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Abstract

:

This paper presents a voltage control system for multiphase squirrel-cage induction generators operating at a high variability of speed and variable load. Field-oriented vector control was used with a change in the sequence of the stator phase currents what changes the number of poles of the magnetic field produced by nine-phase stator winding. At low speeds, the current sequence is changed so that the number of poles increases allowing for the desired voltage to be obtained with greater efficiency. The task of the automatic control system was to control the DC voltage to a desired value at the output of the multiphase PWM converter. This is an alternative control method to the scalar control of voltage and frequency presented in a previous work. The control method and parameters of the automatic control system result from the mathematical model of the multiphase induction machine. The results of the laboratory tests were compared with the effects of the operation of the same nine-phase scalar controlled generator.
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1. Introduction


This paper presents a vector control method for field-oriented multiphase squirrel-cage induction generators driven at a variable speed. The presented method is a continuation and extension of the method presented in [1], where scalar generator control was used. The presented system is a variant of the stator-converter-controlled induction generator (SCCIG) with a squirrel-cage rotor. It can be used in low-power wind or water power plants operating at variable speed. There are SCCIG systems with a three-phase generator and a diode rectifier [2] or a PWM rectifier [1,3,4]. In multiphase systems, double three-phase windings with a mutual phase shift by an electrical angle of     30  ∘    [5,6,7,8,9] are most often used, as well as multiphase symmetrical windings with the following number of phases: nine [1], twelve [5], or six [10]. The generators can operate as self-excited with a capacitor bank connected to the stator winding [2], or pre-excited by an external source with a capacitor connected to the terminals of the DC output circuit [1,2,5,6,11]. The latter solution provides greater control possibilities, because in the case of a back-to-back converter connecting the generator with the network [3,5,6,8,9,12,13], the    C  D C     intermediate capacitor receives a direct pre-charge. A theoretical analysis of a nine-phase induction generator with a     20  ∘    spatial angle between two phases, connected to the grid by a back-to-back converter, was presented in [14].



Among the SCCIG designs enabling operation at significant speed variability, one can distinguish a system with two stator windings with a different number of poles [2,5,15], a system with two induction generators with a different number of poles [2,16], and a generator with a separated stator winding: control winding with the number of pole pairs p = 3 and power winding with p = 1 [17] (a similar operating idea as presented in [16]).



Other designs enabling operation at variable speed are vector-controlled doubly fed induction generators (DFIGs) with three-phase or six-phase stator windings [13,18,19]. A broad and valuable review of various technical solutions for wind farms and their control is presented in [6,7,20]. The variable speed range of all the mentioned systems can be defined by an average ratio of 0.55:1 for a given nominal speed.



In the following sections, it is shown that the use of a vector-controlled multiphase generator with changing control sequence allows for increased energy efficiency at low driving speeds in the speed range of 0.2:1 which is unattainable using other generators and control methods. The machine operating principles are introduced in Section 2. In Section 3, the mathematical model of the nine-phase induction machine is developed, from which the principle for its vector control as the generator is found. The results of the laboratory tests of the generator in a steady state and dynamic states are presented in Section 4. Additionally, the quality of scalar and vector control as well as the fault tolerance was compared. The conclusions and discussion is given in Section 5.




2. Control Properties of a Multiphase Cage Induction Generator


The general structure of the automatic DC voltage control system is shown in Figure 1, where field-oriented vector control was used instead of scalar control, as in [1]. In this paper, the physical basis of the voltage regulation of multiphase cage induction generators is presented.



In the scalar control system (CTRL), the voltage source converter (VSC) was triggered using PWM with sinusoidal control signals:


   [         u  s 1   p u          u  s 2   p u          u  s 3   p u        ⋮       u  s k   p u        ⋮       u  s M   p u          ]    =    U s  p u      [      sin (  ϑ s  )       sin (  ϑ s  − m    2 π  M   )       sin (  ϑ s  − 2 m    2 π  M   )      ⋮      sin [  ϑ s  − ( k − 1 ) m    2 π  M   ]      ⋮      sin [  ϑ s  − ( M − 1 ) m    2 π  M   ]        ]   



(1)




where, for the nine-phase machine, M = 9. The phase angle is as follows:


   ϑ s  =  Ω o     ∫ 0 t    ω s  p u     d τ     



(2)




which depends on the stator and rotor p. u. angular frequencies    ω s  p u     and    ω r  p u    , respectively, and the rotor speed    ω  p u    . All of them refer to the base electrical speed    Ω o  = 2 π  f o   


   ω s  p u   = m |     ω  p u   | +  ω r  p u   =  f s  p u    



(3)




where    f s  p u     is the stator p. u. frequency referring to the base frequency    f o  =  f  s N     at the assumed rated frequency,    f  s N    . The numbers   m = 0 ,   1 ,   2 ,   3 ,   … ,   M − 1   determine the sequence of signals (1) causing   M − 1   different phase shifts between adjacent signals as an  m  multiple of      2 π  M    . The sequence for m = 0 is not useful. The rotor angular frequency,    ω r  p u    , occurring as the output signal of the voltage regulator must be negative to force the generator operation. Thus, it is limited according to    ω r  p u   ≤ 0   and    ω r  p u   > −  ω  r max   p u    .



The p. u. amplitude    U s  p u     was dependent on the angular frequency    ω s  p u     of the stator:


   U s  p u   =  {       Ψ  μ A V   p u       for      ω s  p u   > 1        Ψ  μ A V   p u    ω s  p u       for     0 ≤  ω s  p u   ≤ 1      0    for      ω s  p u   < 0        



(4)




and refers to the base voltage    U o  =  U N   . For example, at    ω  p u   = 0   and the controller output signal    ω r  p u   < 0  , the signal    ω s  p u     appears as negative according to (3). Then,    U s  p u     must be set to 0 (4). For simplicity, we can assume    Ψ  μ A V   p u   = 1  . The sequences m = 1 and 8, 2 and 7, 3 and 6, and 4 and 5 are mutually opposite. Such control caused a change in the sequence of the phase currents and, as a result, a change in the number of pole pairs produced by the nine-phase winding, as is shown in Figure 2. Phase windings of this type are sometimes called asymmetrical because their magnetomotive force (MMF) distribution contains spatial harmonics of the order   ν = ( 1 ,   2 ,   3 ,   4 ,   5 ,   …   ) p  , where  p —number of pole pairs. This nine-phase winding was defined in [1] as type S = 1, which has quite different properties compared to the winding of type S = 2 (  ν = ( 1 ,   3 ,   5 ,   7 ,   …   ) p  ). Only windings of the first type are suitable for induction generator operating at varying speed.



Switching the sequence  m  causes the stator magnetic field to be dominated by a specific harmonic   ν = m   p   producing a different number of pole pairs causing the no-load speeds:


    Ω  0 ( + )   =        Ω o   f s  p u     m   p      |    m = 1 , 2 , 3 , 4             ;          Ω  0 ( − )   =     −    Ω o   f s  p u     ( 9 − m )   p      |    m = 8 , 7 , 6 , 5     



(5)







The useful sequences for the positive speed direction (5) have the numbers m = 1, 2, 3, 4. For each value of m, the nine-phase generator has a family of different mechanical characteristics, presented in Figure 3 using the colors brown, red, blue, and green. All these characteristics are for the frequency    f s  =  f  s N   =  f o    and the same voltage    U s  p u   = 1  . The torque axis is defined for    T e  p u   = −  T E  p u    , where    T e  p u     is the machine torque and    T E  p u     is the turbine torque at the output of the mechanical gearbox (GE). This property of switching mechanical characteristics using  m  is only available for multiphase induction machines with a non-sinusoidal stator winding. The multiphase induction machine with sinusoidally distributed stator winding has the same characteristics for all values of  m , i.e., as for   m = 1  .



The mechanical characteristics of the generator for each value of  m  determine the speed ranges in which regulation occurs when changing the frequency    f s  p u     and the amplitude    U s  p u    . This extends the speed range of the generator when the voltage can be kept at a given level. For the family of wind turbine characteristics (black curves for some wind p. u. speeds) the points P1, P2, P3, and P4 of maximum power    P  E max     are shown. The multiphase induction generator can reach these points directly at the rated frequency    f  s N     and sequences m = 2, 4 (P2, P4) or by slightly increasing the stator frequency for a given control sequence (P1 for  m  = 2,    f s    = 1.25   f  s N    , P3 for  m  = 3,    f s    = 1.12   f  s N    ). At the lower power 0.93PEmax the system reaches point P11 when m = 1 and    f s  =  f  s N    . Thus, the regulation of the sequence number m and the frequency    f s    enables the generation of the voltage of the desired value while making the best possible use of the driving turbine [21]. This task is to be performed by a vector control system.



The system described in [1] allows, in practice, one to regulate the voltage to a given value with a speed variation of 0.3:1, because at low speeds and an increased number of poles for   m = 4  , the magnetizing current reaches high values. The grid-side converter is then supplied with a constant voltage. Its connection to the network and control can be implemented using the methods discussed in [5,13]. When assessing the profitability of use, one can be guided by [22].



Based on the steady-state measurements presented in Section 4, it was demonstrated that the efficiency of the generator operating at low speeds was increased by increasing  m  and operating with a larger number of poles. This is not possible using the frequency control of an induction generator with a fixed number of poles [2,3,4].




3. Field-Oriented Control with Variable Supply Sequence


3.1. Mathematical Background of Vector Control of a Nine-Phase Generator


The mathematical model of a multiphase squirrel-cage induction machine taking into account the influence of higher spatial harmonics is sufficiently complex [23,24] such that it does not enable the direct formulation of the field-oriented control law. It must be simplified in such a way as to express all the main features of the machine and at the same time enable the construction of a control system. The mathematical model of a multiphase squirrel-cage induction machine is presented below and, by making justified simplifications, a system of equations was formulated that allows for the implementation of vector control in a similar way to monoharmonic machines.



The system of voltage equations of a multiphase squirrel-cage induction machine described in machine coordinates is presented below.


   [       U  s 1        0     ]  =  [       R  s 1      0     0     R  r 1        ]     [       I  s 1          I  r 1        ]    +    d  d t    [       L  σ s 1   +  L  s 1        M  s r 1          M  s r 1  T       L  σ r 1   +  L  r 1        ]     [       I  s 1          I  r 1        ]   



(6)







The number of stator equations is equal to the number of phases M = 9, while the number of rotor equations is equal to the number of cage meshes N, where each mesh is created by two bars and two end ring segments.    U  s 1   =    [   u  s 1   ,    u  s 2   ,    u  s 3   , … ,    u  s 9    ]   T    and    I  s 1   =    [   i  s 1   ,    i  s 2   ,    i  s 3   , … ,    i  s 9    ]   T    are the vectors of the phase voltages and phase currents, respectively (the superscript T is the transposition index).    I  r 1   =    [   i  r 1   ,    i  r 2   ,    i  r 3   , … ,    i  r N    ]   T    is the vector of the cage mesh currents. The matrices of the stator resistances    R  s 1     and leakage inductances    L  σ s 1     are usually diagonal (when neglecting mutual coupling between phases due to leakage fluxes). The matrix of the rotor resistances    R  r 1     and the matrix    L  σ r 1     of the rotor leakage inductances incorporate self and mutual elements among adjacent cage meshes. In the matrix    M  s r 1     of the mutual inductances between the stator and rotor circuits are coded the main features of the multiphase machine. Each inductance is a function of the rotor rotation angle  φ  as a sum of the harmonic inductances depending on the number of MMF harmonics taken into account. The orders of these spatial harmonics are given below [1]:


  ν =  ν    /   p    ;       ν    /   = 1 ,   2 ,   3 ,   4 ,   5 ,   …  



(7)







The stator and the rotor winding matrices of the self and mutual inductances    L  s 1     and    L  r 1     have parameters directly connected with matrix    M  s r 1    .



After transforming into a vector form in symmetric components, the voltage equations of the machine take the following form:


   [       U  s 2        0     ]  =  [       R  s 2      0     0     R  r 2        ]     [       I  s 2          I  r 2        ]    +    [       L  σ s 2   +  L  s 2      0     0     L  σ r 2   +  L  r 2        ]      d  d t      [       I  s 2          I  r 2        ]    +    d  d t       [     0     M  s r 2          M  s r 2  *     0     ]     [       I  s 2          I  r 2        ]   



(8)




where


   U  s 2   =  S s   U  s 1   =    [         u _   s  ( 0 )            u _   s  ( 1 )   =  u  s α   ( 1 )   + j  u  s β   ( 1 )            u _   s  ( 2 )   =  u  s α   ( 2 )   + j  u  s β   ( 2 )            u _   s  ( 3 )   =  u  s α   ( 3 )   + j  u  s β   ( 3 )            u _   s  ( 4 )   =  u  s α   ( 4 )   + j  u  s β   ( 4 )            u _   s  ( 4 ) *   =  u  s α   ( 4 )   − j  u  s β   ( 4 )            u _   s  ( 3 ) *   =  u  s α   ( 3 )   − j  u  s β   ( 3 )            u _   s  ( 2 ) *   =  u  s α   ( 2 )   − j  u  s β   ( 2 )            u _   s  ( 1 ) *   =  u  s α   ( 1 )   − j  u  s β   ( 1 )        ]    ;     I  s 2   =  S s   I  s 1   =    [         i _   s  ( 0 )            i _   s  ( 1 )   =  i  s α   ( 1 )   + j  i  s β   ( 1 )            i _   s  ( 2 )   =  i  s α   ( 2 )   + j  i  s β   ( 2 )            i _   s  ( 3 )   =  i  s α   ( 3 )   + j  i  s β   ( 3 )            i _   s  ( 4 )   =  i  s α   ( 4 )   + j  i  s β   ( 4 )            i _   s  ( 4 ) *   =  i  s α   ( 4 )   − j  i  s β   ( 4 )            i _   s  ( 3 ) *   =  i  s α   ( 3 )   − j  i  s β   ( 3 )            i _   s  ( 2 ) *   =  i  s α   ( 2 )   − j  i  s β   ( 2 )            i _   s  ( 1 ) *   =  i  s α   ( 1 )   − j  i  s β   ( 1 )        ]  ;     I  r 2   =  S r   I  r 1   =    [         i _   r  ( 0 )            i _   r  ( 1 )   =  i  r d   ( 1 )   + j  i  r q   ( 1 )            i _   r  ( 2 )   =  i  r d   ( 2 )   + j  i  r q   ( 2 )            i _   r  ( 3 )   =  i  r d   ( 3 )   + j  i  r q   ( 3 )            i _   r  ( 4 )   =  i  r d   ( 4 )   + j  i  r q   ( 4 )            i _   r  ( 5 )   =  i  r d   ( 5 )   + j  i  r q   ( 5 )        ⋮     ⋮         i _   r  ( 5 ) *   =  i  r d   ( 5 )   − j  i  r q   ( 5 )            i _   r  ( 4 ) *   =  i  r d   ( 4 )   − j  i  r q   ( 4 )            i _   r  ( 3 ) *   =  i  r d   ( 3 )   − j  i  r q   ( 3 )            i _   r  ( 2 ) *   =  i  r d   ( 2 )   − j  i  r q   ( 2 )            i _   r  ( 1 ) *   =  i  r d   ( 1 )   − j  i  r q   ( 1 )        ]   



(9)




*—conjugation index. The transformation matrices are described as follows:


    S 9  =  2 9   [     1   1   1   …   1     1       a _   1         a _   2     ⋯       a _   8       1       a _   2         a _   4     …       a _    16        1   ⋮   ⋮   ⋱   ⋮     1       a _   8         a _    16      …       a _    64        ]    ;  a _  =  e  j 2 π / 9       ;  S r  =  2 N   [     1   1   1   1   …   1     1       b _   1         b _   2         b _   3     ⋯       b _    ( N − 1 )        1       b _   2         b _   4         b _   6     …       b _    2 ( N − 1 )        1       b _   3         b _   6         b _   9     …       b _    3 ( N − 1 )        1   ⋮   ⋮   ⋮   ⋱   ⋮     1       b _    ( N − 1 )          b _    2 ( N − 1 )          b _    3 ( N − 1 )      …       b _      ( N − 1 )  2         ]    ;  b _  =  e  j 2 π / N     



(10)




   M  s r 2       is a full matrix of dimension   9 × N  , shown below in the general form:


    M  s r 2     =  [         M _    0 , 0          M _    0 , 1          M _    0 , 2          M _    0 , 3          M _    0 , 4          …       …               …         M _    1 , 0          M _    1 , 1          M _    1 , 2          M _    1 , 3          M _    1 , 4          …       …               …         M _    2 , 0          M _    2 , 1          M _    2 , 2          M _    2 , 3          M _    2 , 4          …       …       ⋮       …         M _    3 , 0          M _    3 , 1          M _    3 , 2          M _    3 , 3          M _    3 , 4          …       …               …         M _    4 , 0          M _    4 , 1          M _    4 , 2          M _    4 , 3          M _    4 , 4          …       …           M _    W , K          ⋯     ⋮   ⋮   ⋮   ⋮   ⋮       M _    5 , 5      …       …               …                                 M _    6 , 6          …       ⋮       …     ⋮   ⋮   ⋮   ⋮   ⋮               M _    7 , 7      …               …         M _    8 , 0          M _    8 , 1          M _    8 , 2          M _    8 , 3          M _    8 , 4          …           M _    8 , 8                  …              …               …       …           M _    0 , 4  *         M _    0 , 3  *         M _    0 , 2  *         M _    0 , 1  *       …                   M _    8 , 8  *         …           M _    8 , 4  *         M _    8 , 3  *         M _    8 , 2  *         M _    8 , 1  *       …       ⋮               M _    7 , 7  *     …       ⋮   ⋮   ⋮   ⋮     …                           M _    6 , 6  *                           …           M _    W , K  *         …       …       M _    5 , 5  *     ⋮   ⋮   ⋮   ⋮     …               …       …           M _    4 , 4  *         M _    4 , 3  *         M _    4 , 2  *         M _    4 , 1  *       …       ⋮       …       …           M _    3 , 4  *         M _    3 , 3  *         M _    3 , 2  *         M _    3 , 1  *       …               …       …           M _    1 , 4  *         M _    2 , 3  *         M _    2 , 2  *         M _    2 , 1  *       …               …       …           M _    1 , 4  *         M _    1 , 3  *         M _    1 , 2  *         M _    1 , 1  *       ]    



(11)







The inductances of this matrix are described by the expression:


     M _    W , K   =   ∑   ν /      M  (  ν /  )    e  ± j  ν /  p φ       ;    W = 0 ,   1 ,   2 ,   … ,   8   ;    K = 0 ,   1 ,   2 ,   … ,   N − 1  



(12)




where W is the number of the matrix row and K is the number of the matrix column, and additionally, these are the numbers of the stator and rotor symmetric components, respectively. For all the harmonic orders given by (7),


  W = ( ±  ν /  ) mod 9   ;    K = ( ±  ν /  p ) mod N  



(13)






   M    (  ν    /   )   =   9 N      μ 0     d c     l c    π δ    N s     k s  (  ν    /   )      k r  (  ν    /   )      k  skew   (  ν    /   )       (  ν    /   p )  2     



(14)




where    μ 0  = 4 π ·   10   − 7     H/m,    d c   —stator inside diameter,    l c   —equivalent length of the machine core,  δ —air gap equivalent length comprising the Carter’s factor,    N s   —number of stator phase turns,    k s   ν    /      ,    k r  ν    /     —winding factors for the stator and the rotor, respectively,    k  skew    ν    /      —skew factor.



Matrix    M  s r 2       can be presented in the simplified form when N > 3M (M = 9). For a symmetrical machine with a star connection of the stator, the terms of the    M  s r 2       matrix lying in the W = 0 row and K = 0 column have no importance and can be omitted. Thus, the zero components of vectors    I  s 2     and    I  r 2     in (9) have no importance. The fundamental simplification is that the most important terms (12) of the    M  s r 2       matrix are taken into account. These are the terms:    M  1 , 1    ,    M  2 , 2    ,    M  3 , 3    ,    M  4 , 4    ,    M  5 , 5    ,    M  6 , 6    ,    M  7 , 7    ,    M  8 , 8    ,    M  1 , 10    ,    M  2 , 11    ,    M  3 , 12    ,    M  4 , 13    , …,    M   W 0  ,  K 0     , where    K 0  =   N 2   − 1   for even  N  or    K 0  =    N − 1  2     for odd  N . This means that the harmonic orders of the field have been limited to


   ν    /   = 1 ,   2 ,   3 ,   4 ,   5 ,   6 ,   7 ,   … ,    ν  max     /    



(15)




where    ν  max     /   =  K 0    and the row number    W 0    of the last term    M   W 0  ,  K 0      is given by (13) for    ν  max     /    . For example, when   N = 28  , then    K 0  = 13   and    W 0    = 4. With more rotor bars  N , the same harmonic limit can be assumed for most machines. Despite such simplifications, the multiphase induction machine model retains all its most important properties. In such a case, the    M  s r 2       matrix can be represented as


   M  s r 2     =  L μ   N  s r   − 1    K R   



(16)




where matrix    L μ    has the dimension   ( M − 1 ) × 2  K 0   :


    L μ  =  [       L μ  ( 1 )                                    L μ  ( 10 )                           L μ  ( 2 )                                    L μ  ( 11 )                           L μ  ( 3 )                                    L μ  ( 12 )                           L μ  ( 4 )                                    L μ  ( 13 )                           L μ  ( 5 )                                                           L μ  ( 6 )                                                           L μ  ( 7 )                                                           L μ  ( 8 )                                                     L μ  ( 8 )                                                           L μ  ( 7 )                                                           L μ  ( 6 )                                                           L μ  ( 5 )                           L μ  ( 13 )                                    L μ  ( 4 )                           L μ  ( 12 )                                    L μ  ( 3 )                           L μ  ( 11 )                                    L μ  ( 2 )    L 2                          L μ  ( 10 )                                    L μ  ( 1 )        ]  =  [       L  μ A 1        L  μ B 1          L  μ A 2        L  μ B 2        ]    



(17)




from which


   L  μ A 1   =  [       L μ  ( 1 )                                    L μ  ( 10 )                          L μ  ( 2 )                                    L μ  ( 11 )                          L μ  ( 3 )                                    L μ  ( 12 )                          L μ  ( 4 )                                    L μ  ( 13 )        ]   



(18)






   L  μ B 1   =  [                       L μ  ( 8 )                                                          L μ  ( 7 )                                                          L μ  ( 6 )                                                          L μ  ( 5 )                        ]   



(19)






   L  μ A 2   =  [                       L μ  ( 5 )                                                          L μ  ( 6 )                                                          L μ  ( 7 )                                                          L μ  ( 8 )                        ]   



(20)






   L  μ B 2   =  [       L μ  ( 13 )                                    L μ  ( 4 )                          L μ  ( 12 )                                    L μ  ( 3 )                          L μ  ( 11 )                                    L μ  ( 2 )                          L μ  ( 10 )                                    L μ  ( 1 )        ]   



(21)




and


     N  s r   - 1     = diag    [     1   ξ  ( 1 )       ,    1   ξ  ( 2 )       ,    1   ξ  ( 3 )       ,    1   ξ  ( 4 )       ,      1   ξ  ( 5 )       ,    1   ξ  ( 6 )       ,    1   ξ  ( 7 )     ,    1   ξ  ( 8 )     ,    1   ξ  ( 10 )       ,    1   ξ  ( 11 )       ,    1   ξ  ( 12 )       ,    1   ξ  ( 13 )       ,                                       1   ξ  ( 13 )       ,    1   ξ  ( 12 )       ,    1   ξ  ( 11 )       ,    1   ξ  ( 10 )       ,    1   ξ  ( 8 )       ,    1   ξ  ( 7 )       ,    1   ξ  ( 6 )     ,    1   ξ  ( 5 )     ,    1   ξ  ( 4 )       ,    1   ξ  ( 3 )       ,    1   ξ  ( 2 )       ,    1   ξ  ( 1 )      ]     



(22)






     K R  = diag  [     e  j p φ     ,  e  j 2 p φ     ,  e  j 3 p φ     ,  e  j 4 p φ     ,  e  j 5 p φ     ,  e  j 6 p φ     ,  e  j 7 p φ     ,  e  j 8 p φ     ,    e  j 10 p φ     ,  e  j 11 p φ     ,  e  j 12 p φ     ,  e  j 13 p φ     ,                                    e  − j 13 p φ   ,  e  − j 12 p φ   ,  e  − j 11 p φ   ,  e  − j 10 p φ   ,  e  − j 8 p φ   ,  e  − j 7 p φ     ,  e  − j 6 p φ     ,  e  − j 5 p φ     ,  e  − j 4 p φ     ,  e  − j 3 p φ     ,  e  − j 2 p φ     ,  e  − j p φ    ]     



(23)







The above expressions do not contain elements for the harmonic order    ν    /   = 9  , because the inductance (14) for this harmonic belongs to the W = 0 row of the    M  s r 2       matrix.



The magnetizing inductances in (17) are described with the following formula:


   L μ  (  ν    /   )   = 9    μ 0   d c   l c    π δ      (     N s   k s  (  ν    /   )      ν    /   p    )   2   



(24)




where    ν    /     is given by (15). For the same orders    ν    /    , the current ratios between the stator and rotor windings in (22) are given by


   ξ  (  ν /  )   =    9 N     N s     k s  (  ν    /   )      k r  (  ν    /   )    k  skew   (  ν    /   )      



(25)







The vector rotation matrix (23) also depends on harmonic orders    ν    /    .



Now, the vector    I  r 2     of the symmetric components of the rotor currents (9) is transformed into the stationary reference frame (α-β), associated with the stator, according to the following transformation:


        I   r 3   =   N   s r   − 1       K   R     I   r 2   =        I   r 3 A         I   r 3 B        =       =              i  _    r   / ( 1 )   ,     i  _    r   / ( 2 )   ,     i  _    r   / ( 3 )   ,     i  _    r   / ( 4 )   ,     i  _    r   / ( 5 )   ,     i  _    r   / ( 6 )   ,     i  _    r   / ( 7 )   ,     i  _    r   / ( 8 )   ,     i  _    r   / ( 10 )   ,     i  _    r   / ( 11 )   ,     i  _    r   / ( 12 )   ,     i  _    r   / ( 13 )       T               i  _    r   / ( 13 ) *   ,     i  _    r   / ( 12 ) *   ,     i  _    r   / ( 11 ) *   ,     i  _    r   / ( 10 ) *   ,     i  _    r   / ( 8 ) *   ,     i  _    r   / ( 7 ) *   ,     i  _    r   / ( 6 ) *   ,     i  _    r   / ( 5 ) *   ,     i  _    r   / ( 4 ) *   ,     i  _    r   / ( 3 ) *   ,     i  _    r   / ( 2 ) *   ,     i  _    r   / ( 1 ) *       T             



(26)







Generally,


     i _   r  / ( k )   =  i  r α   ( k )   + j  i  r β   ( k )      ;     k = 1 , 2 , 3 , … ,   13  



(27)







The numbers  k  denote the numbers of the rotor’s symmetrical components and are also the harmonic orders    ν    /     in the inductance matrix (17). The set of voltage equations assumes the following form:


   [       U  s 3 A          U  s 3 B        0     0     ]  =  [       R  s 3 A                          R  s 3 B                          R  r 3 A                          R  r 3 B        ]     [       I  s 3 A          I  s 3 B          I  r 3 A          I  r 3 B        ]    +    d  d t      [       Ψ  s 3 A          Ψ  s 3 B          Ψ  r 3 A          Ψ  r 3 B        ]  − j p ω    [     0                     0                       K A                         K B       ]     [     0        0        Ψ  r 3 A          Ψ  r 3 B        ]   



(28)







The vectors and matrices of these voltage equations are as follows:




	−

	
For the stator:











   U  s 3 A   =    [     u _   s  ( 1 )   ,    u _   s  ( 2 )   ,    u _   s  ( 3 )   ,    u _   s  ( 4 )    ]   T     ;      U  s 3 B   =    [     u _   s  ( 4 ) *   ,    u _   s  ( 3 ) *   ,    u _   s  ( 2 ) *   ,    u _   s  ( 1 ) *    ]   T   



(29)






   I  s 3 A   =    [     i _   s  ( 1 )   ,    i _   s  ( 2 )   ,    i _   s  ( 3 )   ,    i _   s  ( 4 )    ]   T     ;            I  s 3 B   =    [     i _   s  ( 4 ) *   ,    i _   s  ( 3 ) *   ,    i _   s  ( 2 ) *   ,    i _   s  ( 1 ) *    ]   T   



(30)






   Ψ  s 3 A   =    [     ψ _   s  ( 1 )   ,    ψ _   s  ( 2 )   ,    ψ _   s  ( 3 )   ,    ψ _   s  ( 4 )    ]   T     ;      Ψ  s 3 B   =    [     ψ _   s  ( 4 ) *   ,    ψ _   s  ( 3 ) *   ,    ψ _   s  ( 2 ) *   ,    ψ _   s  ( 1 ) *    ]   T   



(31)






   R  s 3 A   =  R  s 3 B   = diag  [   R s  ,    R s  ,    R s  ,    R s   ]   



(32)












	−

	
For the rotor:











       Ψ  r 3 A     =   [     ψ _   r  / ( 1 )   ,    ψ _   r  / ( 2 )   ,    ψ _   r  / ( 3 )   ,    ψ _   r  / ( 4 )   ,    ψ _   r  / ( 5 )   ,    ψ _   r  / ( 6 )   ,    ψ _   r  / ( 7 )   ,    ψ _   r  / ( 8 )   ,    ψ _   r  / ( 10 )   ,    ψ _   r  / ( 11 )   ,    ψ _   r  / ( 12 )   ,    ψ _   r  / ( 13 )    ]  T       Ψ  r 3 B     =   [     ψ _   r  / ( 13 ) *   ,    ψ _   r  / ( 12 ) *   ,    ψ _   r  / ( 11 ) *   ,    ψ _   r  / ( 10 ) *   ,    ψ _   r  / ( 8 ) *   ,    ψ _   r  / ( 7 ) *   ,    ψ _   r  / ( 6 ) *   ,    ψ _   r  / ( 5 ) *   ,    ψ _   r  / ( 4 ) *   ,    ψ _   r  / ( 3 ) *   ,    ψ _   r  / ( 2 ) *   ,    ψ _   r  / ( 1 ) *    ]  T        }   



(33)






       R  r 3 A     = diag  [   R r  ( 1 )   ,    R r  ( 2 )   ,    R r  ( 3 )   ,    R r  ( 4 )   ,    R r  ( 5 )   ,    R r  ( 6 )   ,    R r  ( 7 )   ,    R r  ( 8 )   ,    R r  ( 10 )   ,    R r  ( 11 )   ,    R r  ( 12 )   ,    R r  ( 13 )    ]       R  r 3 B     = diag  [   R r  ( 13 )   ,    R r  ( 12 )   ,    R r  ( 11 )   ,    R r  ( 10 )   ,    R r  ( 8 )   ,    R r  ( 7 )   ,    R r  ( 6 )   ,    R r  ( 5 )   ,    R r  ( 4 )   ,    R r  ( 3 )   ,    R r  ( 2 )   ,    R r  ( 1 )    ]        }   



(34)






       K A    = diag  [  1   ,    2   ,    3   ,    4   ,    5   ,    6   ,    7   ,    8   ,    10   ,    11   ,    12   ,    13  ]       K B    = diag  [  − 13 , − 12 , − 11 , − 10 , − 8 , − 7 , − 6 , − 5 , − 4 , − 3 , − 2 , − 1  ]        }   



(35)




The relationships of the flux vectors coupled to the current vectors are shown below.


   [       Ψ  s 3 A          Ψ  s 3 B          Ψ  r 3 A          Ψ  r 3 B        ]  =  [       L  s 3 A      0     L  μ A 1        L  μ B 1        0     L  s 3 B        L  μ A 2        L  μ B 2          L  μ A 1  T       L  μ A 2  T       L  r 3 A      0       L  μ B 1  T       L  μ B 2  T     0     L  r 3 B        ]   [       I  s 3 A          I  s 3 B          I  r 3 A          I  r 3 B        ]   



(36)






         L  s 3 A   = diag  [   L  σ s   +  L s  ( 1 )     ,    L  σ s   +  L s  ( 2 )     ,    L  σ s   +  L s  ( 3 )     ,    L  σ s   +  L s  ( 4 )    ]         L  s 3 B   = diag  [   L  σ s   +  L s  ( 4 )     ,    L  σ s   +  L s  ( 3 )     ,    L  σ s   +  L s  ( 2 )     ,    L  σ s   +  L s  ( 1 )    ]       }   



(37)






     L s  ( 1 )   =  L μ  ( 1 )   +  L μ  ( 10 )   +  L μ  ( 8 )     ;     L s  ( 2 )   =  L μ  ( 2 )   +  L μ  ( 11 )   +  L μ  ( 7 )        L s  ( 3 )   =  L μ  ( 3 )   +  L μ  ( 12 )   +  L μ  ( 6 )     ;     L s  ( 4 )   =  L μ  ( 4 )   +  L μ  ( 13 )   +  L μ  ( 5 )      



(38)






           L  r 3 A   = diag  [   L r  ( 1 )     ,    L r  ( 2 )     ,    L r  ( 3 )     ,    L r  ( 4 )     ,    L r  ( 5 )     ,    L r  ( 6 )     ,    L r  ( 7 )     ,    L r  ( 8 )     ,    L r  ( 10 )     ,    L r  ( 11 )     ,    L r  ( 12 )     ,    L r  ( 13 )      ]       L  r 3 B   = diag  [   L r  ( 13 )     ,    L r  ( 12 )     ,    L r  ( 11 )     ,    L r  ( 10 )     ,    L r  ( 8 )     ,    L r  ( 7 )     ,    L r  ( 6 )     ,    L r  ( 5 )     ,    L r  ( 4 )     ,    L r  ( 3 )     ,    L r  ( 2 )     ,    L r  ( 1 )      ]         }   



(39)







For numbers  k  of the rotor symmetrical components,


   L r  ( k )   =  L  σ r   ( k )   +  L μ  ( k )    



(40)






   L  σ r   ( k )   =  [  2  L G  + 4  L B    sin  2   (  k   p   π N    )   ]    (  ξ    ( k )   )  2  +  L μ  ( k )   (   1    (  k  skew   ( k )   )  2     − 1 )  



(41)






   R r  ( k )   =  [  2  R G  + 4  R B    sin  2   (  k   p   π N    )   ]    (  ξ    ( k )   )  2   



(42)







When using PWM to control the VSC with signals (1), impulse voltages will occur at the stator terminals, the averaged waveforms of which (the fundamental time-harmonics) take the following form:


   U  s 1   =  [         u  s 01            u  s 02            u  s 03          ⋮       u  s 0 k   p u          ]    =    U S       [      sin (  ϑ s  )       sin (  ϑ s  − m    2 π  9   )       sin (  ϑ s  − 2 m    2 π  9   )      ⋮      sin [  ϑ s  − 8 m    2 π  9   ]        ]   



(43)







These voltages take on a vector form    U  s 2     after being transformed into symmetrical components:


   U  s 2   =  S s   U  s 1   =    [         u _   s  ( 1 )            u _   s  ( 2 )            u _   s  ( 3 )            u _   s  ( 4 )            u _   s  ( 5 )            u _   s  ( 6 )            u _   s  ( 7 )            u _   s  ( 8 )        ]  =    [         u _   s  ( 1 )            u _   s  ( 2 )            u _   s  ( 3 )            u _   s  ( 4 )            u _   s  ( 4 ) *            u _   s  ( 3 ) *            u _   s  ( 2 ) *            u _   s  ( 1 ) *        ]     =     1 j   U S   {   [     0     0     ⋮       c  ( W )        ⋮     0     ⋮     0     ]     e  j  ϑ s    −  [     0     0     ⋮     0     ⋮       c  ( W )        ⋮     0     ]     e  − j  ϑ s     }  =  [       U  s 3 A          U  s 3 B        ]   



(44)




where for  m  = 1, 2, 3, …, 8,   W =    1 ,    2 , … ,   8   and


         c  ( W )   = 1    for    W = m        c  ( W )   = 0    for    W ≠ m      }   



(45)




(sequence number  m  = 0 is useless). This means that there are only two non-zero symmetric components in the vector    U  s 2    , which are conjugate numbers. This property is used to simplify the mathematical model of a multiphase machine in order to formulate the principle of vector control for various sequence numbers m. Hence, the voltage vectors    U  s 3 A    ,    U  s 3 B     of Equation (28) have only one non-zero element for a given   m = 1 ,   2 ,   3 ,   4 ,   5 ,   6 ,   7 ,   8  . For example, for   m = 2  , this voltage vector has the following form:


   U  s 3 A   =  [         u _   s  ( 1 )            u _   s  ( 2 )            u _   s  ( 3 )            u _   s  ( 4 )        ]  =  [     0         u _   s  ( 2 )        0     0     ]  =  1 j   U S   e  j  ϑ s       ;      U  s 3 B   =  [         u _   s  ( 4 ) *            u _   s  ( 3 ) *            u _   s  ( 2 ) *            u _   s  ( 1 ) *        ]  =  [     0     0         u _   s  ( 2 ) *        0     ]  = −  1 j   U S   e  − j  ϑ s     








whereas for   m = 7  ,


   U  s 3 A   =  [         u _   s  ( 1 )            u _   s  ( 2 )            u _   s  ( 3 )            u _   s  ( 4 )        ]  =  [     0         u _   s  ( 2 )        0     0     ]  = −  1 j   U S   e  − j  ϑ s       ;      U  s 3 B   =  [         u _   s  ( 4 ) *            u _   s  ( 3 ) *            u _   s  ( 2 ) *            u _   s  ( 1 ) *        ]  =  [     0     0         u _   s  ( 2 ) *        0     ]  =  1 j   U S   e  j  ϑ s     











The pairs of mutually conjugated symmetrical components in    U  s 3 A     and    U  s 3 B    ,    I  s 3 A     and    I  s 3 B    , and in the transformed rotor current vector    I  r 3 A       and    I  r 3 B       carry the same information. Hence, the number of voltage equations is two times lower.



In fact, all the symmetric components      u _   s  ( 1 )    ,     u _   s  ( 2 )    ,     u _   s  ( 3 )    ,     u _   s  ( 4 )     are non-zero, because each higher time-harmonic of the inverter output voltage excites them. However, the influence of these higher harmonics has only a parasitic effect to an almost negligible extent. So, such a property can be utilized to separate this stator voltage equations for which      u _   s  ( m )   ≠ 0  . Taking into account only the spatial harmonics    ν    /   = m   for  m  = 1, 2, 3, 4, the system of machine Equation (28) takes a simple form, corresponding to machines with sinusoidal windings for each  m  and which is described in the stationary reference frame (α-β), where in matrices    K A    and    K B   , the values  m  and   − m   are only taken, respectively:


   [         u _   s  ( m )        0     ]  =  [       R s                   R r  ( m )        ]     [         i _   s  ( m )            i _   r  ( m )        ]    +    d  d t    [         ψ _   s  ( m )            ψ _   r  ( m )        ]    − j m   p   ω    [         ψ _   s  ( m )            ψ _   r  ( m )        ]   



(46)







Flux vectors:


   [         ψ _   s  ( m )            ψ _   r  ( m )        ]  =  [       L  σ s   +  L μ  ( m )        L μ  ( m )          L μ  ( m )        L  σ r   ( m )   +  L μ  ( m )        ]     [         i _   s  ( m )            i _   r  ( m )        ]   



(47)




This means that only the single symmetric components      i _   s  ( m )     and      i _   r  ( m )     are taken into account. These components are coupled through one mutual (magnetizing) inductance    L μ  (  ν    /   )   =  L μ  ( m )     (24) for a given   m =  ν    /    . This makes it possible to use vector control methods known for three-phase induction machines with the squirrel-cage [3]; however, this is taking into account the operation at a given value of  m , which determines the number of pole pairs   m   p  . One must be aware that the actual parameters of the machine are slightly different than in the model adopted for control.




3.2. Field-Oriented Control System of the Generator


Field-oriented control was implemented with respect to the rotor flux vector      ψ _   r  ( m )    . The    ϑ  ( m )     position of this vector in the stationary reference frame (α-β) determines the rotating reference frame (x(m)-y(m)). Additionally, the coordinate system (d-q) of the rotor is rotating with the rotor rotation angle  φ  relative to the stator. This is shown in Figure 4.



Based on (47), the vectors      ψ _   s  ( m )     and      i _   r  ( m )     should be eliminated from Equation (46). The obtained stator and rotor equations after separating the real and imaginary parts, due to Euler’s identity, take the form which allows for the control scheme formulation. These equations described in the rotating reference frame (x(m)-y(m)) assume the following form:




	−

	
For the stator:











   u  s x   ( m )   =  R a  ( m )    (   i  s x   ( m )   +  T a  ( m )    d  d t    i  s x   ( m )    )  +  e  s x   ( m )      ;       e  s x   ( m )   = −  L a  ( m )    i  s y   ( m )    ω  ( m )   −  k Ψ  ( m )    ψ  r x   ( m )   /  T r  ( m )    



(48)






   u  s y   ( m )   =  R a  ( m )    (   i  s y   ( m )   +  T a  ( m )    d  d t    i  s y   ( m )    )  +  e  s y   ( m )      ;       e  s y   ( m )   = m   p    k Ψ  ( m )    ψ  r x   ( m )     ω +  L a  ( m )    i  s x   ( m )      ω  ( m )    



(49)








	−

	
For the rotor:











   i  s x   ( m )   =  1   L μ  ( m )      (   ψ  r x   ( m )   +  T r  ( m )    d  d t    ψ  r x   ( m )    )   



(50)






   d  d t    ϑ  ( m )   =  ω  ( m )   =  1   T r  ( m )        L m     ψ  r x   ( m )      i  s y   ( m )   + m   p   ω  



(51)




where


     L s  ( m )   =  L  σ s   +  L μ  ( m )      ;     L r  ( m )   =  L  σ r   ( m )   +  L μ  ( m )        k Ψ  ( m )   =    L μ  ( m )      L r  ( m )        ;      R a  ( m )   =  R s  +  R r  ( m )     (  k Ψ  ( m )   )  2     ;      L a  ( m )   =    L s  ( m )    L r  ( m )   −   (  L μ  ( m )   )  2     L r  ( m )          T a  ( m )   =    L a  ( m )      R a  ( m )        ;       T r  ( m )   =    L r  ( m )      R r  ( m )        



(52)







For the coordinates of the stator voltage and current vectors and the rotor flux vector, the transformation between reference frames (α-β), (x(m)-y(m)), and (d-q) is orthogonal:


   [       z x         z y       ]  =  [      cos  ϑ  ( m )       sin  ϑ  ( m )         − sin  ϑ  ( m )       cos  ϑ  ( m )        ]     [       z α         z β       ]     ;       [       z d         z q       ]  =  [      cos φ     sin φ       − sin φ     cos φ      ]     [       z α         z β       ]   



(53)




where instead of  z , substitute the appropriate symbol for the voltage, current, and flux.



The machine electromagnetic torque of the above simplified model is described by the following equation:


   T e  ( m )   =   9 2      p    m     k Ψ  ( m )    ψ  r x   ( m )      i  s y   ( m )    



(54)







The following basic reference units were assumed:




	
   Ω o  = 2 π  f o     ;       f o  =  f  s N    ;



	
   U o  =  2   U  s N    ;    U  s N    —r. m. s value of rated phase voltage;



	
   I o  =  2   I  s N    ;    I  s N    —r. m. s value of rated phase current.








The control system signals were determined in the form of relative values (per unit) of the speed, stator voltage, stator current, and the rotor flux referred to    Ψ o  =     U o     Ω o      . The per unit speeds were as follows:


   ω  p u   =   p ω    Ω o       ;       ω m  p u   =    ω  ( m )      Ω o     



(55)







Additionally, the resistances and inductances also referred to the basic resistance    R o  =  U o  /  I o    and inductance    L o  =  Ψ o  /  I o    respectively. The remaining per unit quantities (stator voltage, stator current components, rotor flux) are defined as follows:


   u  s x   p u   =  u  s x   ( m )   /  U o    ;     u  s y   p u   =  u  s y   ( m )   /  U o    ;     i  s x   p u   =  i  s x   ( m )   /  I o    ;     i  s y   p u   =  i  s y   ( m )   /  I o    ;     ψ r  p u   =  ψ  r x   ( m )   /  Ψ o   



(56)







For the basic unit of the torque    T o  =   9 2   p     U o   I o     Ω o     = 9 p     U  s N    I  s N     2 π  f  s N       , the electromagnetic torque (54) takes the following per unit form:


   T e  p u   = m     k Ψ  ( m )    ψ r  p u      i  s y   p u    



(57)







Following the presented equations, the control scheme has been formulated and is presented in Figure 5. The estimation of the modulus of the rotor flux vector      ψ _   r  ( m )     and the    ϑ  ( m )     angle of the (x(m)-y(m)) reference frame is performed in the EST block. The structure of this block is shown in Figure 6. This results directly from (46) and (47) for the rotor p. u. equation described in the d-q reference frame:     d  d t       ψ _   r  ( m ) p u   =     Ω o     T r  ( m )       (   L μ  ( m ) p u      i _   s  ( m ) p u   −    ψ _   r  ( m ) p u    )   .



The blocks of orthogonal transformation between the reference systems (α-β)/(x(m)-y(m)), (α-β)/(d-q) for the systems of Figure 5 and Figure 6 are described by the relationships of (53). The nine-phase system of currents is transformed to the vector form      i _   s  ( m )     using the transformation resultant from matrix    S 9    (10):


   [       i  s α   p u          i  s β   p u        ]  =   2 9    [     1    cos m    2 π  9       cos 2 m    2 π  9       cos 3 m    2 π  9      …    cos 7 m    2 π  9       cos 8 m    2 π  9        0    sin m    2 π  9       sin 2 m    2 π  9       sin 3 m    2 π  9      …    sin 7 m    2 π  9       sin 8 m    2 π  9        ]     [       i  s 1   p u          i  s 2   p u          i  s 3   p u          i  s 4   p u        ⋮       i  s 8   p u          i  s 9   p u        ]   



(58)







The control paths x and y in Figure 5 are decoupled using signals    e  s x   ( m ) p u     and    e  s y   ( m ) p u     added to the outputs of the current controllers Rix and Riy. They result from Equations (48) and (49). This decoupling can be simplified by assuming a constant value of    ψ r  p u     and ignoring the signals connected in Figure 5 by the dashed lines. This is justified additionally by the small derivative of the speed signal    ω  p u     compared to the derivative of the signal    i  s y   p u    .



In the SEL block, the value of m is selected as a function of the generator speed. Switching the control sequence  m  was implemented with hysteresis:


         k  m 2   = [ 1 + sgn (  Ω  1 , 2   p u   −  ω  p u   + H    k  m 2   ) ] / 2        k  m 3   = [ 1 + sgn (  Ω  2 , 3   p u   −  ω  p u   + H    k  m 3   ) ] / 2        k  m 4   = [ 1 + sgn (  Ω  3 , 4   p u   −  ω  p u   + H    k  m 4   ) ] / 2       m = 1 +  k  m 2   +  k  m 3   +  k  m 4            }   



(59)




where the “sgn” function is treated as an ideal comparator for  H  = 0.1—half of the hysteresis. Based on the mechanical characteristics from Figure 3, it was assumed that    Ω  1 , 2   p u   = 1 / 2  ,    Ω  2 , 3   p u   = 1 / 3  ,    Ω  3 , 4   p u   = 1 / 4  .



The nine-phase induction generator is the same as presented in [1]. The magnetic core was taken from 4 kW induction machine (Sf112M-4) where the nine-phase winding (Figure 2) was applied. The cage rotor has 28 aluminium bars. Parameters:  M  = 9,  p  = 1,    μ 0  = 4 π ·   10   − 7     H/m,    d c    = 0.11 m,    l c    = 0.12 m,    N s    = 110. For safety reasons, the ratings have been reduced relative to the potential capabilities of the machine:    P N    = 1 kW,    U  s N     = 67.5 V,    I  s N     = 5.3 A,  p  = 1,    f  s N     = 33.3 Hz. The average flux (4):    Ψ  μ A V     =  U  s N   / 2 π  f  s N     = 0.322 Wb. Hence, the basic reference units are    Ω o    = 209.2 rad/s (2000 rev/min),    I o    = 7.5 A,    U o    = 95.4 V,    P o  =   9 2    U o   I o    = 3219 W,    T o  =     P o     Ω o       = 15.4 Nm. The parameters of the mathematical model and for the control system (Figure 5 and Figure 6) are presented in Table 1.



The voltage (Ru), flux (Rψ), and current (Rix, Riy) controllers are of type PIsat (PI with saturation). The reference voltage signal is    u  D C   r e f     = 1.57, which corresponds to the DC voltage    u  D C   =   π   2      U  s N     = 150 V. The rotor flux command signal is    Ψ r  r e f     = 0.701. This corresponds to    Ψ  μ A V       = 0.322 Wb.



The parameters of the controllers were initially selected using Kessler’s criteria and then modified in practice.




	−

	
Voltage controller Ru (PIsat):




	
Controller gain    K U  p u     = 5.



	
Time constant    T u    = 0.1 s.



	
Saturation    I  s y max   p u     = 1.









	−

	
Flux controller Rψ (PIsat):




	
Controller gain    K Ψ  p u   =  1 2   1   L μ  ( m )       = 0.108 (m = 1), 0.147 (m = 2), 0.258 (m = 3),



	
0.648 (m = 4).



	
Time constant    T Ψ  =  T r  ( m )     = 0.624 s (m = 1), 0.230 s (m = 2), 0.120 s (m = 3),



	
0.071 s (m = 4).



	
Saturation     I   s x max   p u     = 1.









	−

	
Current controllers Rix and Riy (PIsat):









Controller gains     K   I x   p u   =   K   I y   p u   =   S   K I       R   a   ( m ) p u     2    . For     S   K I     ≈ 30 and similar resistance values for each m, the average value was assumed:      K   I x   p u   =   K   I y   p u     = 2.25.



Time constant. To speed up the regulation, the time constant was selected according to the Kessler symmetry criterion. This causes the capacitor    C  D C     to charge faster. For the frequency    f c    = 3 kHz of VSC (Figure 1), the digital control system performed at twice the switching frequency, synchronously with the carrier signal. Hence, the sampling frequency    f  s a m p   = 2  f c    = 6 kHz. The time delay is    T  d e l   = 1 /   f  s a m p     . So, the so-called short time constant of the object inertia can be assumed    T σ  = 1.5  T  d e l    . Thus, the time constant of the controller was set to    T I  = 4  T σ    = 1 ms for each  m .



An analysis of the differences between the compete mathematical model and the simplified one allows the designer to consciously influence the regulator settings and the structure of the control system in the event of disturbances or a poorer quality of work.





4. Laboratory Tests of the Generation System


4.1. Description of the Laboratory Stand


The laboratory stand was almost the same as presented and described in [1] for the scalar control of the nine-phase induction generator. The main difference was the vector control method implemented for the digital signal controller. All the main tracks of the measurement system and signal transmission are related to the diagram shown in Figure 1. The speed of the MIM operating as a generator was set by a DC motor powered by a rectifier. The mechanical connection was made using the DATAFLEX 32/300 torque meter enabling the measurement of the generator torque    T e   , as well as the speed  ω  and rotation angle  φ  using the quadrature encoder 720 imp/rev with the speed sensor. The phase currents    i  s 1   ,    i  s 2   ,   … ,    i  s 9     were measured using the Chauvin Arnoux E3N probe, whereas the DC voltage    u  D C     was measured using the TESTEC TT-SI 9001 probe. The measured signals were transmitted through a data acquisition card from National Instruments USB-6211. The control system was based on a digital signal controller from Texas Instruments TMS320F28379D. The VSC was made of a IGBT modules Mitsubishi CM50DY-24H with the gate drivers of our own design. The DCSYS was made as a DC chopper supplying the Rd-Ld load blocked with the freewheeling diode (Rd = 8.5 Ω, Ld = 15 mH).




4.2. Results of Laboratory Tests


The tests of the generating system were carried out in the steady state for various power supply sequences and in transient states with a step change in the load and a change in the driving speed. The p. u. reference signal of the voltage controller was    u  D C   r e f     = 1.57 to keep the output voltage constant    U  D C     = 150 V.



4.2.1. Steady-State Operation of the Generator


The steady-state operation of the generator was examined by setting its speed from    ω  p u     = 0.2 to    ω  p u     = 1.0 and measuring the driving torque    T E   , voltage    u  D C    , stator current    I s    (rms), and load current    i  R d    . The following values were determined:    P 1  =  T E  n   π  30     —mechanical input power,    P 2  =  R d   I  R d  2   —electrical output power,    I d  =  P 2  /  U  D C    —current supplying the DCSYS,   η =  P 2  /  P 1   —energy conversion efficiency. The results of the measurements are presented in Figure 7 with the marked measurement points.



The regulation system maintained a constant voltage value at the output    u  D C   =  U  D C     = 150 V at all these points. Throughout the entire speed range and each sequence m, the stator current    I s  p u     does not exceed the maximum output value    I  s y max   p u     = 1 of the voltage controller Ru, for which    I s  =  I  s N     = 5.3 A. For example, we can explain the step change in the output power    P 2   , shown in Figure 7, at the relative speed    ω  p u     = 0.5. At this speed,  m  changes from 2 to 1 as the    ω  p u     increases. The p. u. input power can be written as    P 1  p u   =  T E  p u    ω  p u    . In the steady state,    T E  p u   =  T e  p u    . Assuming in (57),    i  s y   p u   ≈  I s  p u    , we obtain    T E  = m    k Ψ  p u    ψ r  p u    I s  p u    . The rotor flux is kept as    ψ r  p u   = 0.701   by the control system from Figure 5, whereas the stator current    I s    is controlled by Ru at a value such that    u  D C   p u   =  u  D C   r e f   = 1   (   u  D C     = 150 V). When    ω  p u     is slightly lower than 0.5, the system operates at   m = 2  . Then,    k ψ  ( m )     = 0.95 (Table 1), whereas the stator current read from Figure 7 is    I s    = 3.5 A. In p. u., it is    I s  p u   =     I s     I  s N      =    3.5   5.3    = 0.66  , hence,    T E  p u ( m = 2 )   = 2 · 0.949 · 0.701 · 0.66 = 0.878   and    P 1  p u ( m = 2 )   = 0.878 · 0.5 = 0.439  , giving    P 1  ( m = 2 )   =  P 1  p u ( m = 2 )    P o    = 1413 W. When    ω  p u     slightly increases over 0.5, parameter  m  changes to   m = 1  . Then, the Ru forces the stator current to become the value    I s  p u     = 1 to charge the capacitance    C  D C     to the desired voltage as fast as possible, where the stator frequency changes from    f s  p u   = 1   (  m = 2  ) to 0.5 (  m = 1  ). Parameter    k ψ  ( m )     = 0.986 (Table 1),    ψ r  p u   = 0.701  , and    T E  p u ( m = 1 )   = 1 · 0.986 · 0.701 · 1.0 = 0.691  ,    P 1  p u ( m = 1 )   = 0.691 · 0.5 = 0.345  , giving    P 1  ( m = 1 )   =  P 1  p u ( m = 1 )    P o    = 1110 W. The ratios    k  P c a l c u l a t e d   =     P 1  p u ( m = 2 )      P 1  p u ( m = 1 )      =    0.439   0.345    = 1.27  ,    k  P m e a s u r e d   =     P 1  ( m = 2 )      P 1  ( m = 1 )      =    1250   1000    = 1.25   (Figure 7) are almost the same.



When  m  is switched from 2 to 1, the electrical power    P 2    drops two times. The power    P g    crossing the air gap from the rotor to the stator is almost equal to    P 1   , diminished with the power losses in the rotor winding   Δ  P r    and in the magnetic core   Δ  P  F e    . The output power    P 2  =  P g  ( 1 − s )   can be written as    P 2  =  P g  m    ω  p u    , where the machine slip is   s = 1 − m   ω   Ω o     = 1 − m  ω  p u    . Neglecting those power losses, we can write    P 2  =  P 1  m  ω  p u    . So, at    ω  p u   = 0.5   and   m = 1  , the output power drops to    P 2  ≈ 1000 · 0.5 = 500   W  , similarly for the point    ω  p u     = 0.33 when  m  changes from 3 to 2. Hence, the generator efficiency is   η ≈ m    ω  p u    .



Figure 8 shows example waveforms corresponding to one point    ω  p u     = 0.44,  m  = 2 of the characteristics from Figure 7. The waveforms for the other operating points are similar, and the main differences are in the shape of the phase voltage and current waveforms for given sequences m.




4.2.2. Dynamic Operation of the Generator


The minimum initial voltage    U  D C 0     (Figure 1) necessary to excite the generator was approximately 30 V. Figure 9 shows an example of the process of achieving the voltage    U  D C     = 150 V of an unloaded generator operating with the sequence number  m  = 1 and the    u  D C   r e f     signal set linearly.



The step increase of the generator load is presented in the form of a comparison of the vector and scalar control in Figure 10. As can be seen, in both cases, the regulation system reacts similarly, although in the case of scalar control, larger oscillations of the regulated voltage appeared. In both cases, the voltage regulators had the same parameters. The regulators correct the voltage when the drive speed drops due to the load. The vector control can be improved by correcting the Ru parameters, e.g., increasing the signal of maximum current    I  s y max   p u    .



Switching the control sequence from m = 1 to m = 2 or m = 2 to m = 3 causes a torque surge    T e    of the generator, which affects the mechanical system. A comparison of such switching with vector and scalar control is shown in Figure 11. Switching from m = 1 to m = 2 occurs at a rotational speed of n = 1000 rev/min. Before switching ( m  = 1), the generator operates at a frequency of approximately    f s    = 16.5 Hz, and after switching ( m  = 2), the frequency increases almost twice. During switching, a negative electromagnetic torque surge    T e    occurs. It is twice as large with scalar control.



Additionally, it should be emphasized that the multiphase generator can produce the desired DC output voltage    u  D C     while operating with broken phases of the stator or caused by VSC damage. This is illustrated in Figure 12 at decreasing speed and switching m when the first stator phase was broken. As one might expect, the difference between the symmetrical and asymmetrical work is negligible in this case. If more phases are broken, the generator still produces the set voltage, but the load power must be reduced. The waveforms in Figure 12 also show the correct response of the control system at a high variability of the generator speed.



To emphasize the advantages of a multiphase induction generator, its operation can be compared with a synchronous generator excited by permanent magnets (PMSG). The synchronous generator feeds a diode rectifier, the output of which is regulated by a back-boost converter at an appropriate value. At a reduced speed and a given load power, the multiphase induction generator operates at similar phase currents, while the synchronous generator must operate at much higher currents.






5. Conclusions


	
The field-oriented vector control of the multiphase squirrel-cage induction generator enables the proper regulation of the DC output voltage with changing load and speed. The generator speed depends on the driving system and its load. This is particularly visible in low-power wind turbines, for which this type of multiphase generator is dedicated. The advantage of this type of generator operating with sequence switching is that it produces a given voltage at low speeds with a greater efficiency than traditional SCCIG systems.



	
Multiphase machines may operate with damage to one or more phases [10,25]. The correct operation of the generator was demonstrated at speed variability and with asymmetry caused by the break of one phase.



	
The presented control method can be improved by the appropriate selection of voltage regulator parameters (gain, time constant, saturation), which can be achieved using computer simulation for the described mathematical model.



	
Scalar control does not require the same signal processing as vector control. It causes slightly worse control properties, manifested as larger torque surges when switching the control sequence. The system is simpler, more reliable, and can be modified to some degree. The quality of regulation was comparable to the vector control since in both control systems, the same voltage regulator was used. However, the vector control has a lot more possibilities of modifications.



	
The presented method of controlling the nine-phase generator can be used to control squirrel-cage induction generators with a different number of phases, e.g.,  M  = 5,  M  = 7,  M  = 15. One should be aware that the control system is based on a simplified mathematical model assuming only one harmonic of the order    ν    /   = m   associated with the control sequence  m . In fact, there is also the influence of higher harmonics, shown in the presented mathematical model, especially of the order    ν    /   =  |  m ± M  |   .



	
Based on the presented results, it can be concluded that multiphase generators of this type are suitable for low-power wind turbines, because by controlling the change in  m , a mechanical gearbox can be eliminated.



	
To further improve the control performance, other advanced techniques could be applied [26,27,28,29].



	
The presented research was carried out as part of a doctoral dissertation [30]. The mathematical model can be adopted for the description of the multiphase induction machines with numbers of phases other than 9 and can be used to analyze the motor and generator operation.
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Figure 1. General structure of the automatic DC voltage control and the connection system: MIM—multiphase induction machine, VSC—voltage source converter, GE—generator engine (e.g., a wind or water turbine), GB—gear box (optional), CM—phase current measurement, UDC0—system assuring a minimum voltage of CDC, DB—blocking diode, DCSYS—single resistance load (the simplest) or power grid supplied with the grid side converter, CTRL—control system, T—speed sensor (e.g., tachometric generator, pulse encoder), ωpu—speed signal of the MIM related to the base reference speed Ωo, uDCref—DC bus voltage control signal. 
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Figure 2. Arrangement of the nine-phase winding with p = 1 (α = 10°, β = 60°); beginnings of the phase windings: 1, 2, 3…, 9 endings of the phase windings: 1′, 2′, 3′,…, 9′. 
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Figure 3. Illustration of mechanical characteristics of the nine-phase induction generator driven with the wind turbine. 
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Figure 4. Vector diagram for field-oriented control of the multiphase generator. 
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Figure 5. Control scheme of the generator. 
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Figure 6. Rotor flux vector estimator EST (current model of rotor flux). 
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Figure 7. Steady-state characteristics of the nine-phase induction generator versus the speed ωpu of the range 0.2 … 1.0. 
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Figure 8. Waveforms illustrating the generator operation at speed ωpu = 0.44 and supply sequence m = 2. 
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Figure 9. Controlled exciting process of the no-load generator operating at m = 1 and ωpu = 0.7 (1400 rev/min). 
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Figure 10. Response to a sudden increase in the load of the generator: (a) vector control, (b) scalar control. 
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Figure 11. Effect of switching the control sequence from m = 1 to m = 2: (a) vector control, (b) scalar control. 
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Figure 12. Vector-controlled nine-phase generator operating with one phase broken during varying speed. 
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Table 1. Mathematical model parameters for the control system.






Table 1. Mathematical model parameters for the control system.





	Parameter
	Unit
	m = 1
	m = 2
	m = 3
	m = 4





	    L μ  ( m )     
	H
	0.282
	0.207
	0.118
	0.047



	    L μ  ( m ) p u     
	–
	4.633
	3.401
	1.938
	0.772



	    L s  ( m )     
	H
	0.317
	0.238
	0.145
	0.084



	    L s  ( m ) p u     
	–
	5.207
	3.909
	2.382
	1.38



	    L r  ( m )     
	H
	0.286
	0.218
	0.138
	0.058



	    L r  ( m ) p u     
	–
	4.698
	3.581
	2.267
	0.953



	    R s    
	Ω
	1.3
	1.3
	1.3
	1.3



	    R s  p u     
	–
	0.102
	0.102
	0.102
	0.102



	    R r  ( m )     
	Ω
	0.458
	0.949
	1.144
	0.811



	    R r  ( m ) p u     
	–
	0.036
	0.074
	0.09
	0.064



	    T r  ( m )     
	s
	0.624
	0.230
	0.120
	0.071



	    L a  ( m )     
	H
	0.04
	0.041
	0.044
	0.046



	    L a  ( m ) p u     
	–
	0.64
	0.68
	0.72
	0.75



	    k Ψ  ( m )     
	–
	0.986
	0.949
	0.855
	0.810



	    R a  ( m )     
	Ω
	1.745
	2.155
	2.136
	1.832



	    R a  ( m ) p u     
	–
	0.137
	0.169
	0.167
	0.144



	    T a  ( m )     
	s
	0.0223
	0.0192
	0.0206
	0.0250
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