

  energies-13-03285




energies-13-03285







Energies 2020, 13(12), 3285; doi:10.3390/en13123285




Article



A Wind Energy Conversion System Based on a Generator with Modulated Magnetic Flux



Michał Gwóźdź 1[image: Orcid], Michał Krystkowiak 1[image: Orcid], Łukasz Ciepliński 1[image: Orcid] and Ryszard Strzelecki 2,*[image: Orcid]





1



Faculty of Control, Robotics and Electrical Engineering, Poznan University of Technology, 60-965 Poznań, Poland






2



Faculty of Electrical and Control Engineering, Gdansk University of Technology, 80-233 Gdańsk, Poland









*



Correspondence: ryszard.strzelecki@pg.edu.pl







Received: 7 May 2020 / Accepted: 24 June 2020 / Published: 26 June 2020



Abstract

:

In this work, the concept of an energy conversion system for wind turbines based on the modified permanent magnet synchronous generator (PMSG) is presented. In the generator, a pair of three-phase windings is used, one of which is connected in a “star” and the second in a “delta” configuration. At the outputs of both windings, two six-pulse uncontrolled (diode) rectifiers are included. These rectifiers are mutually coupled by a specially designed pulse transformer, whose primary winding is powered by the power electronics converter—the so-called “current modulator”—which, in this case, operates as a magnetic flux modulator, in the generator. The modulator provides a quasi-sinusoidal magnetomotive force (mmf) in the stator of the machine. The whole system is connected to the power grid via a dedicated voltage source inverter (VSI) converter. The main objective of the elaborated solution is to provide high efficiency conversion of mechanical (wind) energy into electricity by means of a relatively simple electrical system.
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1. Introduction


Wind power has been one of the most popular renewable energy sources (RES) in the world, with huge global growth potential. The record for installed wind power capacity was broken in 2015. The Global Wind Energy Council [1] gave information that 63 GW of new capacity was installed, and this was the first time in history that the installed capacity exceeded 60 GW. The second record was set in 2019. In this year, new wind power capacity was added online for a total power of 60.4 GW. Wind energy systems have a variable nature (in terms of frequency, output voltage, real power, and reactive power) and this is a major issue. Wind power generation has specific requirements, so various power conversion systems have been developed. In this section, a short overview of the most commonly used systems generators is presented, indicating their basic advantages and disadvantages [2,3].



The alternating current (AC) poly-phase machines are the most popular generators used in RES. Induction and synchronous generators are major types. They vary in their construction, application, size, principle of operation, and generated power.



The most common induction generator type with a constant velocity stall control wind turbines is a squirrel cage induction generator (SCIG) [3,4,5]. The main advantages of SCIGs are easy and solid technology, inexpensive mass production, and direct connection to the grid. The main disadvantage is a limited range of changes in velocity, which cannot be controlled. The second disadvantage is the need to use a multiple-stage gearbox. The third disadvantage is reactive power consumption in every case, and this cannot be controlled.



A doubly fed induction generator (DFIG) is the other solution used for RES. The use of DFIGs reduces the mechanical stress and noise level of the drivetrain. DFIGs provide good power quality and an increase in the level of power capture. The next advantage of the DFIGs is the controllable reactive power, which is possible through the controlled current in the rotor. The DFIG provides a sufficient variable speed range and allows the control of the power flow direction. However, the DFIG requires protection from grid disturbances because the machine is integrated with the grid by the expensive power electronic converters and these devices are very sensitive to over-currents.



Synchronous generators (SG) are competitive for induction generators because there are numerous designs [6,7,8]. SGs with high torque and low speed are known as direct drive generators (DD). In the DD generator, the hub of the rotor blades is directly connected to the rotor. The direct drive generator rotates at a slower rotational velocity in comparison to a normal generator, which is connected to a gearbox system. Typically, the DD generator has a larger number of poles. The disadvantages of such DD generator are the larger dimensions and heavier weight of the generator. The second one is a higher start-up cost. However, the advantages are less pollution, lower generated noise, lower manufacturing costs, as well as lower costs of regular maintenance. SGs include mainly two types of machines: the electrically excited synchronous generator (EESG) [9,10] and a generator that has a rotor equipped with permanent magnet synchronous generator (PMSG), providing an excitation instead of the field winding [11,12,13,14,15].



The EESG stator is the same as that of the induction generator carrying a three-phase winding. The power electronics converter fully controls the frequency and amplitude of the voltage on the generator side of an EESG, independent of the grid characteristics. The main disadvantage of the EESGs is the need for the rotor winding to be excited by a direct current (DC) source with brushes and slip rings or a rotating rectifier without the use of brushes. Other disadvantages include the use of expensive electronic energy components and the requirement for intensive cooling.



In turn, the advantages of the PMSGs are lower mass per kilowatt of output power, better thermal characteristics, higher reliability due to the elimination of various mechanical elements, and smaller rotor diameter as opposed to EESGs. The disadvantages are the risk of uncontrolled mechanical starting of the wind turbine in adverse conditions, and that more robust control strategies are required to maintain transient stability [16,17,18]. They are most economically justified due to their high performance, as well as due to the low cost of maintenance and the replacement of parts throughout the lifetime of the wind turbine. This is despite the fact that they require higher initial material costs compared to DFIGs, which is why PMSGs are not the dominant generator topology.



Considering the advantages and disadvantages of the generators used in RES, the different concept of the energy conversion system, based on the multiphase PMSG, is presented in this work. This PMSG uses a pair of three-phase windings in the stator, one of them connected in the “star” and the second in the “delta” configuration. So, the windings consist of two sets of three phase windings, which are spatially phase shifted by 30 electrical degrees and operate in a six-phase mode [19,20,21]. The multiphase machines, despite the higher costs of their manufacturing, compared to the three-phase machines, offer many more options for their use as converters of mechanical energy into electricity or vice versa [22,23]. For example, because the combined “star-delta” connection has a higher fundamental winding factor, the output torque is higher for the same current density when a sinusoidal current is imposed. As the “star-delta” connection has only a minor influence on the power losses in the machine, the efficiency of the machine is also increased [23]. The multiphase machines have become relevant for high power applications because of inherent advantages like redundancy, reliability, and relatively low DC-link voltage requirement. Taking into account the attributes (properties) of the multiphase machines, sophisticated control methods of these are often implemented [24,25]. The energy conversion system proposed in this work uses some of these properties.



Unlike many other solutions for high-power systems cooperated with wind turbines, at the output terminals of the generator, a static (based on diodes) power electronics converter is included. This converter, in combination with the so-called “current modulator”, enforces in the stator of the machine the magnetomotive force, the shape of which is close to a sine-wave. So, the proposed solution is similar to the power system based on the PMSG cooperating with a full-power active rectifier. The DC circuit of the static converter is connected to a power grid via a voltage source inverter (VSI). The VSI operates in a current mode. This system has most of the advantages of the existing power system solutions for RES, but it is less complex. It is therefore expected to be both cost-competitive and more reliable compared to other known energy conversion systems dedicated to RES.



The following text is divided into five sections. The first part briefly discusses the basics of operation of the PMSG with a modulated magnetic flux. The second presents the structure of the energy conversion system based on this generator as well as the rules of its operation. The third section shows the simulation research of models for both the so-called “standard” system and the proposed power system. In the fourth section, the results of laboratory experiments with the model of the current modulator are described. In the last part of the work, the conclusions are presented.




2. PMSG with Modulated Magnetic Flux Basics of Operation


This work is particularly aimed at the efficiency analysis of the power electronics part of the proposed energy conversion system based on the PMSG with modulated magnetic flux (PMSG-MF). The work presents the modified solution of the preliminary version of the system which was presented in [26]. The modifications achieve both a higher quality of modulator output current and lower power loss in the converter used in the modulator. The concept of the generator with modulated magnetic flux was presented in detail in [27]. Therefore, only a brief description is given in this paper, for the reader’s convenience.



Basically, the proposed system uses the general concept of current modulation in the three-phase power system with a transformer [28,29]. However, in this case the basis of the system is the specially designed PMSG, coupled to a wind turbine, which makes it possible, together with a dedicated power electronics converter, to transfer the energy produced to the power grid or to use it locally, depending on the current needs. The block diagram of the system is shown in Figure 1.



The proposed solution of the energy conversion system is intended mainly for medium and large capacity RES, where its advantages are particularly visible. The main objective of this system is to provide a high efficiency (effectiveness) of the conversion of mechanical energy into electricity by means of a relatively simple power electronics part. This effect gives the PMSG, with specially designed stator windings and a dedicated power electronics converter, the ability to obtain a sinusoidal magnetomotive force (mmf). A consequence of this is that the resultant magnetic flux is close to a sinusoidal wave. This allows the power loss in the “iron” of the generator to be limited, which, in addition to the loss in the “copper”, is one of the major power losses in the machine. The power electronics converter, connecting the generator to the DC circuit of the system, has a simplified design, which mostly uses uncontrolled (i.e., diode) rectifiers, instead of active (mostly, transistors-based) rectifiers, which provides high energy conversion efficiency. In small-to-medium power wind energy conversion systems, uncontrolled rectifiers rather than pulse width modulation (PWM)-based active rectifiers are widely implemented, due to the advantages of high reliability and low cost—see, for example, the work of [30].



In the presented case, there is a pair of three-phase windings in the stator, one of them connected in the “star” and the second in the “delta” configuration. The voltages at the terminals of both windings should have the same value. The windings are burdened by two independent six-pulse diode rectifiers (denoted as RCT1 and RCT2). A power electronics converter (i.e., the “current modulator”; CM) is included at the output of each rectifier, shaping their output currents (    i   RCT 1      ,     i   RCT 2      ). The CM consists of three main parts: the power electronics converter block (CCN), output inductor (    L  CM     ), and power pulse transformer (PT). All these elements make up the power electronics controlled current source. The CM generates the output current (    i  CM     ), whose characteristics are defined later. This current flows through the primary winding of the pulse transformer (the PT block) with the secondary winding divided. The secondary winding of the transformer interconnects the outputs of both rectifiers, which means that changing the shapes of the output currents of both rectifiers is possible by applying the modulator output current flowing through the transformer.



The relationship between the diode rectifier’s output currents, the modulator’s current, and the direct current (    i  DC     ) is as follows [27,28,29]:


   (  i   RCT 2      −    i   RCT 1    )  n 2  =    i  CM    n 1  ,   



(1)






      i   RCT 1      =    1 2  (  i  DC     − N    i  CM   ) ,   



(2)






    i   RCT 2      =    1 2  (  i  DC     + N  i  CM   ) ,   



(3)




where    N =    n 1     n 2         and     n 1      ,     n 2      —numbers of turns of the PT windings.



The primary objective of the current modulator operation is to obtain the proper shape of the phase currents of the PMSG, so that the resultant mmf, associated with a given pair of windings (“star”, “delta”), is a sinusoidal wave, which enables the power loss in its magnetic circuit to be minimized. This phenomenon is called “the modulation of the magnetic flux”, which refers directly to the principles of the current modulator operation. In order to obtain the sinusoidal shape of the mmf, the modulator output current must comply with the following equation, which is the generalized version of the formula used in [27,28,29]:


    i  CM   =    I  DC     2 N       2  3   π   I  DC   sin  (   ω G  t  )  −  (   i   A 1    +  3   i   A 2     )     i   A 1    −  3   i   A 2      ,   



(4)




where     ω G  =   2 π    T G       is the frequency of the generator’s output voltage.



However, taking into account a three-phase electrical system, the current given by Formula (4) should be replaced by a current that has the same phase shift—in respect of a voltage in a given phase. So, the fundamental frequency of the current generated by the modulator should be equal to six times that of the generator output voltage frequency (    ω G    ). Very close to Formula (4) is the current with, e.g., a triangular shape [27,28,29]. This is given by the following equation:


    i  CM   =  4 π     I  DC    N   [    sin ( 1   6  ω G  t )    1 2    −   sin ( 3   6  ω G  t )    3 2    +   sin ( 5   6  ω G  t )    5 2    − …  ]  ,   



(5)







The waveforms of the modulator current given by (4) and (5) are shown in Figure 2. Using (5) instead of (4) results in only a small increase in the deformation of the generator mmf with respect to the desired sinusoidal waveform.



Taking into account equation (5), the expected shape of the mmf will look like Figure 3. Thus, due to the current modulator operation, the resultant mmf associated with each pair of stator windings will be quasi-sinusoidal.



It is an important assumption for the proper operation of the current modulator that the system’s total output current (    i  DC     ) drawn by the load (L) is constant over time. Hence, it is necessary to automatically (i.e., by the dedicated control algorithm) adjust its magnitude by means of parameter     I  DC      of equation (5). From the point of view of the complexity of the system’s construction, one important feature is that the power of the modulator is very low, theoretically about 3.32% [28], in relation to the system’s nominal output power.




3. Energy Conversion System Basics of Operation


If the proposed system is designed to cooperate with the power grid, a dedicated converter connecting the system with this grid is necessary. Typically, this converter is a three-phase voltage source inverter (VSI). This role is fulfilled by the power grid converter (PCN) block in Figure 4. In such a system configuration, an inductor (    L  DC     ) should appear in its DC circuit. The purpose of the inductor is both to maintain the modulator output current continuity—which is necessary for obtaining proper operation of the CM—and to reduce ripples in this current, which are caused by the operation of the diode rectifiers. A large capacitor (    C  DC     ) is connected to the PCN input terminals.



The demand for high output power of the PCN necessitates a suitable topology for this. In this case, an interleaved converters topology was chosen. In contrast to the usual parallel connection of power devices, this topology allows multiplication of the pulsation frequency (caused by the PWM carrier frequency) in the converter’s output current. This multiplication is done by the factor of     M  PCN      where     M  PCN      is the number of legs per converter phase. As a result of the converter operation, the magnitudes of the current ripples can be reduced significantly compared to the traditional (i.e., single-channel) converter solution [31,32]. In the case of the present work, it was assumed that     M  PCN      = 3. The block diagram of the PCN is shown in Figure 5.



A common issue of interleaved converters operation, depending on the possibility of unbalanced currents in particular converter channels, was solved in the work by means of the software control algorithm [33]. This algorithm was used in the converter’s control block—denoted in Figure 5 as the CCB. Details of all the system’s parameters are given in the following section.




4. Simulation Model Studies


The main aim of the study was to compare the efficiency of the power electronics part of the energy conversion system based on the proposed scenario—called the model of the novel system (MNS)—in relation to the “standard” energy conversion system—called the model of the standard system (MSS)—which uses a conventional three-phase PMSG. The basic efficiency analysis of the proposed PMSG-MF, in comparison to a conventional PMSG, was performed in [27]. Such a type of “standard” model was selected for the following reasons: some similarity of the PMSG-MF to the conventional PMSG, similar condition (mainly sinusoidal phase currents, which enforce close to a sine-wave mmf) of generator operation, and the popularity of PMSGs as part of RES. The converters used in this model were an active insulated gate bipolar transistor (IGBT)-based rectifier, providing the (quasi-)sinusoidal waveforms of the generator phase currents, and the power grid converter—also operating with close to sinusoidal output currents. The rated output power of both models was set at 1400 kW. Also, both systems operated at 3 × 400 V/50 Hz power grid. Additional remarks according to the simulation models are as follows:




	
The detailed maximum power point tracking (MPPT) algorithm for a turbine operation was not taken into account;



	
Due to low values of the PWM carrier frequencies, only fundamental Joule loss in passive elements of the power electronics converters (generator side converter (GCN), PCN, CM) was respected;



	
The saturation of the magnetic circuits was omitted;



	
The relatively low impact of current modulator power loss on the overall system efficiency meant that these were assumed as constant and equal to the nominal one, regardless of the value of the modulator output current;



	
Regardless of the output power, the voltage in the DC circuit was almost constant—only voltage drops at serial impedances of the system were respected;



	
The current modulator was powered from the common system’s DC rails;



	
Most of the power electronics converters used were systems operating in a closed feedback loop, so their potential instability [34,35] can be an issue; in all the mentioned cases the output current regulators were P type and their gains were set at 50% of the maximal value permissible from the point of view of protecting a given system’s stability [36].








The power electronics sections of the models were built in the MATLAB and, partially, in the OrCAD/PSPICE environments.



The models of the main power devices were based on real components (manufactured by Mitsubishi Electric) as follows:




	
High power diode and IGBT modules—used in the diode rectifiers and active bridges;



	
Medium power IGBT/IPM modules—used in the current modulator.








These are listed in the following sub-section. For power loss calculation in the power modules, Mitsubishi Electric supplies software, developed by themselves, was used—Melcosim [37]. The latest available version (i.e., 5.4.0) of this environment was also used in the studies.



4.1. Topology and Parameters of the MNS


The block diagram of the MNS for simulation purposes is shown in Figure 6. The model of the entire energy conversion system consists of the following main blocks and components:




	
PMSG (G) with two three-phase windings (“star” and “delta” connection) in the stator;



	
Generator side converter (GCN) with two diode rectifiers (RCT1, RCT2);



	
Current modulator, with the suitable converter (CCN), powering the pulse transformer (PT);



	
Power grid side converter (PCN)—in the form of an interleaved (three-channel) voltage source inverter.








The CCN is a single- or dual-channel (interleaved) voltage source inverter. Its block scheme is shown in Figure 8 in the next sub-section. The interleaved converters obtain a higher quality of output current, compared to single-channel solutions [31,32]. Details of the assumed parameters of the MNS are given in Table 1.




4.2. Topology and Parameters of the MSS


The block diagram of the energy conversion system used in the simulation studies is shown in Figure 7.



In the present case, the model of the system consists of the following main blocks and components:




	
Three-phase conventional PMSG (G);



	
Generator side converter (GCN)—in the form of an active rectifier;



	
Power grid side converter (PCN).








The topologies of both converters (i.e., GCN and PCN) were the same and in line with Figure 5. The detailed parameters of the MNS are given in Table 2.



The models of the main power devices used in both models were based on the following components:




	
RM1800HE-34S: 1700 V/1800 A—a diode module [38]—used in RCT1 and RCT2 (2 × 3 = 6 modules in total);



	
CM1800DY-34S: 1700 V/1800 A—an IGBT module [38]—used in GCN and PCN (2 × 9 = 18 modules in total);



	
PM150RL1A120 (1200 V/150 A) or PM100RL1A120: (1200 V/100 A)—an IGBT/IPM [38]—used in CM (the type and number of the modules depended on the version of the CCN, i.e., the number of its channels).









4.3. Results of Simulation Model Studies


All studies were conducted for the nominal frequency of the PMSGs’ output voltages. The reason for this was that this case of the system’s operation conditions can be treated as the “worst case”. The term “worst case” should be clarified here. The ability of the current modulator, as a power electronics device, to correctly map its output current in the input control (reference) signal deteriorates with increases in the frequency of the input signal. This results directly from the low-pass property (nature) of this device. In other words, the quality of the modulator operation is the lowest (i.e., the value of the control error, defined in the following text, is highest) for the rated Root Mean Square (RMS) value of the PMSG output voltage (i.e., the rated frequency of this voltage) which is accompanied with the rated generator’s rotation speed. For any lower value of this speed, the required frequency of the modulator output current (given by equation (5)) is also lower. Thus, the mapping of this current in the reference signal will be better compared to higher frequencies. Therefore, the nominal conditions of the generator’s operation impose the highest requirements on the power electronics devices.



First, the quality of the CM output current was evaluated. Also, comparative studies of the two versions of the CM were conducted, i.e., for both a single-channel (    M  CCN      = 1) and a dual-channel (    M  CCN      = 2) version of the CM. The block scheme of the dual-channel version of the CM (CCN) is shown in Figure 8.



The CCN (Figure 6) consists of two parts—control block (CB) and power stage (PS). The block denoted as REG is the output current regulator, while      VSI    0 / 1 , A / B       blocks are half-bridge inverters and CT is a current transducer. At the output of the PS, both the set of inductors and the pulse transformer are included. In the case of the single-channel version of CM blocks,      PWM    0 / 1 , B      ,      VSI    0 / 1 , B      , and     L   CM , 0 / 1 , B       were excluded from the circuit.



The selected waveforms in the simulation model of the MNS (also for the nominal frequency of the CM output current, i.e., 58.5 Hz) are shown in Figure 9.



The shapes of the modulator output current and its reference signal almost coincide. However, in transient states, these signals differ from each other. This occurrence is shown in the frames in Figure 9, which contain a magnified portion of the graph. The difference between the two signals is mostly the result of a limited “frequency response” (i.e., a pass-band) of the current modulator.



One of the suitable and reliable criteria of the CM’s current quality is the control error (  ε  ), which is defined as


   ε =          |   u  err    |   2   ¯         |   u   CM , ref     |   2   ¯      100 % ,   



(6)




where     u  err   =  u   CM , ref    −  r  CT    i  CM     ,     u   CM , ref       is the reference signal for the CM and     r  CT      is the transfer ratio of the CT.



In the nominal conditions of the CM operation:   ε   = 2.0% (    M  CCN      = 1),   ε   = 1.1% (    M  CCN      = 2). Thus, in the case of the dual-channel converter, the error value is equal to 55% of the error associated with the single-channel converter operation. For that reason, the value of this error affects the value of the power loss in the “iron” of the PMSG, so this value should be kept as low as possible [27]. In the case of the dual-channel topology of the CM, the power losses in this block are reduced by 0.5%.



Figure 10 shows samples of the mmf in the stator of the PMSG as the result of the CM operation. For better visibility of the waveforms in Figure 10b, the magnitudes of these are enlarged ten-fold.



In turn, Figure 11 presents the waveforms of the currents in individual inverter channels, the reference grid current, and the resultant grid current for one phase of the PCN.



In the following part of the section, the calculated efficiencies (    η  MNS     ,    η  MSS     ) of both simulation models are presented. The total power loss in the two models is given in Table 3 and Table 4. The power loss concerns the dual-channel configuration of the CCN (as the part of the MNS). In general, the efficiency factor (  η  ) of the system is defined as follows:


   η =    P  out      P  out   +  P   l , tot      100 % ,   



(7)




where     P  out      is the system’s output power and     P   l , tot       is the total power system’s loss.



In Figure 12, the calculated curves of the simulation models’ efficiency for both the MNS and the MSS vs. the system’s relative output power are presented.



The research has shown that the efficiency of the power electronics part of the proposed system is equal to 97.0~97.9% and is about 0.5~1.9% higher compared to a system equipped with a full-power active rectifier. Moreover, when the output power is in the range of 20~100% of the nominal one, the efficiency curve is flat. This is an important advantage of the proposed power system because it is rare for the RES to operate in the nominal conditions [39].





5. Laboratory Tests of Current Modulator


The main aim of the laboratory experiments was to validate the theoretical assumptions and research results of the power system simulation model, in the sense of evaluating the quality of the modulator output current. The block diagram of the laboratory model of the CM was consistent with the diagram shown in Figure 8. During the tests, the secondary windings of the PT were short-circuited. The basic technical parameters of the laboratory prototype of the CM are given below:




	▪

	
DC link voltage in CCN block converter: 100 V;




	▪

	
Nominal magnitude of the modulator output current: 12 A;




	▪

	
Inductance of the single coil in the CM: 1.15–1.27 mH;




	▪

	
Sampling frequency in the control block: 20 kHz;




	▪

	
PWM carrier frequency: 10 kHz.









This modulator is intended for use in a system with the nominal output power up to 18 kW. Figure 13 presents the equivalent circuit of the PT. The values of all the components were calculated in an experimental way [40]. The PT offers very good values of its electrical parameters. All parasitic capacitances, which exist in every real transformer, were omitted due to their negligible impact on the circuit operation, which was verified in an experimental way also.



The control block in the laboratory prototype was based on the ALS-G3-1369 DSP evaluation kit [41] with Analog Devices Inc. ADSP-21369 SHARC® DSP. This system is specialized for such power electronics and industrial measurement applications, which require both high computation power of the CPU and high precision (in the sense of resolution) of the PWM signal generation unit. In the power stage of the modulator prototype, two P3-5-550MFE LABINVERTERs [41] were used. These universal power electronics converters are designed especially for R&D applications. The general view of the laboratory stand is shown in Figure 14.



Tests of the laboratory model were carried out with the CM output current magnitude in the range of 10~100% of the rated value. Also, two cases of converter configuration were tested, i.e., single- and dual-channel. Figure 15 and Figure 16 show the exemplary waveforms in the laboratory prototype of the CM. For better visibility of the error signal waveform, its magnitude was enlarged. Also, these figures contain magnified portions of the graphs.



Assuming the nominal conditions of the model operation, the value of the measured control error was as follows:   ε   = 4.8% (    M  CCN      = 1) and   ε   = 2.5% (    M  CCN      = 2). Thus, in the sense of the value of the control error criterion, the dual-channel CM makes it possible to improve the quality of its output current close to two-fold compared to the single-channel version. The relatively high value of the control error, compared to the results of the simulation model studies, was caused mainly by errors (e.g., offset, non-linearity) coming from the real devices, i.e., the current transducer and magnetic elements, implemented in the experimental system.




6. Conclusions


The main objective of the presented system is to provide a high efficiency of the conversion of mechanical energy into electricity by means of relatively simple power electronics devices. This effect gives the PMSG, with a pair of “star” and “delta” windings in the stator. The two winding sets operate in a six-phase mode. To the output terminals of the machine, a pair of diode rectifiers is connected. In turn, in the DC circuit of the system the current modulator (i.e., the controlled current source) is included; this one generates a current about a triangular shape. The ability of such system is to obtain a sinusoidal magnetomotive force in the machine. A consequence of this is that the resultant magnetic flux is close to a sine-wave. This allows the power loss in the “iron” of the PMSG to be limited. Also, the dynamic power loss, caused by the hard switching power electronics devices (IGBT), was clearly reduced compared to the popular system equipped with a full-power active rectifier, cooperating with the PMSG, whereas the static power loss of the system decreases with decrease of the system output power. So, compared to an energy conversion system that uses a generator cooperating with an active rectifier, the proposed solution enables an increase in its resultant efficiency. The research showed that the efficiency of the power electronics part of the proposed system is higher by about 0.5–1.9%, compared to a system equipped with an active rectifier. Moreover, when the output power is in the range of 20–100% of the nominal value, the efficiency curve is flat. This is an important advantage of this energy conversion system because it is rare for RES to operate in the rated conditions. Given the solutions, in relation to other systems for renewable energy sources, the following features are also expected: increase in the reliability of operation, reduction of the maintenance costs, and the ability to meet the EMC requirements more easily. The studies also indicated that the cost of making such system should be lower than most other solutions for RES.



In the part of the studies devoted to the laboratory experiments, the current modulator prototype’s operation was positively verified too. For example, the dual-channel (interleaved) topology of the converter in modulator enables the quality of its output current to increase almost two-fold (in the sense of defined in the work criterion), compared to its single-channel version. Also, the power loss in the converter based on the interleaved topology was reduced, compared to the single-channel converter’s solution. The modulator’s output power remains at a very low level (a few percent) in relation to the system’s nominal power. The disadvantage of the proposed energy conversion system is that this system needs some minimal value of voltage in the DC circuit (i.e., the minimal value of the rotation speed of the turbine) to be able to transfer the electricity to the power grid. It results from the fact that no BOOST converter is present in the DC circuit.



The results of the research using the simulation model confirmed the theoretical assumptions adopted in the course of the study on the proposed energy conversion system. It should also be noted that the presented energy conversion system is also suitable for cooperation with water turbines and other types of turbines (not necessarily related to RES), with no significant changes needed to its basic power electronics section.
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Acronyms




	AC
	alternating current.



	CB or CCB
	control block.



	CCN
	power electronics converter block.



	CM
	current modulator.



	CPU
	central processing unit.



	DSP
	digital signal processor.



	CT
	current transducer.



	DC
	direct current.



	DD
	direct drive generators.



	DFIG
	doubly fed induction generator.



	EESG
	electrically excited synchronous generator.



	EMC
	electromagnetic compatibility.



	G
	generator.



	GCN
	generator side converter.



	IGBT
	insulated gate bipolar transistor.



	IPM
	intelligent power module.



	L
	load.



	mmf
	magnetomotive force.



	MNS
	model of novel system.



	MPPT
	maximum power point tracking.



	MSS
	model of standard system.



	PCN
	power grid converter.



	PMSG
	permanent magnet synchronous generator.



	PMSG-MF
	permanent magnet synchronous generator with modulated magnetic flux.



	PS
	power stage.



	PT
	power pulse transformer.



	PWM
	pulse width modulation.



	RCT1, RCT2
	diode rectifier.



	R&D
	research and development.



	REG
	regulator.



	RES
	renewable energy sources.



	SCIG
	squirrel cage induction generator.



	SG
	synchronous generators.



	TR
	transformer.



	VSI
	voltage source inverter.
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Figure 1. Block diagram of basic part of energy conversion system with permanent magnet synchronous generator with modulated magnetic flux (PMSG-MF). The power electronics converter block (CCN) is powered from DC rails (optional). PT, power pulse transformer; L, load; RCT1 and RCT2, diode rectifier. 
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Figure 2. Shape of the current modulator (CM) current given by (4) and by (5). 
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Figure 3. Theoretical shape of magnetomotive force (mmf) associated with group of “star” and “delta” connections and the resultant mmf. 
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Figure 4. Block diagram of the proposed energy conversion system. PCN, power grid side converter; GCN, generator side converter. 
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Figure 5. Block diagram of the power grid side converter. CCB, control block; VSI, voltage source inverter. 
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Figure 6. Diagram of model of the novel system (MNS) used in the simulation studies. 
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Figure 7. Diagram of the model of standard system (MSS) in the simulation studies. 
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Figure 8. Block scheme of the CM based on dual-channel converter (CCN). 
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Figure 9. Waveforms in the simulation model of the current modulator, where its output current is equal to the nominal value, in two versions of the CCN: (a) single-channel; (b) dual-channel (interleaved) converter. 
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Figure 10. Mmfs in the stator of the PMSG when its output power is equal to a nominal value (a) and 10% of this value (b). 
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Figure 11. Waveforms of currents in individual inverter channels, reference grid current (black), and resultant power grid current (grey)—for one phase of PCN—when its output power is equal to the nominal value (a) and 10% of this value (b). 
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Figure 12. Efficiency of MNS and MSS vs. system’s relative output power. 
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Figure 13. Equivalent circuit of the pulse transformer. 
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Figure 14. View of the laboratory stand during tests. 
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Figure 15. Selected waveforms in the laboratory prototype of the current modulator, with the CM operating in a single-channel configuration. The modulator’s output current magnitude is equal to the nominal one. Horizon scale = 1 ms/div, vertical scale = 4A (4V)/div (2 V/div for the error signal). 
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Figure 16. Selected waveforms in the laboratory prototype of the current modulator, with the CM operating in a dual-channel configuration (a). In (b) the currents in the individual channels of the modulator are shown. The modulator’s output current magnitude is equal to the nominal one. Horizon scale = 1 ms/div, vertical scale = 4A (4V)/div (2 V/div for the error signal). 
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Table 1. Parameters of the MNS for simulation purposes.
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Block

	
Quantity

	
Symbol

	
Value






	
G

	
Nominal output power

	
    P   G , n      

	
1500 kW




	
Nominal output voltage

	
    U   A 1 , n       etc.

	
510 V




	
Nominal frequency of output voltage

	
-

	
9.75 Hz




	
Phase’s self-inductance in “star” section

	
    L   A 1       etc.

	
220 μH




	
Phase’s resistance in “star” section

	
    R   A 1       etc.

	
2.5 mΩ




	
Equivalent phase’s inductance in “delta” section

	
    L   A 2       etc.

	
450 μH




	
Equivalent phase’s resistance in “delta” section

	
    R   A 2       etc.

	
3.0 mΩ




	
CM

	
Nominal output power

	
-

	
45 kW




	
Nominal efficiency—single-channel CCN

	
-

	
97.1%




	
Nominal efficiency—dual-channel CCN

	
-

	
97.6%




	
Inductance of coil(s)

	
    L   CM , 0 / 1 , A / B      

	
250 μH




	
PWM carrier frequency

	
-

	
10 kHz




	
RCT1, RCT2

	
Nominal output voltage

	
    U   DC , n      

	
720 V




	
Capacitor in system’s DC circuit

	
Capacitance

	
    C  DC     

	
10 mF




	
DC reactor

	
Inductance

	
    L  DC     

	
5 mH




	
Resistance (resistance of PT secondary side winding is also respected)

	
    R  DC     

	
0.3 mΩ




	
PCN

	
Nominal output current per leg

	
-

	
680 A




	
Inductance of coil associated with inverter’s leg

	
    L   I 1 , 1       etc.

	
125 μH




	
Resistance of coil associated with leg of inverter

	
-

	
0.15 mΩ




	
PWM carrier frequency

	
    f C    

	
3 kHz




	
Number of legs per converter phase

	
    M  PCN     

	
3











[image: Table] 





Table 2. Parameters of the MSS for simulation purposes.
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Block

	
Quantity

	
Symbol

	
Value






	
G

	
Nominal output power

	
    P   G , n      

	
1500 kW




	
Nominal output voltage

	
    U   A , n       etc.

	
480 V




	
Rated frequency of output voltage

	
-

	
9.75 Hz




	
Self-inductance of phase

	
    L A     etc.

	
150 μH




	
Resistance of phase

	
    R A     etc.

	
1.15 mΩ




	
System’s DC circuit

	
Nominal voltage

	
    U   DC , n      

	
720 V




	
GCN

	
Nominal output current—per leg

	
-

	
570 A




	
Coil’s inductance associated with inverter leg

	
    L   I 1 , 1       etc.

	
125 μH




	
Coil’s resistance associated with inverter leg

	
-

	
0.15 mΩ




	
PWM carrier frequency

	
    f C    

	
3 kHz




	
Number of legs per inverter phase

	
    M  GCN     

	
3




	
PCN

	
Nominal output current—per leg

	
    I I    

	
680 A




	
Inductance of coil associated with inverter leg

	
-

	
125 μH




	
Resistance of coil associated with inverter leg

	
-

	
0.15 mΩ




	
PWM carrier frequency

	
    f C    

	
3 kHz




	
Number of legs per inverter phase

	
    M  PCN     

	
3
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Table 3. Power loss and system’s efficiency in the MNS.
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	System’s Relative Output Power [%]
	System’s Total Power Loss [W]
	System’s Efficiency [%]





	100
	32,250
	97.8



	80
	24,900
	97.8



	50
	15,010
	97.9



	20
	6080
	97.9



	10
	3470
	97.6



	5
	2150
	97.0
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Table 4. Power loss and system’s efficiency in the MSS.
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	System’s Relative Output Power. [%]
	System’s Total Power Loss [W]
	System’s Efficiency [%]





	100
	38,830
	97.3



	80
	31,160
	97.3



	50
	20,120
	97.2



	20
	9610
	96.7



	10
	6340
	95.7



	5
	3680
	95.1
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