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Abstract

:

Due to an increasing demand for electric power and changes in the typology of loads, stability has become a major concern in power systems. As the system stability is directly related to the response of the connected generator, recent research has focused on enhancing generators’ stability and improving their response to load variations. This study focuses on adding another excitation winding on to the q-axis, perpendicular to the conventional excitation winding on the d-axis, to control both active and reactive power. This paper studies and compares the performance of the dual excitation synchronous generator (DESG) to conventional synchronous generators. The mathematical equations are derived, and a mathematical model is then developed. The experimental tests have been conducted using a laboratory model consisting of a two-phase synchronous generator driven by a DC motor with different loads. The obtained results and radial diagrams for the different loading types are presented and evaluated. Therefore, a new approach has been designed to connect the DESG directly to the power grid without any electronic components using a special coupling that works in one direction. Two perpendicular excitation coils, d and q, were formed from the existing coils, and the tests were carried out on all loads, ensuring that the revolving angle (i.e., the stability angle φ) was fixed. The results show that the proposed method offers significant cost savings, potentially amounting to 15–20% of the unit price. The experimental results confirm that the DESG significantly improves the generator stability by maintaining a constant rotor angle δ, which requires using an automatic angle regulator (AAR) in addition to the conventional automatic voltage regulator (AVR).
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1. Introduction


A dual excitation synchronous generator (DESG) is a type of synchronous generator with two separate excitation sources. One excitation source is used to create a magnetic field in the stator, and the other is used to create a magnetic field in the rotor. This allows the generator to operate at a variable speed, which is useful for applications such as wind turbines and hydroelectric power plants [1]. The DESG has several advantages over traditional synchronous generators, including the ability to operate at a variable speed, which means that it can better match the varying speed of the input power source (such as wind or water). This can result in higher efficiency and a more stable output voltage [2,3,4]. Another advantage of the DESG is that it can provide reactive power support to the power grid. Reactive power is needed to maintain voltage levels and stabilize the grid, and synchronous generators are often used to provide this support. With the DESG, both the stator and rotor can be used to provide reactive power, which can help to reduce the need for additional equipment such as capacitors [3]. The DESG has been recognized in the literature as a valuable approach to enhancing both steady-state and dynamic stability, improving system reliability, and enabling independent control of the active and reactive power [5,6,7,8]. Additionally, it has been revealed that the frequency regulation and the control of generator terminal voltage magnitude can be achieved by manipulating specific parameters of the excitation currents [9].



In the literature, many authors have addressed DESGs from different perspectives. In [9], a comprehensive analysis is presented, which offers an accurate representation of the machine. A per-unit system is utilized to avoid errors caused by the conventional system when considering saliency. The external connection is examined in a generalized form, enabling the study of the machine performance when connected to an infinite bus through a general transmission system. A small displacement model is also derived and organized in a suitable format for investigating dynamic stability issues. This model is a valuable tool for examining the impact of various excitation regulation schemes on the machine’s dynamic behavior [10,11].



Different strategies have been used for controlling the electrical power generation of a DESG as a generation system for wind energy conversion. In Ref. [4], H. M. Yassim et al. presented a control technique for maximizing the power conversion efficiency and regulating the reactive power injected into the grid for a DESG operating as a constant-speed constant-frequency (CSCF) generation system. This method is based on managing the field-current space phasor magnitude and the field-voltage phase angle in order to control the active and reactive power provided by the DESG. Furthermore, in Ref. [12], the same authors developed a method for controlling the low voltage ride through (LVRT) capability in DESGs, acting on the field-voltage space phase, and exploiting the added reactive power to promote grid voltage recuperation under grid faults. The proposed strategy was validated through experimental tests and simulations for a 1.1 kW DESG wind turbine. Similarly, in Ref. [13], the authors proposed a novel strategy to control the reactive power in DESGs operating in CSCF modality and a variable-speed constant-frequency (VSCF) generating system, improving the conversion efficiency and reducing the copper losses. This strategy is founded on regulating the magnitude and phase angle of the field winding to control the active and reactive power, respectively. The simulation results validated the proposed control strategy using a 1.1 kW DESG. In addition, S. D’Arco et al. in Ref. [14] introduced a control strategy for DESG operation applied to variable-speed wind turbines, enabling them to be actively controlled [14]. This strategy maximizes the generated active power, keeping the active power in the rotor stable to a reference value. Doubly fed induction generators (DFIG) are commonly used as alternatives to DESGs for wind energy conversion systems, and these power generation systems require accurate control strategies for optimizing the power they produce. In Ref. [15], Z. Dekali et al. proposed an indirect power control strategy for the machine side converter (MSC), setting the current target values to obtain the desired active and reactive power injected into the grid. The strategy implemented a field-oriented control (FOC) of the dq frame to regulate the stator power by acting on the rotor current components.



Compared to methodologies proposed in the published and previously analyzed scientific works, the proposed direct connection technique is computationally simpler, enabling the direct connection of the DESG to the grid without the need for any power components or converters [1,2,3,4,5]. Therefore, the proposed technique does not require an electronic power converter to adapt the produced power to be injected into the grid under variable speed conditions, unlike other solutions reported in the scientific literature [4,5]. Moreover, by removing the need for an electronic power converter, the reliability of the wind generating system is significantly improved. The proposed strategy keeps the rotor angle stable regardless of the injected power by controlling the signals applied to the cross-sectional coils, thus regulating the stability angle (  ϕ  ). In addition, the proposed solution allows the control of active and reactive power independently, thus enabling the regulation of the power factor.



In summary, this research article focuses on the performance evaluation of DESGs compared to conventional synchronous generators. The mathematical equations are derived, and a mathematical model has been developed. The paper also presents a new mechanical coupling method for directly connecting the wind turbine with the synchronous generator to the network without any electronic components. The study uses two laboratory models: In the first one, a DESG with a 2 kW capacity is driven by a DC motor representing the wind turbine. In this model, the two machines are linked through the developed mechanical coupling proposed in the research article. The second model is a three-phase laboratory machine with a nominal capacity of 2.3 KVA. Two perpendicular excitation coils, d and q, were formed from the existing coils, and the tests were carried out on different loads, ensuring that the torque angle was fixed. The proposed mechanical coupling method enables the generator to be directly connected to the electric network without needing any electronic components. The obtained results demonstrate that the developed DESG-based solution outperforms the conventional generator in many aspects, including a simplification from the point of view of the elements necessary for connection to the grid, and therefore provides a significant cost saving. The only limitation of the proposed technique is the need for an automatic control system to regulate the signals on the quadrature coils and manage the power injection into the power grid.




2. The DESG Mathematical Model


By applying the voltage Ued on the direct winding of Wed turns, a current Ied is drawn, forming the magnetomotive force (MMF) Fed given by the following equation [11,16]:


    F   ed    =      I   ed       W   ed      2 P       A . T  / Pole  



(1)







Furthermore, by applying the voltage Ueq on the direct winding of Weq turns, a current Ieq is drawn, forming a magnetomotive force (MMF) Feq, as follows:


    F   eq    =      I   eq        W    eq      2 P     A . T  / Pole  



(2)







If Weq = Wed and Ued = Ueq, then the following equality is obtained: Feq = Fed (Figure 1). As shown in Figure 1, if Weq ≠ Wed, then it turns out Feq = (0.2 ÷ 0.3) Fed.



Figure 2 shows the space distribution of the excitation windings and magnetic flux of both types of synchronous generators. The main operation principle for any generator is based on the interaction between the magnetic fields. So, Fed and Feq generate the magnetic fluxes φed and φeq, respectively, and when the rotor rotates at a speed n1 (RPM), each of these fluxes will rotate at the same speed and generate the electromotive forces (EMF) in each phase of the armature Eod and Eoq [17,18,19]. Figure 3 shows the vector diagrams of both conventional and dual machines, where:




	
Ɵ represents the load angle between the voltage U and E.



	
φ represents the angle between E0 and the q-axis, indicated in the text as the stability angle.



	
A represents the power factor of the load.



	
ψ represents the angle between the current Ia and the q-axis (Ɵ = δ ± ψ, ψ = α + δ).



	
δ represents the shift angle between U and E0 (displacement of the rotors and the q-axis), indicated in the text as the rotor angle.








In a conventional machine, the equality δ = Ɵ is achieved, while in a DESG, the rotor angle δ differs from the load angle Ɵ because the excitation is taken on the two axes. It could be zero if (Ɵ = φ), which means more ability to handle the load variations and higher margins of stability [20,21].



Figure 4 shows the vector diagram of the DESG [22]. The active (P) and reactive (Q) power delivered by the generator can be stated as follows (Equations (3) and (4)) [22,23]. Figure 5 shows the P and Q variations as a function of δ keeping U, Eoq, and Eod constant.



Equations (3) and (4) explain that a small increase in δ has no effect on the active power component Pd on the d-axis. In contrast, the component Pq on the q-axis would differ greatly, and the system’s power factor will be improved consequently [24].


   P =     mUE 0      X   d       sin    θ       =     mUE 0      X   d        sin ( δ   +   φ )     =     mUE od      X   s       sin   δ     +    mUE od      X   s       cos   δ    =    P   d    +    P   q    



(3)






    Q =     mUE  0       X   S       cos   θ   −   m   U   2       X   s      =      mUE   0       X   s     c o s (  δ + φ  ) −   m   U   2       X   s         =      mUE   od       X   s       cos   δ   −   m   U   2       X   s     −     mUE   oq       X   s       sin    δ       =    Q   d   −   Q   q     



(4)






    tan   α    =      Q   d   −   Q   q       P   d    +    P   q      











The rotor angle stability is the capability of interconnected synchronous power generators operating in the power system to remain in synchronized conditions. During normal generator operation, the rotor magnetic field and that of the stator rotate at the same speed. However, an angular shift between the magnetic field of the rotor and stator will be present, depending on the electrical torque (power) delivered by the generator. An increase in the generator speed (i.e., the wind turbine) will cause the rotor angle to advance to a new position relative to the rotating stator’s magnetic field. On the other hand, mechanical torque reduction causes a drop in the rotor angle with respect to the stator field. In equilibrium conditions, there will be a balance between the input mechanical torque and output electrical torque of each electrical machine (generator), and their speed will remain the same. If the balance is upset, the result is acceleration or deceleration of the machines’ rotors; if an interconnected generator moves faster, its rotor angle will advance compared to that of the slower machine. This results in an increase in the load delivered by the faster generator and a decrease in the load delivered by the slow one. In this case, the speed difference between the two generators reduces, as well as the angular shift. Instead, beyond a certain point, if the angular shift increases further, there will be a decrease in power transfer by the fast machine. A subsequent further increase in angular separation between the two generators may lead to unstable operation due to the lack of synchronization between the generators.



It is well known that the condition of stability for the conventional generator is:




	1-

	
Without excitation regulation:


   Q +      U   2       X   s        >   0   



(5)








	2-

	
With excitation regulation:


     Q +      U    2          X   s      +      α   d       X   s    [   P   2   +   (   Q   2    +      U   2       X   s     )   2   ]       U . P   >   0   



(6)




where αd = Δeod/Δθ is the excitation voltage variation coefficient with respect to θ. From these equations, when P ≠ 0, by increasing αd, the stability margin will expand. When P decreases, the validity of the excitation regulation will decrease and approach the inefficient regulation level, which is considered the main disadvantage of conventional generators [25,26,27].









On the other hand, the condition of stability for the DESG is:




	1-

	
Without excitation regulation:


   Q +      U   2       X   s        >   0   



(7)








	2-

	
With excitation regulation:


   Q +      U   2       X   s     +   U     X   s     (   α   d     sin   δ   +   α   q     cos   δ    )   >   0   



(8)













This result means that there are no limits to the output power stability, and the stability is independent of δ [28,29]. Practically, it is found that the reactive capacitive power would be increased two to three times more than in the case of conventional generators, which enhances the stability of the DESG. Another advantage of a DESG is its ability to work at asynchronous speed (n ≠ n1) for a long time, even with a large load; this operation mode is called an asynchronous generator.




3. The Self and Mutual Inductances of the DESG


The DESG consists of a set of seven coils (3ph + 2k + 2f), and there are seven corresponding voltage equations, in which many of the coefficients are periodic functions of the angle β, as shown in Figure 6 [10].



The self-inductances LKKq, LKKd, Lffq, and Lffd of the two fields, the two damper coils, and the mutual inductances Lfqkq and Lfdkd between Fd and Kd, and Fq and Kq, respectively, are all constant. The armature self-inductances Lcc, Lbb, and Laa vary periodically between a maximum value when the coil is on the pole axis and a minimum value when it is on the interpolar axis. The following equations report the exact relationships between the terms discussed above.


         L   aa   =   A   0   +   A   2     cos   2   β  +    A   4     cos   4   β  + … +        L   bb   =      A    0    +       A    2     cos   2     β − 2 π / 3    +    A   4     cos   4     β − 2 π / 3    + … +        L   bb   =      A    0    +    A   2     cos   2     β − 4 π / 3    +    A   4     cos   4     β − 4 π / 3    + … +        



(9)







The armature mutual inductances Lca, Lbc, and Lab also vary periodically and are given by the same expressions with β replaced by (β − 2π/3) and (β − 4π/3), respectively:


         L   bc    =    − B    0       +    B   2     cos   2    β   +      B   4     cos   4    β + … +        L   ca    =    −    B    0    +    B   2     cos   2        β    −    2 π    3     +      B    4     cos   4        β    −    2 π    3      + … +        L   ab    =    − B   0    +       B    2     cos   2      β    −    4 π    3      +    B   4     cos   4      β    −    4 π    3      + … +        



(10)







The mutual inductance between an armature coil and a field or damper coil Lafd varies periodically with a period of (2π). Lafd is at maximum when the phase A is on the direct axis and zero when the phase A is on the quadrature axis, thus:


         L   afd    =       C    1     cos   β    +       C    3     cos   3    β + … +        L   afq    =    C   1     sin    β      −   C   3     sin   3    β + … +           L   akd    =       D    1     cos   β    +    D   3     cos   3    β + … +        L   akq    =    D   1     sin   β   −      D    3     sin   3    β + … +           



(11)







The remaining inductances involving (B) (namely Lbfd, Lbfq, Lbkd, and Lbkq) are obtained by replacing β with (β − 2π/3), and those concerning C (namely Lcfd, Lcfq, Lckd, and Lckq) are obtained by replacing β with (β − 4π/3) in the appropriate expressions [10].



For many purposes, the equations can be simplified by neglecting the third-order Fourier terms and the higher ones. The equations relating the terminal voltages to the currents in the seven circuits of Figure 6 are based on the coefficients reported in the following tables (Table 1 and Table 2). The mutual and self-inductances of the DESG are represented in Figure 7 and Figure 8, respectively.




4. Direct Derivation of the Two-Axis Flux Linkage Equations


The flux linkage, used as a measure of the flux, may be resolved into direct and quadrature axes as (ψmd, ψmq). The induced voltage in coil A depends on its angular position β and the flux linkage components. The voltage induced by (ψmd) is −p(ψmd cosθ + ψmq sinθ). Hence, the total internal voltage, opposing the voltage induced by the main air-gap flux, is −p(ψmd cosθ + ψmq sinθ). The current ia produces a leakage reactance drop L1pia, where L1 is the leakage inductance of the coil A. ib and ic produce the voltage drops Lmpib and Lmpic across the coil A. Lm is the part of the mutual inductance between the two armatures due to the flux, which does not cross the air gap; note that Lm and L1 are independent of the rotor position.



The impressed voltage       U  ̱   a    is equal to the sum of the internal voltage due to the main air gap flux, the drops due to the local armature fluxes, and the resistance drop iaRa. Hence, the related equation is as follows [20]:


      u   a      = p      ψ   md     cos   β    +    ψ   mq     sin   β      +      R    a       +    L   1   p     i    a      −   L   m   p   i    b      −   L   m   p   i   c         =    p      ψ   md     cos   β    +    ψ   mq     sin   β      +      L    1       +    L   m       i    a      −   L   m   p   i    a      −   L   m   p   i    b      −   L   m   p   i    c       +    R   a     i   a           = p      ψ   md     cos   β    +    ψ   mq     sin   β      +      L    1       +    L   m         i   d     cos   β    +    i   q     sin   β    +    i   s      + 3    L   m   p   i   s    +    R   a     i    a              = p        ψ   md    +    L   a     i   d       cos   β   +     ψ   mq   +      L    a     i   q       sin   β      +    L   s   p   i    s       +    R   a     i   a       



(12)






     L   a   =     L   1    +    L   m      ,      L    s       =    L   a   −    3    L   m    ,      ψ    d       =    ψ   md   +      L    a     i   d    ,      ψ   q    =    ψ   mq    +    L   a     i   q        u   a    = p      ψ   d     cos   β    +    ψ   q     sin   β      +    L   s   p   i    s       +    R   a     i   a     



(13)







4.1. Direct Axis and Quadrature Axis Equations


The equation for a system of stationary mutually-coupled coils comprising the coils D, Fd, D1…, and Dm on the direct axis and the Q, Fq, Q1, …, Qm coils on the quadrature axis can be written in terms of their self and mutual inductances.



The flux linkage (ψd) depends only on the direct axis current and is given by:


    ψ   d   =   L   fdd     i   fd    +    L     d   1   d     i     d   1      +    L     d   2   d     i     d   2      +    L   d     i   d    +    L     d   m   d     i     d   m      



(14)




where     L     d   m   d   ,      L      d   2   d    ,      L     d   1   d    ,   and      L   fdd     are the mutual inductances between the coils Fd and D. Ld is the complete self-inductance of coil D.



The voltage equations for the field and direct axis damper are determined below. The field excitation voltage of D can be calculated as follows:


    U   fd   =     R   fd    +    L   ffd   p       i   fd    +    L    fdd 1    p      i     d 1     +    L    fdd 2    p      i     d 2     +    L   fddm   p      i    dm    +    L   fdd   p      i    d    



(15)







The coil voltage of D1 and D2 are determined below by the Equations (16) and (17), respectively.


   0 =    L    fdd 1     p      i   fd    +      R    d 1    +   L    d 1    p       i    d 1     + (    R    d 1 d 2    +   L    d 1 d 2     p )       i     d 2    +   L    d 1 d     p      i   d    



(16)






   0 =    L    fdd 2     p      i    fd       + (    R    d 1 d 2    +   L    d 1 d 2     p )       i     d 1     + (    R    d 2    +   L    d 2     p )       i     d 2       + … +    L    d 2 d     p      i   d    



(17)




where Ld1, Ld2, and Lffd represent the self-inductance of coils D2, D1, and Fd with the damper coils. Figure 9 shows the coils of the two-axis synchronous machine. In many cases, ufd, ψd, id may be eliminated by taking the Laplace transform. The relationship between the Laplace transforms of ufd, ψd, and id takes the following form:


    ψ   d    =    Xd   p       ω   0       i   d    +    G   p       ω   0       u   fd    



(18)







The quadrature axis equations in the DESG are similar to those for the direct axis because of the quadrature field winding, and ψq depends on the quadrature axis currents [10]:


    ψ   q   =      L    ffq     i   fq    +    L     q   1   q     i     q   1      +    L     q   2   q     i     q   2     +      L      q   m   q     i     q   m      +    L   q     i   q    



(19)




where Lq2q, Lq1q, Lfqq, and     L     q   m   q     are the mutual inductances of the coils Q2, Q1, Fq, and Q (damper coils), respectively, and Lq represents the self-inductance of coil Q. The voltage of the field excitation Q is calculated as follows (Equation (20)):


    U   fq    =      R   fq    +    L   ffq   p     i   fq    +    L    fqq 1    p   i    q 1     +    L    fqq 2     p      i    q 2     +    L   fqqm   p   i   qm    +    L   fqq    p      i   q    



(20)







Instead, the voltage of the coil Q1 is determined through the following equations:


   0 =    L    fqq 1    p   i    q       +  (   R    q 1     +       L     q 1    p )      i     q 1     +  (   R    q 1 q 2       +    L    q 1 q 2    p )      i     q 2       + … +    L    q 1 q     p      i   q    



(21)






   0 = (    R    q 1 q 2     +    L    q 1 q 2     p )      i    q 1       +      R    q 2       +    L    q 2    p       i    q 2       + …     +    L    q 2 q    p   i   q    



(22)








4.2. Simplified Equations of the DESG with Two Field Coils and Two Damper Coils


For most DESGs, the equations used are those of the machine with one field coil Fd, and a damper coil KD on the direct axis, and one field coil Fq and a damper coil KQ on the quadrature axis. Therefore, the Equation (11) and related coefficients reported in Table 1 and Table 2 can be reduced to the three direct axis equations as reported below:


    ψ   d    =    L    fdd        i   fd    +    L   dkd     i   kd    +    L    d        i   d    



(23)






    u   fd    =      R   fd    +    L   ffd   p     i   fd    +    L   fdkd   p   i    kd       +    L   fdd   p   i   d    



(24)






   0 =    L   fdkd     i   fd    + (    R   kd   +   L   kkd    p )      i   kd    +    L   dkd    p      i   d    



(25)







In the quadrature axis, the Equations (19)–(21) can be reduced to three quadrature axis equations, as follows:


    ψ   q   =   L   fqq     i   fq    +    L   qkq     i    kq       +    L   q     i   q    



(26)






    U   fq    =      R   fq   +   L   ffq   p       i   fq    +    L   fqkq    p      i   kq    +    L   fqq    p      i   q    



(27)






   0 =    L   fqkq    p      i   fq    + (    R   kq   +   L   kkq    p )       i    kq    +    L   qkq   p   i   q    



(28)









5. Equations of the DESG Using Per-Unit Leakage Inductance


The equations from (20) to (25) become easier to handle when the quantities are transformed on a per-unit basis. In addition, it is assumed that the three per-unit mutual inductances on the direct axis are also equal, and the quadrature axis is equal. So we assume that:


    L   fdd    =    L    fdkd       =    L   dkd    =    L   md   ,      and   L    fqq    =    L    fqkq       =    L    qkq       =    L   mq    



(29)







Lmd and Lmq represent the per-unit mutual inductances, and LL is the armature leakage inductance. The self-inductance of each coil is the sum of the mutual inductance and the leakage inductance:


         L   d    =    L   ld    +    L   md   ,   L   q    =    L   lq    +    L   mq         L   ffd    =    L   lfd    +    L   md   ,   L    ffq       =    L    lfq       +    L   mq         L   kkd    =    L   lkd    +    L   md   ,   L   kkq    =    L   lkq    +    L   mq         



(30)







Practically, the voltages Ukd and Ukq are almost equal to zero.


    ψ   d    =      L   md    +    L   ld         i   d    +    L   md     i   fd    +    L   md     i   kd    



(31)






    u   fd    =    L   md   p   i   d    +      R   fd    +      L   md    +    L   lfd     p       i   fd    +    L   md   p   i   kd    



(32)






   0 =    L   md   p   i    d       +    L   md   p   i   fd      +   [    R   kd      +   (    L    md       +      L   lkd    ) p ]      i   kd    



(33)






    ψ   q    =      L   mq   +      L    lq         i   q    +    L   mq     i   fq    +       L    mq     i   kq    



(34)






    u   fq    =    L   mq   p   i   q    +      R   fq   +     L   mq    +    L   lfq     p       i   fq    +    L   mq   p   i   kq    



(35)






   0 =    L   mq   p   i   q    +    L   mq   p   i   fq    + [    R   kq    + (    L   mq   +   L   lkq    ) p ]       i    kq    



(36)







The basic machine’s constants are specified below:




	
▪ Ra: armature resistance.



	
▪ Rfd: direct axis field resistance.



	
▪ Rkd: direct axis damper resistance.



	
▪ Rfq: quadrature axis field resistance.



	
▪ Rkq: quadrature axis damper resistance.



	
▪ Xmd = ω0 Lmd: direct axis magnetizing reactance.



	
▪ Xmq = ω0 Lmq: quadrature axis magnetizing reactance.








The DESG equivalent circuits are given in Figure 10, while the equations related to the six voltages are presented below (Equation (37)).
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(37)








6. Experimental Results


The experimental configuration employs a 2.3 kW separately excited DC motor as a turbine emulator, which is mechanically connected to a 2 kW synchronous generator. Within the laboratory setting, a conventional synchronous generator undergoes modifications to become a DESG (doubly excited synchronous generator). This transformation includes the addition of an extra winding and the implementation of the AAR (automatic angle regulator) properly designed to maintain a constant rotor angle, so ensuring system stability. This result is achieved by comparing the output voltage of any phase with a reference signal derived from the rotor. The primary parameters of the DESG employed in the experiments are detailed in Table 3, while additional quantities and parameters associated with the experiments conducted on the DESG can be found in Table 4, Table 5, Table 6, Table 7 and Table 8.



The voltage with no applied load is generated only by means of the direct excitation coil, when the excitation current flows through it (Ied = Iedo), as shown in Table 4. Figure 11 shows the vector diagram in the no load condition (Figure 11a), and the voltage versus time of the conventional generator with a load angle equal to zero (θ = 0°) (Figure 11b).



When the conventional generator is connected to a load, specifically Ued = 15 V and Ied = 1.6 A, the obtained results are summarized in Table 5. In this case, the vector diagram is displayed in Figure 12, while Figure 13 shows the detected voltage versus time of the conventional generator with a load angle θ equal to 32° (matching also with the rotor angle δ).



As already reported, the laboratory machine is transformed to the DESG by adding an extra winding and using the designed AAR (automatic angle regulator) to keep the rotor angle constant by comparing the output voltage of any phase with a reference signal coming from the rotor. When loading the DESG with a full load, an excitation voltage is applied to the indirect excitation coil (Ueq), and then a current Ieq flows through it to inject active power into the load. In this way, the rotor angle can be maintained constant, and the sinusoidal wave position of the output voltage (Va) stays fixed.



For example, the rotor angle δ can be kept constant at 10° by controlling the excitation voltages, Ueq and Ued, at 12 V and 9 V, respectively, which induces the currents Ied, equal to 1.2 A, and Ieq, equal to 1.8 A. The related parameters of the measured voltage with a load applied are shown in Table 6. According to these results, the vector diagram is represented in Figure 14; furthermore, Figure 15 shows the voltage versus time of the DESG with a rotor angle (δ) equal to 10°, and the load angle (θ) equal to 30°.



However, when the DESG is connected to a so-called half load, by applying the excitation values of voltage (Ued = 15 V) and current (Ied = 1.6 A), the obtained results are summarized in Table 7. Figure 16 shows the graphs of voltage versus time, both relating to an applied half load, provided by the conventional generator (rotor angle δ = load angle θ = 22°) (Figure 16a) and by the DESG (rotor angle δ = 10°, load angle θ = 22°). According to these results, the vector diagram is shown in Figure 17. Finally, the obtained experimental results related to further different loading conditions are summarized in Table 8.



Connection of the DESG to the Grid


In the case of connecting the DESG to the grid, the developed solution is capable of reaching the floating condition by the direct excitation modality. Moreover, the main objective of the quadrature coil is to keep the rotor angle constant under loading so that the system stability can be improved. Therefore, the open voltage is generated by the direct excitation coil after the generator is connected to the grid (in this case, the magnetic flux is not related to the rotor position). Thus, the rotor can take any position according to the excitation current’s ratio (Ied/Ieq). The load angle θ could be increased to the desired value, increasing the generated active power and decreasing the reactive one. As a result, the power factor will be improved and could reach unity. Thus, the q-axis could be known as the power factor improvement axis.



The challenge of rotor angle stability involves investigating the intrinsic electromechanical oscillations within power systems. A key aspect of this issue is how the power outputs of synchronous machines fluctuate with varying rotor angles. Under normal operating conditions, a balance exists between the input mechanical torque and the output electromagnetic torque of each generator, maintaining a constant speed. When the system is disturbed, this equilibrium is lost, leading to the acceleration or deceleration of machine rotors in accordance with the laws of rotating bodies. If a generator temporarily runs at a different speed, its rotor angular position advances relative to the slower machine. The resulting angular difference redistributes some of the load from the slower machine to the faster one, influenced by the strongly nonlinear nature of the power angle relationship. This action reduces the speed disparity and consequently the angular separation. In the case of a conventional synchronous generator, as shown in Figure 12 and Figure 13, the continuous changes in the load angle depend on both the generator’s load and the rotor angle. In the case of the DESG, the results obtained in this research work demonstrate that the quadrature coil plays a crucial role in maintaining a constant rotor angle despite load variations, enhancing the rotor angle stability, as shown in Figure 17 and Figure 18.



The following equations represent the floating case when connecting the DESG to the grid (floating condition):


   P = 0 ,   Q = 0 ,      I    a       = 0 ,    θ  = 0    ⇒   E    0       ≅   U   



(38)






  θ  = (  δ + φ  ) = 0    ⇒ δ  =  − | φ |  



(39)






    E   0     sin   φ     cos   δ    =    E   0     cos   φ     sin   δ   ⇒      tan    φ    =    tan   δ    



(40)






  ⇒ φ  =  δ  =      tan   − 1     (   I   eq   /   I   ed   )   =     tan   − 1     (   E   oq   /   E   od   )    ;   U =    E   0    



(41)







Figure 18 shows the vector diagram for the floating operation mode of the conventional generator (Figure 18a) and the DESG (Figure 18b).



The conventional generator or DESG must be connected to the grid by a synchronizer, an electrical arrangement used in the laboratory for successfully synchronizing the electrical machine with the power grid. The electrical connections of the DESG when synchronized to the grid by means of the synchronizer are shown in Figure 19a, according to the electrical diagram realized in the laboratory. Furthermore, the synchronization unit employed in the experimental tests is displayed in Figure 19b, specifically, the model MV 1903 manufactured by the Terco company, Sweden. In Figure 19a, A, B, and C represent the three-phase terminals of the DESG, CB represents the three-phase circuit breaker, and finally, 1, 2, and 3 correspond to the lamps that appear in Figure 19b, which ensure the success of the synchronization process through a designated light sequence.



Synchronization requires aligning the generator’s voltage magnitude, frequency, phase sequence, and phase angle with those of the grid. Failure to comply with these conditions could result in a significant flow of reactive power and potentially harmful mechanical stresses on the generator. The synchronization process can be executed in two different ways: manually or automatically, with the latter being the preferred choice due to its ability to reduce the potential for human error. In the laboratory tests, if the synchronizer’s voltmeter indicator dropped to zero, then the phase angle was correct. This result meant that the frequency of the generated voltage was the same as the grid; therefore, the synchronous generator was synchronized with the grid.



The grid voltage was characterized by a 218 V amplitude with a frequency of 49.4 Hz. When the electric machine was in floating mode, the excitation voltage and current were Uexd = 14.7 V and Iexd = 1.4 A, respectively. However, when the generator injected a power P equal to 525 W (voltage and current values U = 220 V and Ia = 2.4 A, respectively), the main excitation voltage was maintained constant, as well as the excitation current; this is because the power injection was performed by increasing the torque applied to the machine.



It is noted from Figure 20a that the temporal trend of the voltage is shifted from the reference pulse by an 18° angle, namely the load angle, and it is equal to the calculated value. This result is obtained without using the quadrature winding. While, by using the quadrature excitation with the regulator AAR at the same power, the excitation voltage and current on the q-axis were Uexq = 6 V and Iexq = 0.38 A, respectively, and the excitation voltage and current on the q-axis became Uexd = 13.4 V and Iexd =1.35 A, respectively. As a result, the rotor angle δ was kept constant at the value of 10°, as shown in Figure 20b.



The following vector diagram illustrates how the power P and Q increase with increasing E. In many cases, the changes in P and Q depend on Eo by the amount of ±ΔE, as shown in Figure 21.





7. Results Discussion


Referring to the vector diagrams for all the loading cases (Figure 21), we can observe that the magnitude and angle of the flux ϕe remained constant, regardless of the loading angle. This result is due to the presence of the quadrature winding, which generates the magnetic flux compensating for the actual flux of the armature reaction. Thus, the load angle can be changed and the generated power will change accordingly, keeping the rotor angle δ constant; this operation can be executed by controlling the angle ϕ (by using the following relations tanϕ = Eq/Ed and θ = ϕ + δ). Consequently, the stability angle ϕ is independent of the load angle.



Equation (3) represents the relationship of the active power in the DESG as a function of the rotor angle (δ). As the value of δ is small, the first component of this equation is negligible, while the second component is the most significant. Hence, almost all the power generated is obtained from the second term, which represents the power delivered on the q-axis, obtaining the following expression:


   P = mU    K   iq     I   eq    



(42)







The same considerations can be applied to Equation (4):


   Q = mU    K   id     I    ed      −    m    U   2   /   X   d    



(43)







Any change in the generated reactive power is regulated by the excitation current Ied of the longitudinal direct winding, or simply the reactive power winding, in which the reactive power can be controlled for leading and lagging any loads. The variation of the P and Q depends on Eo through the amount of ±ΔE. In the DESG machines, the value of Eo can be changed by changing Eq or Ed, e.g., by increasing Eq, Eo will be increased perpendicularly to the U direction, and the generated active power P increases as well. Conversely, when Ed is changed, Eo will be changed in the direction parallel to the voltage U direction, and the generated reactive power Q increases. During normal operating conditions, the variation of Eo is in an undefined direction, and P and Q vary simultaneously. Thus, the other excitation winding provides the generator with greater flexibility to regulate and control the active and reactive power separately. When the generator is connected to the network, the developed solution is capable of keeping the rotor angle fixed, whatever the actual injected power, by controlling the excitation voltage of the perpendicular winding. The main disadvantage of DESG is the increased cost due to the automatic control system necessary.



In summary, the approach adopted in this paper relies on laboratory experiments. The conventional synchronous generator underwent modification by introducing an additional excitation winding along the q-axis, perpendicular to the conventional excitation winding along the d-axis, enabling control over both active and reactive power. Two orthogonal excitation coils, d and q, were created from the existing coils, and the experimental tests were conducted across all loads with a fixed rotor angle (i.e., stability angle φ). The research study utilized two laboratory models: The first involves a 2 kW capacity DESG driven by a DC motor simulating a wind turbine. The mechanical coupling proposed in the paper was implemented in this experimental setup between the two machines. The second model is a three-phase laboratory machine with a nominal capacity of 2.3 KVA. Experimental tests were conducted on all loads using a three-phase synchronous generator driven by a DC motor, and mathematical equations were derived to develop a mathematical model. The paper investigated and compared the performance of the DESG with a conventional synchronous generator. The experimental findings affirm that the DESG enhances the generator stability significantly by maintaining a constant rotor angle δ. The developed solution necessitates the use of an automatic angle regulator (AAR) in addition to the conventional automatic voltage regulator (AVR).



The key findings obtained throughout the research work are as follows:




	
Developing two laboratory models: The first is a synchronous generator with a 2 kW capacity, specifically a double excitation cylindrical generator, where the electrical circuit was rewound to form two excitation coils. This generator was driven by a DC motor representing the wind turbine, with the generator and motor linked through the mechanical coupling developed in this research. The second model is a three-phase laboratory machine with a nominal capacity of 2.3 KVA. Two perpendicular excitation coils, d and q, were formed from the existing coils, and tests were carried out on all loads, ensuring that the revolving angle (namely the stability angle ϕ) was fixed.



	
It has been proven that it is possible to modify the load angle and adjust the generator capacity accordingly while ensuring the rotor angle (δ) constant. This means that the stability angle ϕ is decoupled from the load and, consequently, from the generated power. The generator consistently maintains its rotation at the designated synchronous speed, unaffected by the employed load. In other words, both the rotational speed and frequency remain unchanged regardless of the generator’s load.



	
Upon connection to the grid, it is possible to maintain a constant rotor angle, regardless of the injected power, by regulating the excitation voltage applied to the cross-excitation coil.



	
It is now feasible to independently control both the real and reactive power (for the latter, relating to both types of loads, capacitive or inductive), independently. Additionally, the regulation of the power factor (and its consequent improvement) has become achievable.



	
The manuscript provides a complete description of the electrical generators discussed and all the mathematical relationships and performance curves, which have also been validated through experimental testing. Furthermore, to further highlight the results presented and the scientific value of the research work, keep in mind that most of the published research on dual excitation generators is primarily theoretical and lacks support from laboratory experimentation.



	
The potential to employ the suggested innovative approach for directly connecting the wind turbine-driven synchronous generator to the grid is noteworthy. This innovative solution would eliminate the need for additional electronic components and reduce the occurrence of malfunctions during prolonged and uninterrupted operations.



	
Implementing this method could result in substantial cost reductions, potentially reaching 15–20% of the generator’s overall price. These savings stem from the adoption of the designed mechanical coupling, which replaces the conventional use of inverters for frequency correction. The estimated cost of the electronics replaced by the innovative mechanical coupling accounts for approximately 15–20% of the total cost.









8. Conclusions


It is important to mention that the primary drawback of the presented solution is the rise in expenses associated with the automatic control system. In exchange, numerous benefits have been achieved, among which, above all, is the enhancement of the static and dynamic stability coefficients, particularly under lighter and capacitive loads, and a high level of reliability in delivering the necessary power across various operating conditions. Furthermore, the direct connection of the synchronous generator to the grid was achieved without the need for any power components or converters. This connecting method ensures a consistent generator output voltage, maintains a constant frequency aligned with the network frequency, and guarantees a pure sine wave output voltage. When applied to wind turbines, these characteristics remain unaffected by changing wind speed. The described mechanism was successfully implemented for both DESG and conventional synchronous generators, as detailed in the manuscript. When applied to the wind generator, the proposed technique allows for avoiding the integration of a power converter for transferring power into the power grid, thus improving the system’s reliability. The only drawback of the proposed method is the need for an automatic control system to modulate the signals on the quadrature coils and manage the power transfer into the electrical network.



As future steps of the proposed solution, we will test the developed control strategy in a real scenario, that is, in a medium-sized wind generation system with a low kilowatt power output, validating its capability to independently control both the real and reactive power under changing grid parameters over time. In more detailed future research, our aim will be to determine the technical performance of the developed solution employed in a real application, taking into account the variability of the wind and the operating conditions, and to exactly evaluate with the wind plant’s managers the advantages of the proposed solution, also in economic terms, compared to the standard solutions implemented so far for connection to the electricity distribution network.
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Figure 1. The magnetic flux linkage for (a) conventional synchronous generator, and (b) DESG. 
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Figure 2. The space distribution of the excitation coils and magnetic flux for the conventional synchronous generator (a) and the dual excitation synchronous generator (DESG) (b). 
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Figure 3. (a) Vector diagram of the conventional generator and (b) of the dual excitation synchronous generator (DESG). 
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Figure 4. The vector diagram for a DESG with the effect of the armature reaction. 
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Figure 5. Variations of Q and P as a function of the load (Ɵ) and rotor (δ) angles: Q trend (a) and P trend (b). 






Figure 5. Variations of Q and P as a function of the load (Ɵ) and rotor (δ) angles: Q trend (a) and P trend (b).



[image: Energies 16 07936 g005]







[image: Energies 16 07936 g006] 





Figure 6. The synchronous machine with two excitation coils and two damper coils. 
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Figure 7. The synchronous machine equivalent circuit: the mutual and self-inductances. 
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Figure 8. The synchronous machine equivalent circuit: d-q self and mutual inductances. 
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Figure 9. Coils of the two-axis synchronous machine. 
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Figure 10. The DESG equivalent circuits: (a) direct axis equivalent circuit, and (b) quadrature axis equivalent circuit. 
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Figure 11. The conventional generator testing with no applied load: (a) the vector diagram and (b) the generated voltage versus time with a load angle θ equal to zero. 
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Figure 12. Vector diagram in the case of a load applied (conventional generator). 
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Figure 13. For the conventional generator, a plot of the detected voltage versus time with a rotor angle δ (matching with θ) equal to 32°. 
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Figure 14. Vector diagram of the under test DESG with a full load applied. 
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Figure 15. For the under test DESG with a full load applied, the plot of the detected voltage versus time with the rotor highlighted (δ) and load (θ) angles equal to 10° and 30°, respectively. 
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Figure 16. Detected voltage versus time with highlighted rotor δ and load θ angles with a half load applied, as provided by a conventional generator (δ = θ = 22°) (a), and by the under test DESG (δ = 10°, θ = 22°) (b). 
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Figure 17. The vector diagram of DESG with a half load applied. 
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Figure 18. The vector diagram for the floating operation mode referring to the conventional generator (θ = δ = 0) (a), and to the Dual Excitation Synchronous Generator (DESG) (θ = 0, δ = ϕ) (b). 
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Figure 19. The electrical scheme, as realized in the laboratory for the experimental tests, with the DESG connected to the grid through the synchronization unit (a); image of the used synchronizing device, model MV 1903 manufactured by Terco company, Sweden (b). 
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Figure 20. Voltage trend over time for the (a) conventional generator (rotor angle δ = load angle θ = 18°), and (b) DESG (rotor angle δ equal to 10°, load angle θ equal to 18). 
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Figure 21. The variation of P and Q: (a) ΔEo increase in the direction of Eo,   ⇒  Δ P ,   Δ Q    increase, (b)   Δ   E   o     increase perpendicularly on U ⇒ ΔP increase only, (c) ΔEo increases in parallel with the U ⇒ ΔQ increase only. 
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Table 1. Summary table of the different inductances for the coils of Figure 6.
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	a
	b
	c
	fd
	fq
	kd
	Kq



	a
	Laa
	Lab
	Lac
	Lafd
	Lafq
	Lakd
	Lakq



	b
	Lba
	Lbb
	Lbc
	Lbfd
	Lbfq
	Lbkd
	Lbkq



	c
	Lca
	Lcb
	Lcc
	Lcfd
	Lcfq
	Lckd
	Lckq



	fd
	Lafd
	Lbfd
	Lcfd
	Lfdfd
	Lfdfq
	Lfdkd
	Lfdkq



	fq
	Lafq
	Lbfq
	Lcfq
	Lfqfd
	Lfqfq
	Lfqkd
	Lfqkq



	kd
	Lakd
	Lbkd
	Lckd
	Lkdfd
	Lkdfq
	Lkdkd
	Lkdkq



	kq
	Lakq
	Lbkq
	Lckq
	Lkqfd
	Lkqfq
	Lkqkd
	Lkqkq










 





Table 2. Expressions derived for the different inductances for the coils of Figure 6.
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	a
	b
	C
	fd
	fq
	kd
	Kq



	a
	   =   R   a   +   L   1 s   +   L   0   −   L   m s     cos   2   β   
	   = −   1   2     L   0   −   L   m s   c o s 2   β −   π   3       
	   = −   1   2     L   0   −   cos   2     β +   π   3       
	     L   a f d     
	     L   a f q     
	     L   a k d     
	     L   a k q     



	b
	   = −   1   2     L   0     L   m s   c o s 2   β −   π   3       
	  =   R   a   +   L   1 s   +   L   0     =   −   L   m s     cos 2     β −   2 π   3        
	   = −   1   2     L   0   −   L   m s   c o s 2   β − π     
	     L   b f d     
	     L   b f q     
	     L   b k d     
	     L   b k q     



	c
	    = −    1   2     L   0   −   cos   2      β +     2 π    3       
	   = −   1   2     L   0   −   cos   2     β +   π   3       
	   =   R   a   +   L   1 s   +   L   0   −   L   m s     cos 2     β +   2 π   3         
	     L   c f d     
	     L   c f q     
	     L   c f q     
	     L   c k d     



	fd
	     L   a f d   =   L   a f d     cos   2 ( β +     2 π   3   )   
	     L   b f d   =   L   b f d     cos   2     β −   2 π   3       
	     L   c f d   =   L   c f d     cos   2     β +   2 π   3       
	     R   f d   +   L   f d f d     
	0
	     L   f d k d     
	0



	fq
	     L   a f q   =   L   a f q     sin   β     
	    L   b f q   =       L   b f q     sin   2     β −   2 π   3      
	     L   c f q   =   L   c f q     sin   2     β +   2 π   3       
	0
	     R   f q   +   L   f q f q     
	0
	     L   f q k q     



	kd
	     L   a k d   =   L   a k d     cos   β     
	    L   b k d   =       L   b k d     cos     β −   2 π   3        
	    L   c k d   =       L   c k d     cos     β +   2 π   3        
	     L   k f d d     
	0
	     R   k d   +   L   k d k d     
	0



	kq
	     L   a k q   =   L   a k q     sin   β     
	    L   b k q   =       L   b k q     sin     β −   2 π   3        
	     L   c k q   =   L   c k q     sin     β +   2 π   3         
	0
	     L   k f q q     
	0
	     R   k q   +   L   k q k q     










 





Table 3. Main technical features of the designed DESG prototype.
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	Parameter
	Value





	Rated power of the DC motor (Prime Mover)
	2.3 KW



	Rated power of the DESG
	2 KW



	Rated voltage
	380 V



	Rated current
	5.6 A



	Rated frequency
	50 Hz



	Number of pair poles
	2



	Rated speed
	1500 rpm



	Rated torque
	13.369 NM



	Efficiency
	0.94










 





Table 4. Parameters of the measured voltage when no load is applied (conventional generator).
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	      U   ph    ( V )     
	      I   an    / ph     
	      cos     α   n        
	      E   on      ( V )     
	    θ    
	    P    
	    Q    





	220
	   −   
	   −   
	415
	0°
	   −   
	   −   










 





Table 5. Parameters of the measured voltage with a load applied (conventional generator).
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	      U   ph    ( V )     
	      I   an    / ph     
	      cos     α   n        
	      E    on       ( V )     
	      θ   n      
	      P   n      ( KW )     
	      Q   n    ( KV )     





	220
	3.55
	0.86
	415
	32°
	2
	1.15










 





Table 6. Parameters of the measured voltage with a load applied (provided by the DESG).
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	      E   oq    ( V )     
	      E   od    ( V )     
	      U   ph    ( V )     
	      I   a    / ph     
	      cos     α   n        
	      E   on      ( V )     
	      θ   n      
	      P   n      ( KW )     
	      Q   n    ( KVAR )     





	162
	385
	220
	3.55
	0.86
	415
	32°
	2
	1.15










 





Table 7. Parameters of the measured voltage with a half load applied to the under test DESG.






Table 7. Parameters of the measured voltage with a half load applied to the under test DESG.





	      E   oq    ( V )     
	      E   od    ( V )     
	      U   ph    ( V )     
	      I   a    / ph     
	      cos     α   n        
	      E   o      ( V )     
	    θ    
	     P   ( KW )     
	     Q   ( KVAR )     





	60
	309
	220
	1.75
	0.86
	315
	22°
	1
	0.575










 





Table 8. Summary of results related to further different loading conditions for the DESG.
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	Capacitive Load (C)
	Inductive Load (L)
	Resistive Load (R)
	Half-Nominal Load (RHN-L)
	Nominal Load (RN-L)





	Eo (V)
	100
	340
	308
	315
	415



	Eoq (V)
	18
	21
	177
	60
	162



	Eod (V)
	98
	339
	253
	309
	385



	V (V)
	220
	220
	220
	220
	220



	P (kW)
	0
	0.198
	2
	1
	2



	Q (kVAR)
	−1.15
	1.15
	0
	0.575
	1.15



	     θ   ∘     
	0
	4
	45
	21
	32



	     α   ∘     
	−87
	80
	0
	30
	30



	     δ   ∘     
	10
	10
	10
	10
	10



	cos α
	0.05
	0.17
	1
	0.86
	0.86
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