wind conditions and therefore, a techno-economic study should be conducted in order to decide for 

the proper energy storage capacity of the battery for each WECS installation.  

The turns-ratio nR of the rotor transformer is decided ac-cording to the desired voltage level of the rotor 

side power conversion system. The turns-ratio nG is decided by taking into account the energy storage 

capacity of the dc-link bat-tery, the DFIG power loss model and the wind energy poten-tial of the 

installation area. Specifically, if nG is high, the takes negative values in most of the wind speed range. In 

this case, the energy mainly flows from the GrSC to the grid and thus, the battery at the rotor dc-link 

operates in discharging mode for most of the wind speed range. On the contrary, if nG is relatively low, 

the takes posi-tive values and thus, the battery operates in charging mode for most of the wind speed 

range. Therefore, a case study should be conducted in order to determine the proper nG turn-ratio that can 

statistically ensure the lowest energy stor-age capacity of the battery for both guaranteeing effective 

optimal efficiency control and power/energy smoothing at the dynamic operation of the WECS. If ns is the 

ratio be-tween nominal stator voltage of the DFIG Vs and grid volt-age VG, typical values of nG are 

0.55ns to 0.85ns. optqCovV opt qCovV  

For the implementation of the LM and MPPT controllers, the knowledge of the parameters Gs, TA, TB and 

TC and ΔR of the (32) and Gr of the (40) are required. The ΔR is meas-ured by an ohmmeter, while the 

rest parameters can be de-termined by the following experimental procedure that can be conducted in a 

laboratory emulation wind system.  

1) The wind turbine mechanical torque is 15-20% of the nominal value. The DFIG rotates at 70-80% of 

the syn-chronous speed and the output power of the WECS to the grid is measured. Since is high, the 

condi-tion (32). 

The VqCov is adjusted so that, maximum electric power is provided to the grid and the gain Gs is 

determined from (41).  

2) The rotor speed increases to 90-95% of the synchronous speed and the VqCov is adjusted so that, 

maximum electric power is provided to the grid. The same is repeated for rotor speeds 105-110% and 125-

130% of the synchro-nous speed. By substituting the above three sets of measurements in (32) and using 

the value of Gs deter-mined by the previous step, a system of three equations with unknown parameters 

TA, TB and TC is obtained and then by solving it, the above parameters can be deter-mined.  

3) Steps 1) and 2) are repeated until the desired accuracy is accomplished.  
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The gain Gr of the MPPT controller of (40) can be exper-imentally determined through the adaptive 

neuro-fuzzy logic control technique proposed in [39]. The experimental proce-dure is realized during the 

real operation of the WECS. Spe-cifically, the DFIG is operated with the LM controller as described by the 

condition (32). For any given wind speed, the is adjusted through the adaptive neuro-fuzzy logic control 

algorithm for accomplishing MPPT and then the Gr parameter is determined by the condition (39). Due to 

the degradation that may occur by the aging of the mechanical parts of the turbine, the above experimental 

procedure should be repeated periodically. qrI  

As can be observed in (27), the gain Gs depends on the static and ohmic resistances and thus, it may vary 

with tem-perature. However, since ohmic resistances are both in the numerator and the denominator of the 

first term of (27), their variation with temperature is counterbalanced and therefore, the gain Gs remains 

almost unaffected. For similar reasons, although the parameters TA, TB and TC depend on the stator and 

rotor ohmic resistances, (26) is not considera-bly affected because the TA is in the numerator while the TB 

and TC are in the denominator, and therefore their variation is compensated. Also, the ΔR of (33) is not 

considerably affected by the temperature variation because it is a subtrac-tion between two resistances and 

therefore, the variation of the one is compensated by the variation of the other.  

The gain Gs and the parameters TA, TB and TC depend on the Lm and thus, may vary with the magnetic 

saturation. However, the Lm is both in numerator and denominator of TA and therefore, the variation of the 

TA with saturation is coun-terbalanced. Also, although the Gs, TB and TC decrease with the increase of 

saturation, the VqCov remains almost unaffect-ed because the Gs is in the numerator while the TB and TC 

are in the denominator of the second term of (32). For simi-lar reasons, the Gr is almost unaffected by the 

magnetic sat-uration, since the Lm is both in numerator and denominator.  

It should be noted that, some variations for the LM con-troller parameters are acceptable because the 

power loss curves [Fig. 3(a) of Section VI] are smooth and flat around the minimum and thus, LM is 

reached for a wide range of VqCov. Similar holds for the MPPT control [Fig. 3(b) of Sec-tion VI]. 

 
V.SIMULATION RESULTS 

The proposed control scheme was tested with simulations on a high power WECS with DFIG of 1.6-MW 

and experi-mentally on a low power scaling system of 5.5-kW.  

The Matlab/Simulink program has been used for the sim-ulation analysis [40]. The block diagram of the 

simulation model of the 1.6MW WECS with DFIG is illustrated in Fig. 3. The parameters of the WECS, 

the DFIG, the rotor and grid transformers, the LCL filter and the optimal controllers are reported in Table 

II. The WECS operation initiates by having the LM and MPPT controllers inactive and the DFIGoperates 

as a motor by means of a PI controller. Then, the DFIG accelerates and when the rotor speed reaches the 

600rpm, the LM and MPPT controllers are activated and thus, the WECS turns to the normal operation. 

The field oriented control with space vector modulation is applied in the two back-to-back converters of 

the rotor side DFIG with sampling time for both converters equal to 0.2ms. The refer-ence d- and q-axis 

components of the GeSC’s rotor current and GrSC’s output voltage are determined by the block dia-gram 

of Fig. 2 and the sampling time of the LM and MPPT optimal controllers is 2ms. A battery stack with rated 
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ca-pacity of 70Ah is used at the dc-link. The power factor at the point of common coupling to the grid is 

equal to unity and the blade pitch angle isβ=00.  

 
Figs. 4(a) and (b) validate that, for any given wind speed, LM in the DFIG and MPPT in the wind turbine 

can be achieved by properly controlling the q-axis output voltageVqCov of the GrSC and the q-axis rotor 

current Iqr of the DFIG, respectively. Specifically, Fig. 3(a) illustrates the variation of DFIG power loss Pl 

versus VqCov voltage for several wind speeds, while the rotor speed is manually ad-justed for attaining 

MPP in the turbine.variation of the wind turbine power Pwt versus Iqr current, for several wind speeds and 

for nominal stator voltage in the DFIG. As can be seen, for each wind speed, there is an exact set of 

VqCov and Iqr values that provide LM in the DFIG and MPP in the turbine, respectively (points noted by 

asterisk).  

Fig. 5 compares the energy produced to the grid when both LM and MPPT optimal controllers are in 

operation (solid curve), against the case that only the MPPT controller is active and the DFIG operates 

with nominal stator voltage (dashed curve). The diagrams are extended up to wind speed of 7 m/s because 

this is the region with the more common wind energy potential [41]. As can be seen, the generated power 

is increased with the optimal controlled WECS and higher increase is achieved at low wind speeds because 

higher reduction in the power loss can be accomplished. Moreover, the optimal controlled WECS starts to 

provide energy to the grid from a wind speed lower than 2.5m/s against the 3m/s of the conventional 

system. Therefore, ex-tension of the exploitable wind speed range toward the low-er wind speed region is 

attained. As the wind speed increas-es, the flux-weakening margin is reduced and consequently, the 

increase in the generated electric energy is reduced, too. From the nominal up to the rated wind speed, the 

DFIG op-erates with flux-linkage equal to the nominal.  

It should be noted that the exact reduction of the cut-in wind speed and the increase in the electric power 

generation depend on the technical characteristics of the WECS. How-ever, the proposed technique can 

attain maximum electric power generation and more importantly, the power increase is higher at the low 

wind speed range which is usually the average wind energy potential. Furthermore, due to the re-duction 
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of the cut-in wind speed, the undesirable start-up and shutdown of the wind turbine, which are mainly 

attained at low wind speed range, are confined. Therefore, the WECSis active in all the simulation period. 

As can be seen, when the LM controller is energized at 12s, the system re-acts fast and finds the optimal 

efficiency operating point of the DFIG that corresponds to phase stator voltage 140V rms, in less than 2s. 

It is worth noting that, although the Iqr cur-rent is increased that results to increase in the copper loss, 

considerable reduction of the iron loss is attained by the reduction of the air-gap flux-linkage. Therefore, a 

correct balance is attained between copper, iron and stray loss for minimizing the DFIG electrical loss and 

consequently, 30 kW is additionally provided to the grid. The aerodynamic coefficient Cp of the wind 

turbine is almost constant equal to the maximum value 0.435 that is accomplished by the MPPT controller 

through the q-axis rotor current control.  

Fig. 7 illustrates the performance of the optimal efficien-cy controlled WECS with DFIG in real wind 

speed condi-tions. The solid curves correspond to optimal efficiency op-eration and the dotted curves refer 

to the conventional con-trol (MPPT with nominal stator voltage). As can be seen, the LM and MPPT 

optimal controllers satisfactorily follow the wind speed variations and additional 2.7 kWh is provided to 

the grid in the examined period of 5min, through the loss minimization in the DFIG. If the above rate of 

the additional generated energy is referred for a period of one year (since the examined wind speed profile 

is representative for the vast majority of wind applications), the annual additional energy that is provided 

to the grid with the proposed optimal efficiency control method is 280 MWh. 

The energy that has been temporarily stored in the battery at the end of the examined period of 5 min, is 

0.5 kWh. This is to assist the operation of the GrSC to keep constant the dc-link voltage and also to 

provide energy and power smoothing against the wind speed variations. Thus, depend-ing on the sign of 

the VqCov, the battery may absorb or re-lease electric energy. Specifically, if the VqCov is positive the 

battery operates in charging mode while it turns to discharge mode when the VqCov becomes negative.  

Note that, if the WECS operation is continued beyond the examined 5min, additional electric energy may 

be released or stored in the battery depending on the wind energy condi-tions. However, if a very long 

period of low wind speeds might occur (for example, more than 60 min for wind speeds below 3 m/s), the 

LM controller should be deactivated for some minutes and the WECS will operate with nominal flux, in 

order to protect the battery from complete discharge. During that period, the battery will be charged by 

part of the energy generated by the stator that flows to the GrSC through the common primary winding of 

the grid transform-er, and when a satisfactory state of charge in the battery is accomplished, the WECS 

operation will return to the opti-mal efficiency control. On the other hand, if the WECS op-erates for a 

long period with high wind speeds (for example, wind speeds above 9.5m/s for more than 60min) and the 

battery state of charge comes close to the maximum value, the Iqr should be slightly decreased in order to 

turn the bat-tery operation in discharging mode. Then, when the state of charge of the battery decrease to a 

satisfactory level, the WECS operation can again return to the optimal efficiency control.  

 
Fig Comparison in the generated electrical output power of the optimal efficiency against the conventional 

controlled WECS with DFIG (simula-tion results from a 1.6 MW wind system). 
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The size of the Li-ion battery stack is 65kWh (that corre-sponds to a battery pack of 70Ah) and it is 

determined by considering the energy storage requirements of the WECS with DFIG in terms of power 

and energy capacity as well as economic objectives against the cost of the battery, as per [42]. The study is 

conducted for a period of one month so as to be more certain the results. Fig. 8 illustrates the variation of 

the energy storage in the battery pack for a wind speed profile obtained by measurements. As it is 

observed, the maximum amount of the charged/discharged energy is with-in the limits of the battery 

energy storage capacity of 65 kWh. 

where Etotal is the total energy charged/discharged in the battery for the examined period, Ebat,nom is the 

battery energy capacity, a is the price of the wind energy sold to the grid (€/kWh) and β is the amortized 

battery capital cost per hours (€/kWh/h). For the calculations, it has been considered a = 0.08 €/kWh and β 

= 0.0228 €/kWh/h that is determined by taking into account that the battery cost is 500€/kWh and, with a 

conservative assumption, the battery life is 2.5 years. From the above and considering that Etotal = 

13MWh (it is obtained by integrating the battery energy E of Fig. 8 for the examined period), the 

utilization cost Ut is almost zero for selecting battery capacity 65kWh. 

 
Ⅴ.EXPERIMENTAL RESULTS: 

For the experimental validation of the proposed optimal efficiency control scheme, a 5.5-kW DFIG with a 

laboratory emulator wind turbine that utilizes an induction motor drive, is used (Fig. 9), as per [43]. The 

parameters of the WECS, DFIG, the rotor and grid transformers, the LCL filter and the optimal controllers 

are reported in Table II.  

Two dSPACE DS1104 controller boards are used for the implementation of the control system. The GeSC 

controller board houses the MPPT controller and the GrSC controller board houses the LM controller. The 

field oriented control with space vector modulation is applied in the two back-to-back converters of the 

rotor side DFIG. A Li-ion battery stack of rated capacity 2.5Ah driven by a DC/DC converter 

In order to further verify the feasibility of the proposed HybridMulti-

carrierPWMtechniquebasedoncarrierreconstructionandthecorrectnessoftheoreticalanalysis,anexperimental 

platform of CHB Seven-level inverter is built as shown in Fig.15. The experimental platform is 

controlledby FPGA+DSP, TX-KP101 is used as the drive, and the switch tube is IGBT IXGH12N60BD1. 

The experimental parameters are: DC side voltage E is 100V, reconstructed carrier frequency f’c = 3KHz, 

fundamental frequency fs = 50Hz,filter inductance L =4mH, Light load resistance R1 =20Ω,Heavy load 

resistance R 2 =10Ω..It can be seen from the figure that the output voltage of each cell is a three-level high 

frequency PWM waveform with a slight phase displacement between them, which is caused by the phase-

shifted reconstructed carriers. uAN is a seven-level high frequency PWM voltage waveform. At the 

moment of loading, the output current and output power of the inverter increase significantly, and the 

output voltage waveform of each cell does not change, so the load change has no effect on the output 

voltage and power balance control. 
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Fig.Layout of a laboratory emulator WECS with a 5.5-kW DFIG that has been used for the experimental validation of the proposed optimal efficiency control 

scheme. 

VI.CONCLUSIONS 

In this paper, an optimal efficiency control scheme for a WECS with DFIG was presented, that provides 

LM in the electric generator and MPPT in the wind turbine. Therefore, increase of the generated electric 

energy for the same wind energy potential is achieved. Additionally, extension of the exploitable wind 

speed range toward the lower speed region is accomplished. The LM is based on the flux-weakening 

technique realized by the proper control of the output voltage of the rotor side grid converter and the 

MPPT is accomplished by regulating the rotor speed through the q-axis rotor current in the rotor side 

generator converter. An experi-mental procedure for determining the controllers’ parame-ters has been 

presented and therefore, the knowledge of the WECS model is not required. For the implementation of the 

optimal efficiency control system, a new structure of the WECS has been adopted, but the cost has not 

been consider-ably affected compared to the conventional system. The functionality and effectiveness of 

the proposed control scheme have been validated with several simulation and experimental results. 
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