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Abstract

:

The article presents an innovative construction of the Axial Flux Permanent Magnet (AFPM) machine designed for generator performance, which provides the shape of induced voltage that enables estimation of the speed and rotational angle of the machine rotor. Design solutions were proposed, the aim of which is to limit energy losses as a result of the occurrence of eddy currents. The method of direct estimation of the value of the rotational speed and rotational angle of the machine rotor was proposed and investigated on the basis of the measurements of induced voltages and machine phase currents. The advantage of the machine is the utilization of simple and easy-to-use computational procedures. The acquired results were compared with the results obtained for estimation performed by using the Unscented Kalman Filter (UKF).
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1. Introduction


One may observe an increasing interest in the application of electric machines of the axial flow of magnetic field in many industrial applications as an alternative to machines of conventional construction. The reason for this situation is that the geometric features of these devices (very big ratio of machine diameter to its axial length) predisposes this type of constructions for such applications as integrated alternators with a combustion engine [1], drive systems of electric vehicles [2,3,4,5], or generators functioning in systems with wind turbines [6,7,8] in particular with the vertical axis of rotation [9,10]. With regard to such a wide range of various applications, there have been many variants of machine constructions with axial flow permanent magnets (AFPM) [11,12,13,14,15,16].



Nowadays, there are numerous variants of AFPM machine constructions. In general, these constructions may be divided into two groups: Core Less AFPMs and machines with a magnetic core.



The solutions in the first group are characterized by a lack of the tapping moment. In the case of a machine designed for operation with a wind turbine, it is of great importance, as it enables the system to begin work with a lower wind speed [17]. The machines of this type can potentially also achieve higher efficiency than magnetic core constructions due to the lack of the occurance of eddy current losses in the core [18]. The main drawback of this solution is small power density and electromagnetic torque achieved by these machines [19]. This results in significant growth of their geometric dimensions (in particular, machine diameter). The classical approach to solving this problem is based on propositions of constructions with a higher number of rotors or stators. Such an approach usually leads to increasing the number/volume of permanent magnets in the machine, which contributes to increased production costs. Machines with a full magnetic core are not a good alternative for C-L AFPM-type constructions in the case of cooperation with wind turbines due to the significant values of the tapping torque [20,21,22]. In the aforementioned applications, what is also very important is providing the possibility of applying the methods of sensorless control of the AFPM machine. In installations of small power, the possibility to resign from sensors allows for a visible reduction of production costs, and it also makes the installation more reliable [23]. Several interesting approaches for addressing this problem have been reported in the literature. In [24], an adaptive quasi-sliding-mode position observer (AQSMO) was presented for a magnet synchronous machine (PMSM) with a salient-pole. The results were used to control this machine at medium and high speeds. An important advantage of adaptive QSMO is its robustness to load changes and fast convergence of the trajectories of the system state variables to the boundary layer designed around the sliding surface. The paper [25] presents an approach for estimating a speed and position of a PMSM rotor with the use of reactive power calculated based on measurements of stator winding voltages and current. This enables the elimination of a differentiation process, which is important due to avoiding a numerical noise effect. The approach presented in [26] deals with the sensorless determination of the angle of rotation and studies the control of the PMSM machine using a phase-locked loop (PLL). The presented methods enable a discrete form of control with a low number of signal samples per voltage period to be used. The presented method shows good robustness to motor parameter uncertainty and electrical measurement errors; however, its usability is restricted to high-speed operation conditions. In paper [27], a novel technique for estimating stator resistance, rotor speed, and position in a vector-controlled drive was developed for all types of PMSM machines. In addition, the method can be used for the estimation and online monitoring of the machine stator winding temperature. The paper [28] considers the estimation of rotor speed and position for a magnetically suspended permanent magnetic synchronous motor (PMSM), which is based on a modified sliding mode observer (SMO). It uses an estimated back EMF and a hyperbolic tangent function. The method has been validated for magnetic flywheel storage systems. A similar problem was considered in [29]. In this case, the theory of the adaptive super twisting sliding mode observer was used to determine the position and speed of the PMSM rotor.



The following article proposes an innovative construction of the AFPM-type machines. The design efforts were focused on providing the generator output voltage shape that would enable estimation on the basis of machine performance parameters (i.e., rotor position and speed) for the purposes of control. The further aim of design works was providing a limitation of the occurrence of losses from eddy currents so as to improve machine efficiency. In the first part of the following article, the construction is presented, and selected results of field analyses performed with the Finite Element Method are discussed. The second part proposes the method of machine operation parameter estimation on the basis of the waveform of the generated voltage. The innovative method presented in this article is based on the first and third harmonic of the voltage on the motor phases. The third harmonic is produced by using a suitable machine design for the purpose of estimation, but it does not occur at the external terminals of the machine because it forms a zero-voltage system. For the purposes of qualitative analysis, the obtained estimation results were compared with those that were obtained by using Kalman filter. The undertaken efforts aim at providing the possibility to control generator operation without the necessity to measure the rotational speed and rotor position angle. The estimation issues of these parameters and the possibility of their utilization in control are discussed in the works of [30,31,32].




2. Proposed Machine Construction


The machine of the proposed construction has a structure enclosed with two rotor sheets on which there are permanent magnets. They form machine poles in the alternating system in such a way that the path of magnetic field flux within one pole pitch encompasses four permanent magnets. The machine stator is located in the central part between rotor sheets, and it is constructed so as to comprise, together with the rotor, within one pole pitch, an integral channel for magnetic field flow. The presence of the channel, whose method of manufacturing and function are described hereafter, is a key part of the described construction. The machine rotor may be constructed in such a way that on the perimeter of its every sheet (in the part that corresponds to the location and length of some of the active coils of stator phase winding), there is a channel whose surface is covered with a layer of low magnetic permeability. The filling of the channel comprises a material that exhibits magnetic anisotropy, which is oriented in such a way that the field flux path would encompass, to the greatest degree, the direction in which the material provides the best values of magnetic permeability. The channel made this way is supposed to provide a path for the flow of magnetic stream. The reduction of flux leakage outside the channel area, by using a coating of low magnetic permeability, is of great importance, in particular in the case of higher ripples of the magnetic field, as it limits eddy current losses that would take place in the material of rotor sheets [33]. It is of great importance, as the power of these losses conveyed in the form of heat would additionally heat the permanent magnets [34], which adversely affects their lifetime. The drawing Figure 1 presents, in a schematic way, the structure of the rotor disc with the elements of a magnetic channel.



The machine stator may be constructed in such a way that the element connecting and retaining in proper locations a particular part is the disc made of a material of low magnetic permeability (epoxy resin type). Alternatively, the disc may also contain a fixture that provides additional stiffness, which is also made of a material of low magnetic permeability and comprising its constituent part. Stator phase windings are located in such a way that coils of consecutive phases are interlaced with each other, comprising a pattern on the perimeter of the stator disc, whose fully symmetric segment is located within one pole pitch. Additionally, in the stator disc, there are also embedded elements made of a material of high magnetic permeability, which is characterized by magnetic anisotropy. It is laid down in such a way that the magnetic field path (enclosed within one pole pitch) goes in the direction in which the material provides the best conditions for magnetic field flow. These elements may be located so as to fill the empty spaces surrounded by particular stator phase winding coils. The machine may be constructed in such a way that with particular rotor positions, the elements of stator of high magnetic permeability (called hereafter stator cores) would form, together with relevant magnetic poles and the magnetic channel, a closed path of magnetic field flow, symmetrically in relation to particular stator winding phases. The drawing Figure 2 presents, in a schematic way, the element that serves the role of a core.



According to the adopted assumption, the shape of voltage generated by the designed machine is supposed to estimate the parameters of its operation for the purposes of sensorless control. For this purpose, a series of simulations studies was made by the use of MES 3D, and the position of phase winding coils and elements comprising the stator core on the machine perimeter that provides a significant value of the third harmonic component in the generated voltage, with a possibly low value of the THD coefficient value of this voltage, was determined. The acquired location of elements is presented in the Figure 3.



The construction parameters of the investigated generator that are crucial from the perspective of field magnetostatic computations are presented in Table 1.




3. Selected Results of Magnetostatic MES3D Calculations


The investigated machine in the variant described herein includes   s i x   symmetric pole pitches. Due to the fact that phase winding coils interlace each other in the front part, which is shown in Figure 3, in order to correctly reflect in computations the phenomena that take place in this area, it is necessary to make analyses for the model that includes   t w o   pole pitches. Figure 4 presents the adopted model together with the comparison of finite element meshes generated for the magnetic field error comprising, respectively   1 %   and   0.1 %  .



Further computations were done for the mesh providing   1 %   energy error. Figure 5 presents a vector drawing of flux induction on the plain of cross-sectional area in the axial direction, leading through the center of the front part of one of the coils.



Figure 6 presents waveforms of the magnetic flux derivative from permanent magnets in the angle of rotation. The slight noise that is visible in the presented waveforms is the result of differentiation of the numerical model’s discretion influence.



Figure 7 presents computation results of the content of higher harmonic components in the waveform of magnetic flux derivative from permanent magnets in the angle of rotor rotation. A significant share of higher harmonic constituents was obtained. In the later part of the following article, the method of utilizing the obtained machine output voltage waveform shape will be presented in the process of estimation of its performance parameters.



The large THD from the derivative waveform from the magnetic flux in Figure 7 applies to the generator phase voltage. This is intentionally caused by the insertion of the material of high magnetic permeability shown in Figure 2. The purpose is to allow a more accurate estimation of the machine speed. This high THD is caused by the third harmonic of the magnetic flux. Therefore, it is not noticeable in the inter-phase voltage, which is visible outside the generator. There is no risk of exceeding the voltage quality indicators, as stated in the standards.




4. Validation of Results by Comparing with the Obtained Ones, Using Different Approaches


4.1. Determining Magnetic Field Distribution in the Proposed AFPM Machine with the Semi-Analytical Approach


In order to conduct a comparative study, as well as for validation purposes, the magneto static calculations have been repeated using a simplified, hybrid analytical–numerical method. In order to determine induction coefficients, the stator coils are represented by an infinitesimally thin layer for which current flow is defined by using the Fourier series decomposition in such a way so as to reflect the location of coils in a particular phase. In the next step, the Laplace equations are solved for each harmonic in a set considered in an approximated Fourier decomposition, separately in regions 1 and 2. The schematic view of the analytical model is presented in Figure 8.



The following simplifying assumptions were made:




	
Assume an infinitely big value of magnetic permeability for rotor plaids;



	
Assume that the length at X dimension tends to infinity;



	
Curvature was neglected in the model.








The boundary condition in force at the zone boundary, which is a layer with the current, corresponds to the step change in value of the tangent components of the magnetic field intensity vector. This is equal to the current density defined for the k-th of the considered harmonics as a function of X dimension. This can be written down as (1)


  y =  Y 1  ⇒ Δ  H  x n   =  H   x 2  n   −  H   x 1  n   =  K n   



(1)




where




	
  Y 1   denotes the location (on y dimension) of a boundary between two subdomains;



	
  Δ  H  x n     represents the difference of magnitudes of the tangent component of the H field vector on both sites of the boundary.








where in accordance with the Fourier decomposition, the current density is given by (2)


   K n   ( x )  =   K ^  n  s i n  (  u n  x )  .  



(2)







For the remaining part of the boundary that covers the inner site of the rotor discs, the zero value for a tangent component of magnetic field vector    H →  y   was adopted as a consequence of assuming that in rotor discs, the magnetic permeability   μ → ∞  . Under these conditions, the Laplace equations are solved analytically for each of the considered current harmonics separately. The final magnetic field distribution is defined as a sum of these intermediate solutions.



The aforementioned method is based on the approach presented in [35], its adaptation for CL-AFPM was shown and is presented in detail in [36]. To perform calculations for the proposed construction of AFPM, further modification of the computational process was needed to enable considering the presence of stator core elements Figure 2. The results obtained using this simplified approach are presented in Table 1.




4.2. Determining the Parameters of the Proposed Construction Using a Simplified 2D FEM Approach


In order to assess if the proposed construction provides a possibility of estimating the rotational speed and angle based on the induced voltage waveform, it is necessary to properly determine the shape of the magnetic flux between phase coils and permanent magnets as a function of rotation angle. This task is considered essential when it comes to computational support of the electrical machines design process. In order to provide the possibility of doing so without the usage of expensive commercial software such as Ansys/Maxwell, an original computer program was developed from scratch.



The elaborated code implements a simplified 2D FEM algorithm. When the goal is to determine the shape of the voltage waveform being induced by the designed generator, the permanent magnets are considered to be the only sources of magnetic field inside the analyzed area. The computational problem comes down to solving the Poisson equation under boundary conditions arising from machine geometry and the physical properties of the materials. Assuming that we analyze the symmetrical section of a magnetic circuit (which is always the case) and taking into account that the magnetic permeability of iron made rotor discs is about 4000 times greater than the magnetic permeability of air, one can conclude that there is no leakage of magnetic field outside the analyzed model. This conclusion is essential for the final mathematical formulation (3) of a problem being solved using an FEM algorithm. A detailed description of mathematical methods, undertaken assumptions, and boundary conditions can be found in [37].


      ∫   ∫   ∫    V  r o t  ( σ  A →  )   1 μ  r o t  (  A →  )  d V =     ∫   ∫   ∫    V   { σ  A →   I  e l   +   T →   m a g   r o t  ( σ  A →  )  }  d V  



(3)




where



	
  A →   is a vector potential;



	
   T →   m a g    is a magnetic remanence vector;



	
  I  e l    is the phase winding current.






The magnetic field distribution obtained for a single pole pitch of the proposed construction is presented in Figure 9.



The aforementioned computer program has been developed from scratch in MATLAB environment. This code was successfully used to analyze magnetic field distributions in a disc shape electrical machines: in particular, core less AFPM [37] and Transversal Flux [38].



After comparing Figure 5 and Figure 9, it can be concluded that the reflection of magnetic field sources as well as imposing of boundary conditions was conducted properly. The obtained field distribution was used to compute the magnetic flux coupled with phase windings. It needs to be pointed out that the volume of the trapezoidal shape permanent magnets used in the investigated construction cannot be properly reflected in a 2D model. This leads to overestimating the magnitude of magnetic flux waveforms. A simple correction coefficient given by (4) was introduced to solve this problem.


   V  k o r   = 1 −   V  2 D    V  3 D     



(4)




where   V  2 D    is the volume of a permanent magnet defined by a 2D model, and   V  3 D    denotes the actual volume of the permanent magnet.



Figure 10 present a comparison of magnetic flux waveforms obtained with 3D and simplified 2D FEM computations.



The Back-EMF waveforms are determined by calculating the derivatives of magnetic fluxes with respect to the rotor position angle  θ . The results presented in Figure 11 can be compared with these in Figure 6, which are obtained using full 3D FEM analysis.





5. Brief Description of the Considered Control System


In this section, we present a control system capable of taking advantage of the features of the designed construction in order to estimate current values of working parameters ( ω  and  θ ) and to use them in the control process. Figure 12 presents an overall schema of the control system. A detailed description of the methods implemented in block “Estimation / measurements block” is presented in the next section. The description of methods implemented in a “Matrix converter controller” is beyond the scope of this paper.



The control system uses stator voltage components expressed in   d q   reference frame. In each time step, these components denoted in Figure 12 as   U  d r z    and   U  q r z    are computed, and after transformation to the natural reference frame, they are generated by the matrix converter to supply stator winding. The proper values of   U  d r z    and   U  q r z    are determined on the basis of the stator voltage equations formulated as shown in (5).


       U d  = R  i d  + ω ·   ∂  Ψ  M d     ∂ θ   − p · L · ω ·  i q  +  V d         U q  = R  i q  + ω ·   ∂  Ψ  M q     ∂ θ   + p · L · ω ·  i d  +  V q         V d  = L ·  d  d t    i d  ≈  k  i d    (  i  d g   −  i  d a   )         V q  = L ·  d  d t    i q  ≈  k  i q    (  i  q g   −  i  q a   )       



(5)




where    V d    a n d    V q    are the voltage drops across the stator inductance L. These voltages are proportional to the derivatives of the corresponding currents   i d   and   i q  . They are approximated by the differences between the reference   i  d g   ,   i  q  g w     and actual   i  d a   ,   i  q a    currents.



	
  i  d g   —reference value for component d of stator current;



	
  i  q  g w    —reference value for component q of stator current;



	
  k  i d    and   k  i q   —proportionality coefficients;



	
  i  d a   —instantaneous value of component d of stator current;



	
  i  q a   —instantaneous value of component q of stator current.






The    i  d g   = 0   reflects a lack of current excitation. The q component of the stator current is determined by the PI regulators in accordance with (6)


   i  q  g w    = −  k ω   (  ω g  − ω )  −  k θ  ∫  (  ω g  − ω )  d t +  q  c o e f    (  ω g  − ω )  /  q  t o r q    



(6)




where   k ω  ,   k θ  , and   q  c o e f    are well known as PI regulator coefficients. The last term    (  ω g  − ω )  /  q  t o r q     describes the relation between the desired change of the rotational speed and the value of electromagnetic torque needed to obtain it. The value of   q  t o r q    coefficient is computed by using (7)


   T g  =  i d  ·   ∂  Ψ  M d     ∂ θ   +  i q  ·   ∂  Ψ  M q     ∂ θ   .  



(7)








6. The Proposed Method for Estimation of Rotor Rotation Angle and Speed of the Designed Machine on the Basis of the Output Voltage


The proposed method of rotor angular speed estimation  ω  and the angle of rotation  θ  makes use of the Jacobian matrix [39,40] formulated according to the following dependency (8). The values of magnetic flux derivatives from permanent magnets coupled with stator winding are expressed in a time-invariant system   α , β  . After multiplication by the generator rotational speed  ω , they provide constituents of the induced voltage.


  J =       ∂ ( ω ·   ∂  Ψ  M α     ∂ θ   )   ∂ ω       ∂ ( ω ·   ∂  Ψ  M α     ∂ θ   )   ∂ θ         ∂ ( ω ·   ∂  Ψ  M β     ∂ θ   )   ∂ ω       ∂ ( ω ·   ∂  Ψ  M β     ∂ θ   )   ∂ θ         ∂ ( ω ·   ∂  Ψ  M 0     ∂ θ   )   ∂ ω       ∂ ( ω ·   ∂  Ψ  M 0     ∂ θ   )   ∂ θ        



(8)







The value of   ω ·   ∂  Ψ  M 0     ∂ θ   =  U  N n     is the zero component of voltages of machine phases. In a three-wire system, it needs to be measured between the generator star connection point and the artificial zero passage point from phase voltages or voltages that supply the generator. It may also be computed as the zero component from the measured generator phase voltages. Thus,   U  N n    should be treated as the value that is known accurately from the measurement.



The process of estimating the rotational speed  ω  and the angle of rotation  θ  is iterative, and it is based on determining adjustments   Δ  ω  E s t   =  ω  E s  t k    −  ω  E s  t  k − 1       and analogously defined   Δ  θ  E s t     on the basis of solving the dependency (9).


       ω ·   (   ∂  Ψ  M α     ∂ θ   )   r e f         ω ·   (   ∂  Ψ  M β     ∂ θ   )   r e f         U  N  n  r e f         −      ω · (   ∂  Ψ  M α     ∂ θ   )       ω · (   ∂  Ψ  M β     ∂ θ   )       U  N n       =       ∂ ( ω ·   ∂  Ψ  M α     ∂ θ   )   ∂ ω       ∂ ( ω ·   ∂  Ψ  M α     ∂ θ   )   ∂ θ         ∂ ( ω ·   ∂  Ψ  M β     ∂ θ   )   ∂ ω       ∂ ( ω ·   ∂  Ψ  M β     ∂ θ   )   ∂ θ         ∂ ( ω ·   ∂  Ψ  M 0     ∂ θ   )   ∂ ω       ∂ ( ω ·   ∂  Ψ  M 0     ∂ θ   )   ∂ θ            Δ  ω  E s t         Δ  θ  E s t         



(9)







The dependency (9) is an overdetermined system of algebraic linear equations    b ¯  = A  x ¯   . The value of the vector of unknowns   x ¯   is   2 × 1  , while the matrix  A  has the value of   3 × 2  . In order to solve the equation system, it is multiplied by   A T  . This assures the conformance of the system main matrix   (  A T  · A )   and the vector of   x ¯  . Then, the equation system is solved. Such a solution has a form of residuum value minimization    R ¯  = A  x ¯  −  b ¯   . Strictly speaking, it is the operation of minimizing the value of     R ¯  T  ·  R ¯   ; thus, such a solution is often called a solution of the smallest squares. In this case, the value   R ¯   is a vector of the value of   3 × 1  . In the next part, the estimated vector of generator condition in the form provided by the dependency (10) is defined.


    X ¯   E s t   =      ω ·   ∂  Ψ  M α     ∂ θ         ω ·   ∂  Ψ  M β     ∂ θ         i α       i β       



(10)




whereby the currents   i α   and   i β   are determined through a transformation to the system of   α β   of real, measured phase currents of the generator   {  i a  ,  i b  ,  i c  }  . On the basis of these values, expressed in the system of   α β  , the estimated value of the generated electromagnetic torque is determined according to the dependency (11).


   T  E s t   =  i α  ·   ∂  Ψ  M α     ∂ θ   +  i β  ·   ∂  Ψ  M β     ∂ θ    



(11)







In the next step, the derivatives of the estimated parameters are determined, namely the speed   ω  E s t    and the angle of rotation   θ  E s t   . These values are described by the dependencies of (12)


       d  d t    ω  E s t   =  1 J   (  T  E s t   − B ·  ω  E s t   −  T L  )         d  d t    θ  E s t   =  ω  E s t        



(12)




where   T L   is the generator load torque, and it is an unknown value. In the described process of generator performance parameter estimation, the assumption that was adopted is that    T L  = 0  . The variability of the estimated vector of generator condition    d  d t     X ¯   E s t     is determined by using the first two rows of Jacobian matrices (8) and voltage equations in the system of   α β   in the way defined by the dependency (13)


   d  d t    [   X ¯   E s t   ]  =  d  d t        ω ·   ∂  Ψ  M α     ∂ θ         ω ·   ∂  Ψ  M β     ∂ θ         i α       i β      =        ∂ ( ω ·   ∂  Ψ  M α     ∂ θ   )   ∂ ω   ·  d  d t    ω  E s t   +   ∂ ( ω ·   ∂  Ψ  M α     ∂ θ   )   ∂ θ   ·  ω  E s t           ∂ ( ω ·   ∂  Ψ  M β     ∂ θ   )   ∂ ω   ·  d  d t    ω  E s t   +   ∂ ( ω ·   ∂  Ψ  M β     ∂ θ   )   ∂ θ   ·  ω  E s t          1 L   (  U α  − R ·  i  α  E s t    −  ω  E s t   ·   (   ∂  Ψ  M α     ∂ θ   )   E s t   )         1 L   (  U β  − R ·  i  β  E s t    −  ω  E s t   ·   (   ∂  Ψ  M β     ∂ θ   )   E s t   )        



(13)




where   U α   and   U β   are set values of components  α  and  β  of the voltages on generator terminals, and the values    ω  E s t   ·   (   ∂  Ψ  M α     ∂ θ   )   E s t     and    ω  E s t   ·   (   ∂  Ψ  M β     ∂ θ   )   E s t     are component elements of the vector     X ¯   E s t    ( 1 : 2 )    from the equation. The derivatives of speed  ω  and angle  θ  that appear in the first two rows of the system of Equation (13) appear directly in the first two rows of the matrix  J  from Equation (8).



The value of the vector of the estimated generator condition in the consecutive time step of the dynamics simulation is determined numerically, according to the Eulerian equation:


        ω ·   ∂  Ψ  M α     ∂ θ         ω ·   ∂  Ψ  M β     ∂ θ         i α       i β       E s  t  t + Δ t     =       ω ·   ∂  Ψ  M α     ∂ θ         ω ·   ∂  Ψ  M β     ∂ θ         i α       i β       E s  t t    +   d  d t          ∂  Ψ  M α     ∂ θ         ∂  Ψ  M β     ∂ θ        i α       i β       E s t   +      e  k 1     0     0    e  k 2        e  k 3     0     0    e  k 4       ·       i α  −  i  α  E s t           i β  −  i  β  E s t          · Δ t  



(14)




where   {  e  k 1   ,  e  k 2   ,  e  k 3   ,  e  k 4   }   are estimation coefficients (their values were selected with the trial and error method through numerous simulation studies), while   i α  ,   i β   are constituent elements of stator currents taken from measurements.




7. Results of Simulation Studies of Functioning of the Proposed Method of Generator Performance Parameter Estimation


Magnetic flux distributions from permanent magnets coupled with stator winding were used in the simulation program together with their derivatives, whose waveforms in the function of rotational angle were determined on the basis of machine 3D models, as described in the third section. In the calculations included hereafter, these values, similarly to the systems of phase winding currents, are represented according to Fourier distribution, by the assumed set of the biggest 8 harmonic components. The computational procedure is performed by simultaneous consideration of a set of selected harmonic components, the number of which may be assumed in any given way [41]. In order to determine complex equations for the origin of the values described by a set of harmonic components, a toolbox of symbolic computations in the MATLAB environment was applied. Then, these dependencies were filled with numerical values. This way, a set of ordinary differential equations was created, which was solved numerically. Computations of generator dynamics were done in a coordinate system connected with the rotating rotor.



In order to assess the estimation quality provided by the proposed method, a simulation study was performed for generator performance controlled by means of a control system, whose structure and way of working are beyond the scope of this article. Additionally, the estimation of generator performance parameters was done, for comparative purposes, by using Kalman filter [42,43,44,45]. This procedure will be presented in a separate work. Figure 13 presents a comparison of waveforms of the real value of generator rotor rotational speed, with results of estimation done with the direct method described above and the method utilizing Kalman filter, in the case of a change of value of a given rotational speed.



The acquired results prove that both methods provide very high accuracy of estimation of the rotor rotational speed value in dynamic states. For the purpose of further assessment of the accuracy of results provided by the proposed method of direct estimation, it is necessary to take a closer look at the results of simulation. Figure 14 presents results of the same computations, enabling to approximately assess the behavior of the estimated values with regard to the real values of rotor rotational speed.



The acquired results indicate that both in the case of utilizing Kalman filter and the proposed method of direct estimation, the variability of the value of rotational speed is slightly overestimated in dynamic states. None of the compared estimation methods exhibit a greater tendency to error in this respect. Figure 15 presents a comparison of the estimation results of the machine rotational speed in the case of stabilization of its performance after a change in the value of the given rotational speed.



The acquired results indicate that both in the case of utilizing Kalman filter and the proposed method of direct estimation, the variability of the value of rotational speed is slightly overestimated in dynamic states. None of the compared estimation methods exhibit a greater tendency to error in this respect. Figure 15 presents a comparison of estimation results of the machine rotational speed in the case of stabilization of its performance after a change in the value of the given rotational speed.



To better clarify the capabilities of the proposed methods, we performed calculations with the time-varying speed of the wind turbine–generator set. In this way, we checked the estimation indices. In Figure 16, we present the velocity waveforms—reference, actual, and estimated.



Figure 16 shows that the quality of the speed estimation is good. In Figure 17, we present the estimation results of the rotational speed with quantitative performance analysis utilizing the criteria, encompassing integral of absolute error (IAE) and integral of time absolute error (ITAE).



The presented waveforms indicate the good quality of the control of the wind turbine–generator system and the good quality of the velocity estimation proposed by the method in Section 6 and using the UKF filtering.




8. Conclusions


The proposed innovative construction of the AFPM machine, according to the design brief, is characterized by the shape of induced voltage that enables its use in the process of estimating rotor rotational speed and the position angle. This is ensured by a significant amount of the third harmonic component in the derivative waveform of the magnetic flux from permanent magnets in the angle of rotation. Simultaneously, the proposed construction ensures a low content of other higher harmonic components, which is a beneficial effect. The proposed method of machine performance parameter estimation makes use of induced voltages and machine phase currents that are provided in measurements. This is an iterative computational process based on a simple concept of solving an overestimated system of linear equations in the sense of the smallest squares, making use of numerical approximation of the solution of a set of differential equations. The obtained computational results confirm that the proposed method provides equally good results as a much more complicated estimation process performed by using the UKF type Kalman filter. The proposed regulation system provides a possibility to make use of these estimations in the control process. The performed simulations show that it can give satisfying results; however, it needs to be pointed out that determining values of estimator coefficients (presented in Equation (14)) providing optimal performance of the proposed estimator is considered as an open scientific issue.
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Figure 1. The structure of the rotor disc (the construction principle for the upper and the bottom discs is identical); 1—rotor disc, 2—low magnetic permeability coating, 3—channel filling. 
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Figure 2. Element of stator core comprised in the form of a set of sheets. 
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Figure 3. Position of elements included in the machine stator, seen from the top; 1—phase coil A, 2—phase coil B, 3—phase coil C, 4 or 5—magnetic material element that comprises the stator core. 
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Figure 4. Comparison of the finite element mesh acquired for the permissible energy error on the level of 1% (left) and 0.1 % (right). 
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Figure 5. Distribution of the flux induction vector on the cross-section area in the radial direction through the center of the front part of one of the coils. 
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Figure 6. Derivatives of magnetic fluxes from permanent magnets as a function of the rotation angle. 
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Figure 7. Amplitude spectrum of the derivative waveform in the angle of rotation from the magnetic flux of permanent magnets coupled with the A phase. 
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Figure 8. A simplified model of the proposed construction AFPM generator used to perform analytical computations of magnetic field distribution. 
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Figure 9. Magnetic field distribution obtained by using 2D FEM computation performed with a self-developed program. 






Figure 9. Magnetic field distribution obtained by using 2D FEM computation performed with a self-developed program.



[image: Energies 15 00236 g009]







[image: Energies 15 00236 g010 550] 





Figure 10. Comparison of magnetic flux waveforms coupled with stator winding. 
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Figure 11. Derivatives of magnetic fluxes from permanent magnets as a function of the rotation angle—computed using a simplified 2D FEM approach. 
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Figure 12. Control system schema. 
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Figure 13. Comparison of estimation results of the rotational speed obtained with the direct method, with results acquired with Kalman filter. 
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Figure 14. Comparison of estimation results of the rotational speed obtained with the direct method, with results acquired with Kalman filter, behavior of the proposed estimator during overshooting—enlarged view. 
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Figure 15. Comparison of the rotational speed waveform of the generator with estimation results after reaching the steady state—enlarged view. 
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Figure 16. Simulated changes of rotational speed reference value compared with actual rotational speed and estimation results. 
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Figure 17. Quantitative performance analysis utilizing the criteria, encompassing integral of absolute error (IAE) and integral of time absolute error (ITAE) of the waveforms in Figure 16. 
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Table 1. Selected parameters of the proposed generator structure.
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	Parameter
	Value
	Unit





	Rotor disc
	
	



	Disc outside diameter
	465
	mm



	Bottom disc inside diameter
	240
	mm



	Upper disc inside diameter
	71
	mm



	Disc thickness
	10
	mm



	Distance between the discs (axial)
	31
	mm



	Material
	steel s235
	[-]



	Permanent magnets
	
	



	Inside radius
	124
	mm



	Outside radius
	172
	mm



	Groove angle
	   30 ∘   
	mm



	Thickness
	10
	mm



	Distance between magnets (axial)
	15
	mm



	Distribution radius
	101
	mm



	Induced remanence   B r  
	1.19
	T



	Coercion intensity i   H c  
	1.19
	T



	Relative magnetic permeability   μ r  
	1.0922
	[-]



	Stator coils
	
	



	Length in the radial direction
	89.8
	mm



	Distribution radius
	101.7
	mm



	Number of windings
	64
	[-]



	Coil wire cross section
	1.2
	mm   2  



	Estimated length of the coil wire
	12.33
	m



	The length of coil active part
	47.6
	mm



	Winding cross-section
	
	



	Width
	12
	mm



	Height
	8
	mm
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